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Lay Abstract

A lot of research up to now has been invested in the automotive industry to create steels that are
lightweight, strong and show improved crashworthiness. The means by which this has been
achieved is with the use of innovative processing routes to manufacture and implement Advanced
High Strength Steels (AHSSs) in a vehicle’s body-in-white. Nonetheless, the constant global
pressure to reduce greenhouse gas emissions has eventually driven research to a third-generation
class of ultrahigh strength, lightweight AHSSs. These steels retain the weight savings of their
second-generation counterparts but are more cost-effective to manufacture and can be adapted
to current industrial line capabilities. Considerable work has been done to enable the
manufacturing of 3G steels, yet the steel characteristics which underpin fracture, thereby
affecting the crashworthiness of these steels, continues to be weakly understood. As such, at a
microscopic scale, this thesis uses three different promising 3G AHSSs candidates to evaluate the
impact their unique steel characteristics has on the ability to resist damage evolution and

fracture.



Abstract
Lightweighting demands have been achieved by third generation (3G) Advanced High Strength

Steels (AHSSs) by a means of increased strength. The challenge faced in doing so, however, is in
ensuring that ductility and crashworthiness is efficiently retained. Key methods in which
automotive research has been invested to achieve this strength-ductility balance is by
microalloying to promote grain refinement, the introduction of precipitates, and the effective use
of plasticity enhancing mechanisms. Specifically, the ability to tailor the stability of retained
austenite during deformation has been crucial in manipulating the strength-to-ductility ratio of
3G AHSSs using the Transformation Induced Plasticity (TRIP) effect. On the other hand, dual phase
(DP) (i.e: non-TRIP-assisted steels) continue to be most significantly manufactured due to their
robust thermomechanical processing but are also compromised by their poor damage tolerance.
Hence, considerable reports are available regarding the damage tolerance of DP steels, but the
ability for the volume expansion associated with the austenite-to-martensite transformation to
suppress damage evolution and enhance a steel’s local formability has not yet been thoroughly

investigated.

Nonetheless, the damage processes that lead to fracture in 3G AHSSs are complex. A full
understanding of the underlying phenomena requires a careful assessment of the strain
partitioning amongst phases, how the microstructure evolves with strain and how damage, in the
form of voids and micro-cracks, nucleates and grows. This can only be accomplished by applying
a range of methodologies, including microscopic Digital Image Correlation (uDIC), X-ray
Computed Microtomography (uXCT), Electron Backscattered Diffraction (EBSD) and X-ray

Diffraction (XRD), all of which can be tracked as deformation proceeds.

This PhD thesis uses a novel post uDIC data processing technique to prove that a reduction in
strain gradient, linked to the evolution Geometrically Necessary Dislocations (GNDs), at dissimilar
phase interfaces is attainable with vanadium-microalloying and with use of the TRIP effect. A local
strain gradient post uDIC data processing technique was developed and first applied on 3G DP
steels to show that the microcompatibility between ferrite and martensite directly at the
interface is considerably improved with vanadium-microalloying. This in turn microscopically

explains this DP steel’s increased local formability/damage tolerance with vanadium micro-
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additions. Moreover, when applying this novel uDIC technique on two other 3G experimental
steels of interest, an ultrahigh strength Quench & Partition (Q&P) steel and a continuous
galvanizing line (CGL)-compatible Medium-Mn (med-Mn) steel, an even slower evolution of
microstrain gradients at dissimilar phase interfaces was observed. This indicates that, although
vanadium-microalloying can improve the damage tolerance of a DP steel, its ability to achieve the
ultrahigh strengths is a direct result of the severe inhibition of dislocation motion at dissimilar
phase boundaries. Eventually, at high strains, these local strain gradients cannot be maintained
and results in premature damage nucleation. By comparison, at such high strains, distinct
evidence of damage nucleation was not apparent in the 3G TRIP-assisted steels which is the result

of a slow strain gradient evolution delayed by the effective use of TRIP.

This finding triggered a further investigation into isolating the impact the rate of TRIP exhaustion
has on damage development. By intercritically annealing this prototype med-Mn steel (0.15C-
5.8Mn-1.8Al-0.71Si) with a martensitic starting microstructure, within a narrow temperature
interval (from 665 to 710°C), it was possible to make significant changes in the steel’s rate of TRIP
exhaustion without making considerable changes to its physical microstructure. This steel exhibits
the largest true strain at fracture (er= 0.61), meets U.S. Department of Energy (DoE) mechanical
targets (28,809 MPa%), and shows sustained monotonic work hardening when intercritically
annealed at an intermediate IA temperature of 685°C for 120s. In addition, this IA condition
showed optimal damage tolerance properties as an abundance of voids nucleated during its
tensile deformation, but their growth was suppressed by prolonging TRIP over a large strain
range. There is reason to believe that the heterogeneous distribution of austenite and Mn
throughout this 685°C IA condition compared to the other two enabled its suppressed TRIP

kinetics and in turn improved damage tolerance.

The impact that changes in stress-state, from a stress triaxiality of 0.33-0.89, has on microstrain
partitioning, TRIP kinetics and damage evolution was tested on this med-Mn at its 685°C IA
condition. With the machining of notches on tensile specimens, it was seen that a high stress
triaxiality (0.74-0.89) accelerated the rate of TRIP, whereas the introduction of shear, through a
misaligned notched specimen design, delayed TRIP kinetics. The change in mean stress imposed

by the notches was deemed to have played an active role in TRIP exhaustion during the material’s
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tensile deformation. A unique electropolishing micro-speckle patterning technique was applied
to show that the amount of strain that can be accommodated by the steel’s the polygonal ferrite-
tempered martensitic regions are considerably impacted by external modifications in stress-state.
While damages studies using different such notched tensile geometries revealed that once a
critical void size is reached in this med-Mn steel, coalescence proceeds at an increasing,
exponential rate up to fracture. It continues to remain a challenge to quantify the effects
microstrain partitioning, TRIP kinetics and damage evolution separately, opening new avenues for

future experimental and modeling investigations.
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1 Introduction and Overall Context

The oil crisis in 1975, although it lasted a short time, dramatically shifted the focus of automotive
manufacturing to reducing vehicle weight for improved fuel economy and reduced green house
gas emissions (Fonstein, 2015). As of May 2020, the km/litre targets shared by the International
Council on Clean Transportation (ICCT) for passenger cars and light trucks in the US is to achieve
~15-21km/litre by 2026, and by the European Union is ~23km-35km/litre by 2030 (“International
Council for Clean Transportation. Global comparison of passenger car and light commercial
vehicle fuel economy/ghg emissions standards.,” 2017). Currently, vehicles such as: the 2016

Chevrolet Malibu, and 2016 Honda Pilot are 136 kg less than their previous models (Hall, 2015).

Historically, the first member, and most manufactured Advanced High Strength Steels (AHSSs) to
date are Dual Phase (DP) steels, with a ferritic matrix and dispersion of martensitic islands (Magee
and Davies, 1971; Matlock and Speer, 2009; Tasan et al., 2015). At the time, these DP steels, which
showed high strength and variable ductility, were commercialized to compete with full aluminum
Body-in-White (BIW) car frames (Bouaziz et al., 2013; Fonstein, 2015). Since then, the increased
usage of AHSSs in BIWs has been for crash critical components, specifically side impacts, roof
crushes, and frontal impacts (Findley et al., n.d.). Up to now, there’s been an emphasized use of

DP steels in front-end applications and exterior panels (De Cooman et al., 2012).

Eventually, conventional thermal processing used in first generation (1G) AHSSs was tailored to
further promote dislocation strengthening using the austenite (y)-to-martensite transformation
at room temperature (Pereloma and Edmonds, 2012) adding another contribution to strain
hardening as opposed to only the interaction between hard and soft phases as is in DP steels
(Jacques et al.,, 2007). A two-stage heat treatment was developed to create Transformation
Induced Plasticity (TRIP) steels which entailed partially stabilizing y to drive a strong phase
transformation upon room temperature deformation (Jacques et al.,, 2001). TRIP steels,
pioneered by Nippon steel (Fonstein, 2015), were designed to be used at servicing temperatures

between the martensite start and martensite finish, Ms and M respectively, in which the y is
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thermally stable, but unstable with respect to strain. This fact is even more pronounced when

strain is being applied at a temperature very close to the M (Parker and Zackay, 1973).

The so-called banana diagram globally used in industry, as shown in Figure 1.1, characterizes
AHSSs by its product of ultimate tensile strength (UTS), and total elongation (TE). 1G AHSSs
achieved UTS x TE < 20,000 MPa% (De Moor et al., 2010; Matlock and Speer, 2009). TRIP steels
occupy the top of the 1G AHSSs band as a result of their enhanced y strain hardening capacity at
high strains (Matlock and Speer, 2009). Other AHSSs in the 1G family are complex phase (CP)

steels, martensitic steels (MS), and Press-Hardened Steels (PHS).

With the retention of y at ambient temperatures to enhance ductility, TRIP steels showed
improved energy absorption capability (Fonstein, 2015). The true advantage with the use of TRIP
steels and its high energy absorption capability is in mitigating passenger injury during side impact
collisions or in the case of a vehicle roll over (De Cooman et al., 2012; Fonstein, 2015). Although
not known at the time, the true ductility of these 1G TRIP steels is limited by the fractional

cementite precipitation during the bainite transformation (Pereloma and Edmonds, 2012).

Eventually, a remarkable strength-to-ductility ratio was achieved in the development of second
generation (2G) AHSSs by using Twinning Induced Plasticity (TWIP) and strain-induced
transformation of Hexagonal-Close-Packed (HCP)-martensite effects. These steels opened the
possibility of extending the usage of AHSSs to a wider range of automotive applications in which
their mechanical target envelope was 50,000 < UTSxTE < 80,000 MPa%, as shown in Figure 1.1.
Examples of steels that form part of the 2G AHSS family are Mn-rich TWIP steels, and AUSs.
Nevertheless, challenges in manufacturing these low carbon sheet steels, the required heavy

alloying, poor weldability, etc., limited its progress to commercialization (Fonstein, 2015).

Although production of 2G AHSSs is difficult and limited, the metallurgical lessons learned during
their development have been invaluable to the advancement of current third generation (3G)
AHSSs. Particularly, the behavior of retained y and its tendency to TRIP, TWIP or remain stable
during deformation has been crucial in manipulating the strength-to-ductility ratio of 3G AHSSs.
The recent pressures of increasing oil costs, and governmental restrictions on greenhouse gas

emission levels is ultimately driving the production of steel that is high strength, reasonably
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ductile, lightweight, and lean alloyed. To remain competitive with magnesium and aluminum
alloys, the specific strength (strength-density ratio) of steel needs to be increased (McGarth and
Van Aken, 2012). The major advantage of steels is the high elastic stiffness and strength, allowing
thin steels to be produced, making mass reduction with steels efficient in comparison to lighter
materials such as magnesium, aluminum or polymer composites in which a large thickness is
needed to compensate for their low elastic stiffnesses (Matlock and Speer, 2006; McGarth and
Van Aken, 2012). It is predicted that there’s a potential of 30-40% in weight reduction with the
use of 3G AHSSs which range from 1300-1500MPa in strength (De Cooman et al., 2012).
Additional members of the 3G AHSSs family include TRIP-Bainitic-Ferritic (TBF) steels, Q&P steels,
med-Mn steels (Liu et al., 2018), and nanoprecipitation steels (Raabe et al., 2009). The 3G
mechanical specific targets of 1200MPa x 30%, and 1500MPa x 25% is set by the United States
Department of Energy (U.S. DoE).(Matlock and Speer, 2009)A more modest 3G mechanical
property target is UTS x TE =24000MPa% as suggested by Matlock et al. (2012) and suits the
AutoSteel Partnership specific target of 1500MPa x 20%. The ultrafine grain (UFG) DP1300 steel,
ultrahigh strength Quench & Partition (Q&P) steel, QP1500, and Medium-Mn (med-Mn) steel

described in this thesis, Chapters 3-7, is plotted in Figure 1.1.
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Figure 1.1 shows the iconic “banana diagram” illustrating the different steel grades as a function of
strength and elongation, courtesy of World AutoSteel. In general, there is a trade-off between strength
and tensile elongation. However, advanced processing of materials can be produced to achieve higher
products of UTS x TE. Although these AHSSs are now being made to achieve 3G U.S. DoE targets, they

still show poor bending performance (Larour et al., 2017).
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Furthermore, what is currently starting to be more critically acknowledged by automakers is that
the banana diagram offers limited information on the true capability of these steels to be formed
into complex automotive components. Designating ductility by means of tensile elongation is only
applicable to stretching operations involved in automotive manufacturing. However, many
forming operations are not dominated by stretching, and rather by more complex strain states,
including bending, stamping, drawing, etc. (Jacques et al., 2007; Lian et al., 2021). For example,
in a car crash, B-pillars could be subjected to both crushing and bending-type loadings (Findley et
al., n.d.). In reference to TRIP steels, the mechanical stability of the y is affected by different strain
states and can overall cause changes in the vehicle’s crashworthiness (Lian et al., 2021). As well,
the UTS x TE product obtainable from the banana diagram provides a crude approximation of
toughness in which the actual energy required to produce fracture (i.e.,energy absorbed during
post-uniform elongation) is not captured (Frémeta et al., 2019; Matlock and Speer, 2009). A
common concern with increasing the strength of thin 3G AHSSs is in the loss of actual toughness,
and adequate techniques of measuring toughness (Findley et al., n.d.). It is important to note that
the steels plotted in Figure 1.1 are from uniaxial tensile tested with an ASTM E8/E8M — 21 (2021)
sub-size specimen design, this is another parameter which effects elongation (%) (De Moor et al.,
2010; Park et al., 2019), and therefore its placement on the graph in Figure 1.1. Datsko and Yang,
(1960) were the first to recognize the reduction in area (RA%), or true strain at fracture (&)
obtained simply from a uniaxial tensile test, offers an alternative measure of ductility which can

be related to various forming operations, such as bending and the hole expansion ratio (HER).
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Figure 1.2: shows the relationship of bendability (R/t) to RA%, where R is the minimum bending radius
and RA% is the reduction in area at fracture (Bouaziz et al., 2013; Datsko and Yang, 1960). The trendline
in this diagram is strongly consistent with the data obtained from literature on a wide range of materials,

including Mg, Al, brass, titanium, steel, cast irons and plastic bar stock (Datsko and Yang, 1960). This
work has been critical in predicting the hemming ability estimation of aluminum (lacono et al., 2010; Lin
et al., 2009). Figure 1.2 (a) was adapted from Datsko and Yang (1960) as well as Bouaziz et al. (2013).
Figure 1.2 (b) was adapted from Hance (2016).

As documented by Hance (2018, 2016), material formability can be classified into two categories:
Global and Local formability. The global forming potential of a material is understood as its
resistance to necking, important for stretching or deep drawing-type operations and can be
described by various tensile properties, including the strain hardening exponent, the true uniform
strain, and by Forming Limit Curves (FLCs) (Frdmeta et al., 2021). However, the local forming
potential of a material is understood by its resistance to fracture, also referred to as damage
tolerance. This is important for understanding a steel’s stretch flangeability, edge cracking
sensitivity (Kardes Sever, 2022; Samei et al., 2019), and its crashworthiness. Most challenges
associated with the application of ultrahigh strength AHSSs are related to fracture, in which these
steels show limited cracking resistance, limited hole expandability, etc. (Frdmeta et al., 2017; Mori
et al., 2010). Thus far, there is no apparent relationship between these material’s resistance to

fracture and tensile strength/ductility.

Despite the advances that have been made to manufacture lean-alloyed AHSSs with the use of
TRIP/TWIP deformation mechanisms, research is still being invested in improving the local
formability of DP steels due to its robust thermo-mechanical processing (Pelligra et al., 2022; Scott
et al., 2018, 2017; Tang et al., 2021; Tasan et al., 2015). On the other hand, research is also being

invested in 3G TRIP-assisted steels, such as ultrahigh strength Q&P, and med-Mn steels. For

5
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instance, a lot of recent work to date has been done to modify steel manufacturing processes,
such as developing 1-step vs. 2-step quench and partitioning routes (Barella et al., 2023; Kong et
al., 2017; Speer et al., 2005) to promote manufacturing energy efficiency, and IA (Bhadhon, 2022;
Pallisco and McDermid, 2020; Patel, 2019). Particular focus has been put on processing 3G steels
such that they compatible with industry standard CGLs and continuous annealing lines (CALs)
(Arlazarov et al., 2016; Bhadhon, 2022; Pallisco, 2021; Patel, 2019; Williams et al., 2022). However,
the mechanisms which prompt fracture in TRIP-assisted steels, still requires critical investigation
as information on the relationship between TRIP kinetics and damage has not yet been
experimentally ventured in detail (Jacques et al., 2001; Samei et al., 2020).

Specifically, there’s a 3% volume change associated with the y-to-martensite transformation
(Parker and Zackay, 1973) which is thought to hinder micro-void nucleation (Jacques et al., 2001;
Samei et al., 2020). This is in tandem to the volume expansion associated with the transformation
of monoclinic to a tetragonal phase in yttria stabilized (Withers, 2015).

Furthermore, microscopic defects/cracks cause a degradation in material performance during
forming or can, when applied to an engineering structure, reduce its overall lifespan. The main
issue with engineering applications is creating structure factors against failure which is realistic
and reflective of the material’s micro-damage evolution properties (Briinig et al., 2008). It is
fundamentally known amongst material scientists, that the nucleation and coalescence of voids
in ductile materials are the precursors to meso-sized cracks which eventually lead to fracture
(Briinig et al., 2008). With this being said, the use of in-situ micromechanical studies, whether in
two-dimensional (2D) using SEM-based imaging techniques or in three-dimensional (3D) using
tomography, is done to understand the evolution of microstrain partitioning and damage for the
development of such damage models. It is critical to note however, that there is an arising
complexity tied to performing, for instance, in-situ SEM tensile testing coupled with DIC to map
microstrain partitioning, as a result of the complicated microstructures in 3G TRIP-assisted steels.
As a result, a lot of effort to date has been put towards developing micro-speckle patterning
techniques which are compatible with Electron Backscatter Diffraction (EBSD) scanning (Dutta et

al., 2019, 2018; Hoefnagels et al., 2019; Wang et al., 2017; Zhang et al., 2020).
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Another issue addressed in this thesis is that most damage models are experimentally validated
using uniaxial tensile testing, and hence, limited to predicting material response at different
stress triaxialities (i.e. a material’s performance when subjected to a concentrated load, such as
in bending) (Briinig et al., 2008; Polatidis et al., 2020). This is more important as material ductility
is reduced with increasing triaxiality of the stress-state (Briinig et al., 2008). The use of notched
tensile specimens, with differing notched radii, is used most conveniently to describe material
ductility under different stress triaxialities within the tension regime (Bao and Wierzbicki, 2004;

Jacques et al., 2001).

That being said, most TRIP kinetic data available at different stress-states in the literature
concerns austenitic stainless steels (AUSs), which generally possess a much narrower stacking
fault energy (SFE) range in comparison to low-alloyed TRIP-assisted AHSSs. Limited work to date
has been devoted to investigating the influence stress-state has on TRIP kinetics in 3G AHSSs
(Park et al., 2019; Polatidis et al., 2020; Wu et al., 2018). Likewise, in general, most studies
reporting damage evolution in 3D have been made on AUSs, TWIP steels, or low strength AHSSs
(Fabregue et al., 2015, 2013) and rare documentations are available on the influence that stress-
state has on damage evolution in 3G AHSSs. With the use of uXCT, Lorthios et al. (2010) does
report however the promotion of shear-type fracture and suppression of void growth with
‘butterfly’ style specimens on steels which exhibit significant amounts of TWIP that any
deformation experienced by voids was dependent on its surrounding microstructure. To reiterate,
the complex interplay that the austenite-to-martensite transformation and its associated ~3%
volume expansion has on mitigating void nucleation has been speculated by several (Jacques et
al., 2001; Parker and Zackay, 1973; Samei et al., 2020), but only very recently ventured by few
(Schoell et al.,, 2022; Toda et al., 2022). Schoell et al. (2022) and Toda et al. (2022) use
sophisticated synchrotron-sourced tomography techniques to capture damage evolution and
TRIP in stainless steels (SSs) and 1G TRIP steels. Yet, this thesis, specifically, Chapters 6 and 7
describe the first microtomographic investigations conducted on a CGL-compatible 3G med-Mn

steels with promising commercialization potential.
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1.1 Research Objectives

Considerable research has been invested in developing complex processing routes which can
produce thin Advanced High Strength Steels (AHSSs) that meet the 3G U.S. Department of Energy
(DoE) mechanical targets. Common techniques used amongst the automakers to achieve these
targets are through the micro-addition of key elements, and through the metastabilization of
austenite (y) at room temperature. Although commercialized versions of micro-alloyed and TRIP-
assisted steels do exist, little is known about the microstructural ways in which grain refinement
and Transformation Induced Plasticity (TRIP) kinetics can delay damage evolution. The ability for
the volume expansion associated with the y-to-martensite transformation to suppress damage
has been speculated by several (Jacques et al., 2001; Parker and Zackay, 1973; Samei et al., 2020),
but not yet thoroughly investigated. Nonetheless, early on in this thesis work, journal article
reproduced in Chapter 3, a comparative study conducted on the damage tolerance of first
generation (1G) and third generation (3G) AHSSs showed that the rate of damage accumulation
can be effectively reduced with significant microalloying, and with TRIP. This initial study triggered
the further investigations carried out in this P.h.D thesis to understand how microstrain
partitioning amongst phases, the evolution of microstructure with strain, and the accumulation
of damage leads to fracture in 3G AHSSs. Of particular interest has been the role that TRIP plays
in damage development of these steels, which is not only influenced by steel microstructure, but

also by external factors, including the type of stress being applied.

With this being said, the main objective of this Ph.D. thesis has been to determine the influence
that prominent 3G steel microstructural features, including grain refinement and TRIP kinetics, as
well as modifications in stress-state has on the microstrain partitioning behavior leading to
damage in AHSSs. An ultrafine grain Dual Phase (DP) steel, ultrahigh strength Quench & Partition
(Q&P) steel, and prototype continuous galvanizing line (CGL)-compatible med-Mn steel was used
for this investigation. The main objective of this Ph.D. thesis has been divided into three

subobjectives as follows:
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1) Determine the microstrain partitioning and strain gradient behavior with the use of micro-
Digital Image Correlation (uDIC) post-processing techniques in 3G steels without TRIP (UFG
DP1300) and with TRIP (QP1500).

2) Determine the intercritical annealing (lA) parameters that suppresses damage and
maximizes ductility through the use of an optimal TRIP rate.

3) Determine the influence a high stress-triaxiality has on the microstrain partitioning, TRIP
kinetics, and damage evolution of a 3G steel

A prototype med-Mn steel with a martensitic starting microstructure was predominantly used to

achieve subobjectives 2) and 3). Subobjective 2) encompassed systematically modifying TRIP

kinetics through minor adjustments in IA temperature and, hence, without imposing drastic
changes to the steel’s physical microstructure. This enabled the selection of an optimal IA
condition which showed prolonged TRIP kinetics, and the most delay in damage evolution.

Subobjective 3) was then carried out using this med-Mn steel at its optimal |A condition.
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1.2 Thesis Layout
This sandwich thesis is outlined as follows:

e Chapter 2: Literature Review - This chapter is an overview of advances made in the industry
to create 3G steels and attempts that have been made to evaluate their damage
tolerance/local forming potentials. As well this chapter reinforces the fundamentals of TRIP
and its application in 3G steels (including Q&P, and med-Mn steels). Some emphasis in this
chapter has been devoted to documenting the developments that have been made to
characterize multiphase AHSSs using uDIC combined with Electron Backscatter Diffraction
(EBSD), and X-ray microtomography (uXCT). Lastly, the impact that variation in stress-state
has on TRIP behavior and damage nucleation in AHSSs is also detailed.

e Chapter 3: Comparative study on the Damage tolerance of 1G and 3G AHSSs — This chapter is
a reproduction of the journal article entitled “Microstructural design for damage tolerance in
high strength steels” published in Materials Letters in 2020. The author of this thesis is a co-
author of the following publication in which she contributed to the conceptualization and
investigation of damage in these AHSSs. This is a paper which shows that grain refinement
achieved through microalloying, and TRIP reduced the rate of damage evolution as a function
of uniaxial strain in 1G and 3G AHSSs. Furthermore, this paper was the initial motivation for
further work to be done on understanding the impact TRIP, and its associated volume
expansion, has on damage evolution.

e Chapter 4: This chapter is a reproduction of the journal article entitled “The effect of vanadium
on microstrain partitioning and localized damage during deformation of unnotched and
notched DP1300 steels” published in the International Journal of Plasticity in 2022. This paper
carefully analyzes the microstrain partitioning amongst phases which eventually led to void
nucleation or microcracking. A novel ‘local strain gradient’-uDIC-based technique was
introduced in this paper and was used to estimate the pile-up of Geometrically Necessary
Dislocations (GNDs) in unnotched and notched ultrahigh strength 3G DP steel specimens.

e Chapter 5: This chapter is a reproduction of the manuscript entitled “Microstrain Partitioning,
Transformation Induced Plasticity, and Evolution of Damage during Deformation of an

Austenitic-Martensitic 1.5GPa Quench & Partition Steel” accepted in the Materials Science and
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Engineering: A journal. This paper does a thorough microscopic characterization of an
ultrahigh strength Q&P steel in order to explain its high & and superior toughness. The
advantage of TRIP-assistance in 3G microstructures is deduced by conducting a comparison of
this Q&P steel to the UFG DP steel featured in Chapter 5. Both steels show similar strengths
and grain sizes. The uDIC-based computation technique introduced in Chapter 4 is used to
show the evolution of GNDs increasing more slowly in the Q&P steel than that of the DP steel.

e Chapter 6: This chapter is a reproduction of the draft manuscript entitled “Microstrain
Partitioning, Transformation Induced Plasticity, and Damage Evolution of a Third Generation
Medium Mn Advanced High Strength Steel.” This paper features an experimental, CGL-
compatible med-Mn steel (0.15C-5.8Mn-1.8Al-0.71Si) with a martensitic starting
microstructure. In this paper, this med-Mn steel intercritically annealed at 685°C for 120s
reached 3G mechanical targets, and also showed a high &. An abundance of voids nucleate
during deformation at this 685°C IA condition but that their growth is suppressed by prolonged
TRIP over a large strain range. A similar uDIC-based computation comparative studies detailed
in Chapter 4 and 5, was also performed in this paper.

e Chapter 7: This chapter is a reproduction of the draft manuscript entitled “Effect of Triaxiality
on Microstrain partitioning, Transformation Induced Plasticity, and the Evolution of Damage
in a Third Generation Medium Mn Advanced High Strength Steel.” This paper uses the
experimental, CGL-compatible med-Mn steel from Chapter 6 subjected to its optimal IA
condition at 685°C for 120s. In this paper, different notch geometries was introduced within
the gauge section of tensile specimens to investigate the effect that changes in stress-state has
on microstrain partitioning, TRIP kinetics and damage development.

e Chapter 8: Global Discussion

e Chapter 9: Concluding Statements
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2 Literature Review
2.1 Approaches Made to Develop 3G AHSSs

2.1.1 Advances made to the ‘Banana Diagram’
In the ever-tightening emission regulations to achieve carbon neutrality, steels continue to be a

critical material of choice for its high elastic stiffness and strength without the need for thick
sheets to be used. In the application of Advanced High Strength Steels (AHSSs) to meet these
lightweighting/strength standards, the so called ‘banana diagram’ is used conventionally by the
automotive industry. The banana diagram compares High Strength Steels (HSSs) and AHSSs based
on their TE and UTS. It is important to note, however, that the TE in particular can vary
substantially based on the specimen design, strain path, stress-state, etc... AHSSs on this diagram
do show a greater potential of absorbing the kinetic energy (higher UTS x TE values) in comparison
to steels of prior generations (Bouaziz et al., 2013), such as single-phase High Strength Low Alloy

(HSLA) steels (Frometa et al., 2021; Kardes Sever, 2022).

Favg = KVUTSt? Equation 2.1
Fax = KVYSt®75 Equation 2.2

The energy absorbed during a vehicle crash is assessed by the average force (Favg) experienced by
the vehicle’s ‘crash box’ during the crash, strongly dependent on the material’s UTS, and the
maximal force/buckling force (Fmax) experienced by the vehicle’s B-pillar, strongly dependent on
the material’s yield strength (YS) (Bouaziz et al.,, 2013). Therefore, in order to maintain
crashworthiness with the use of thin steels, high Fayg and Fmax, as well as the YS and UTS needs to
be increased. As can be shown in Equation 2.1 versus Equation 2.2, the thickness has stronger
dependence on the Fay, energy absorption potential of the ‘crash’ box than the Fmax, energy

adsorption by the B-pillar.
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Figure 2.1: Lab-scale Crash Performance characterization. Adapted from Bouaziz et al. (2013).

As well, the automotive industry uses Forming Limit Diagrams (FLD) to understand a steel’s
behavior while being formed into complex components required in automotive structures (i.e.
the amount of plastic strain a material can undergo before localized necking) (Bouaziz et al.,
2013). FLDs are mainly created on the basis of the strain hardening potential of the steel (Bouaziz
et al., 2013). The post-uniform elongations as well as the reduction in area (RA%) characterizing
the damage tolerance/local forming potential of AHSSs is not captured on neither the banana
diagram nor in FLDs. It is important to consider as well that AHSSs which feature considerable
amount of TWIP as its being deformed, in general, produce slant-shear type fracture which cannot
adequately described by the FLDs (Lorthios et al., 2010). Bending, on the other hand, is
dependent not only on the material’s strain hardening behavior but also on its reduction in area
at fracture (Bouaziz et al., 2013), its resistance to crack formation (Suppan et al., 2018) and has
been used previously to assess shear-slant-type fracture in AHSSs (Hudgins and Matlock, 2016).
More than this however, there is a significant amount of stress triaxiality that is experienced by
an automotive component when it’s impacted, depending on its position on the vehicle and the
equivalent plastic strain it experiences during the crash (Findley et al., n.d.). Multiphase
microstructures and TRIP-assistance in AHSSs has been critical in achieving targeted U.S. DoE
standards. Figure 2.2 shows that AHSSs with a greater retained austenite content (i.e. % in this

instance) increases the UTSxTE. Frometa et al. (2021) found that a TRIP steel with an UTS of

13



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

780MPa, TRIP780, and 1180MPa strengthened-3G steels, specifically, a DP and TBF steel, with
retained austenite contents of 15-16% showed the highest UTSXTE, whereas the lowest UTSxTE
was associated with a DP steel, with an UTS of 780MPa, DP780 steel which exhibited the lowest
retained austenite content. However, it should be clearly seen in Figure 2.2 that there is little to

no dependence of the retained austenite content on the & and essential work to fracture (We)

(Frometa et al., 2021).
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Figure 2.2: Relationship between retained austenite content (%) and UTSXTE (a) &¢ (b) and essential work
of fracture (we)(c). Adapted from Frémeta et al. (2021)

As a result of the complicated role retained austenite plays in the fracture behavior of AHSSs,
several attempts have been made in the literature to understand the local forming
potential/damage tolerance by means of calculating the fracture strain and the fracture
toughness of AHSSs. Larour et al. (2017) use the local thickness fracture strain to assess the edge
crack sensitivity (i.e.i.e. local forming potential of AHSSs) inspired by previous investigations
which published a correlation between the 1SO16630 hole expansion testing (HET) standards and
the tensile thickness strain (i.e. otherwise known as the &¢), for cold and hot-rolled, CR and HR,
respectively, AHSSs (Denks et al., 2019). The HER, for example, is a key industrial indicator of
stretch flanging performance and edge cracking tendency (i.e.i.e. damage tolerance/local forming
potential) in sheet steels (Chen et al., 2014; Hasegawa et al., 2004; Scott et al., 2017; Yoon et al.,
2016). Yet, the risk of edge cracking is greater for AHSSs, and therefore the inconsistencies with
HER measurements (punched vs. milled vs. laser jet holes) is more dominant. Other

inconsistencies degrading the reliability of HER testing of AHSSs include tooling condition, hole
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surface/edge quality, crack detection method, the blanking-to-stamping time gap, aging of the
metal, etc....) (Frdmeta et al., 2019; Hance et al., 2013; Karelova et al., 2009; Larour et al., 2017;
Lin et al., 2023; Ramisetti and Fan, 2018).

Mild steels, for instance, do not show predominant edge cracking tendency and therefore, any
inconsistencies with HERs testing methods is less significant (Casellas et al., 2017). These authors
note however that research is lacking to further understand the connection between the & and
bendability. They advise that a new tensile testing standard needs to be developed to evaluate
the fracture of AHSSs and that determine the fracture strain from plane strain notched tensile
samples could be more suitable for bending and crash predictions (Larour et al., 2017). As well, it
should be considered, from Figure 2.2, that although we and & aim to understand a resistance to

fracture, the two are not interchangeable parameters.

An additional, common concern among steel and automakers is in the measurement of fracture
toughness of sheet steels, as fracture toughness, Kic, is only constant and reliably measurable for
thick specimens. The conventional method used to determine such fracture parameters is using
a Charpy V-notch (CVN) Impact energy test. This test is not suitable for thin sheet steels, as it
would result in buckling and misalignment (Findley et al., n.d.). To bypass this issue, General
Motors (GM) pioneered the “stacked Charpy” specimen design, in which several sheets of steel
were riveted together, in order to estimate the ductile-to-brittle transition temperature of PHSs
(Enloe et al., 2017), however (Findley et al.,n.d.) note that there is significantly less triaxiality in
such a Charpy Impact specimen design compared to testing with the classical, thick Charpy Impact
specimen. The stress-strain fields at the crack tip in sheet materials (i.e. plane stress) do not
translate to predicting the stress-strain field of a crack-tip in a 3D, thick structure under plain

strain conditions (Pardoen et al., 2002).

Another approach that has been ventured by several to calculate the fracture toughness/cracking
resistance of sheet steels under plane stress is by using the Essential Work of Fracture (EWF)
methodology first proposed by Cotterell and Reddel (1977). For ductile materials, the EWF
methodology divides the nonelastic crack tip zone into two: the inner fracture process zone (IFPZ),

and the outer plastic deformation zone (OPDZ). Mathematically, the total work of fracture (Ws),
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is the summation of the work needed to create a new surface/cause damage, representing
toughness, in the IFPZ as defined by the W, and the work performed in the OPDZ to
accommodate the large strains in the vicinity of the crack tip (i.e. necking in ductile materials)
defined as the non-essential (plastic) work (W,). EWF testing is conducted on Double-Edge-
Notched-Tension (DENT) specimens in which it is required that the ligament length ([;) be >5
times the thickness (t;) of the specimen, but not larger than the plastic zone (Cotterell and
Reddel, 1977). Equation 2.3 shows how the W, is proportional to the specific essential work of
fracture (we) and ligament’s cross section (loto), the initial ligament length and material thickness,
respectively, whereas W, is proportional to the specific plastic work (wp) per unit volume (lozto)

and a shape factor of the plastic zone (B).

Wr = We + W, = welpty + wplto Equation 2.3

If normalized by loto, a linear regression between the specific work of fracture (ws) to the we and

wp can be computed for different [, lengths.

W Equation 2.4
= L= w. +w,Bl qu
loto

Wy
Equation 2.4 can be used to determine the slope (w,), where f is equivalent to ”/4 for a circular

plastic zone. The wp depends on the plate thickness and therefore is not an intrinsic parameter

(Pardoen et al., 2002). Figure 2.3 shows the wy for a series of AHSSs.
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Figure 2.3: Ws as a function of ligament length [mm] for AHSSs of varying strength levels, 780MPa (a)
980MPa (b) and 1180 (c). Adapted from Frometa et al. (2021).

In Figure 2.3 a) and c), the TRIP780, and 3G Steels: TBF1180 and DP1180, show similar and low

We, despite having the largest amount of retained austenite. Whereas, in Figure 2.3 the Q&P1180
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3G steel, and 1G DP steels — DP780 and DP980, with variable retained austenite content, 6-13%,
have ~0.55-0.7x of an increase in we. This emphasizes that fact that fracture resistance is not
solely only controlled by the retained austenite content but on the steel’s matrix factors such as;
tempered martensite (TM) grain size and distribution (de Diego-Calderdn et al., 2016; Frometa et
al.,, 2021). Also, this correlates well with the fact that the QP1180 steel a homogeneous
distribution of TM throughout its microstructure and attained the highest we, as shown in Figure
2.3. A decent correlation between the we and HER (R? = 0.79) was observed by Frometa et al.
(2021), which means that the we is an effective technique for assessing the local formability of

AHSSs.

2.1.2 Advances made to DP steels
DP steels, containing a soft ferritic matrix with a dispersion of hard martensite islands, continue

to be the most widely used AHSS due to their robust thermomechanical processing, lean alloying,
balanced mechanical properties and high strain hardening (Ashby, 1966; Speich and Miller, 1979;
Tasan et al., 2015). The use of an abundance of carbides, as opposed to martensite, to contrast
the ferrite matrix requires a substantial increase in carbon but can result in a deterioration in
toughness and poor weldability (Azizi et al., 2022). Martensite and ferrite DP structured steels are
created by full annealing (in the austenitic regime) or IA (in the ferritic-austenitic regime) of a CR
steel, with fine ferrite-carbide/pearlite constituents, which is then followed by quenching and
holding the steel at a temperature just below the M. Intercritical annealing enables more control
of the final volume fraction of martensite and can be adjusted just by changing the IA
temperature. Rapid cooling promotes the general transformation of austenite-to-martensite

while leaving the ferrite unaffected (Dai et al., 2021).

In general, DP steels contain 0.06-0.15 wt% C (provides strengthening by stabilizing austenite and
martensite), 1.5-3 wt%Mn (provides austenite stabilization, solid-solution strengthening in ferrite
and mitigates grain growth during intercritical annealing(Liu et al., 2023)), Cr (to retard bainite
formation), Mo (to retard bainite transformation and aid in precipitation strengthening (Chen et
al., 2020)), Si (to be solid solution strengthener and promote ferrite transformation) and V/Nb

(for precipitation strengthening and grain refinement (Tasan et al., 2015)). Grain refined DP steel
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either maintains or improves its toughness in comparison to its coarse-grained DP counterpart

(Azizi et al., 2022; Tasan et al., 2015).

In DP steels, there are two key micro-mechanisms of damage: martensite cracking and
ferrite/martensite (F/M) interfacial decohesion, again highly dependent on the local
microstructure. He et al. (1984) said that martensite cracking is more prominent in coarse DP
structures and brittle fracture (Liu et al., 2023) whereas F/M decohesion is more observed in finer
microstructures. Tasan et al. (2015) attempted to correlate DP characteristics, such as; ferrite
grain size and martensite volume fraction (Vm), with different micro-mechanisms of damage:
martensite cracking, F/M decohesion or both. Figure 2.4 shows that as the Vn, is increased, the
likelihood of martensite continuity is increased, and martensite cracking is prevalent. Whereas in
the case of fine ferrite grains at a low Vm, both martensite cracking and F/M decohesion are
equally likely and increasing the Vi with a fine ferrite grain DP steel, can increase the probability
of martensite cracking. Contrarily and more simply, Tang et al. (2021) observed that with an
increase in Vm in DP steels the dominant mechanism of damage nucleation goes from

ferrite/ferrite interfacial decohesion, to F/M interfacial decohesion, then to martensite cracking.
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Figure 2.4: Micro-mechanisms of damage in DP steels (F/M decohesion and martensite cracking) as a
function of ferrite grain size and Vi Adapted from Tasan et al. (2015).
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Several avenues have been ventured to promote the grain refinement of DP thin steels and enable
them to achieve ultrahigh strengths. Such avenues include: equal-channel angular pressing (i.e.
severe plastic deformation) (Park et al., 2005; Park et al., 2004; Zhao et al., 2021), cold rolling
(Tsipouridis et al., 2006), cyclic heating (Park et al., 2020), along with vanadium-microalloying
(Scott et al., 2018, 2017) and medium Mn alloying (Liu et al., 2023) etc... The challenge in
mechanically refining grains with the use of severe plastic deformation techniques is in scaling it
up for mass production(Park et al., 2020; Zhao et al., 2021). To mitigate such a limitation, Liuet al.
(2023) utilize the combined effect of vanadium-microalloying and medium Mn alloying to develop
UFG DP steels with a ~1470MPa strength level. It is agreed by many that the need for a Vm > 50%
is required in the development of ultrahigh strength DP steels (Liu et al., 2023; Scott et al., 2017).
Other approaches such as the incorporation of TRIP kinetics, a topic detailed in the following
Thesis’ chapters 5-7, has been incorporated into DP microstructures to achieve ultrahigh strength

levels (>1000MPa)(Dai et al., 2021).

With a reduction in grain size, the area fraction of F/M boundaries is increased, and this results
in high strain hardening at low strains due to GND evolution (Suppan et al., 2018). At higher strains
however, strain hardening is governed by martensite deformation and the formation of
Statistically Stored Dislocations (SSDs) which is independent of grain size (Jiang et al., 1995).
Moreover, some have noted that grain refinement in DP steels promote ductile fracture
mechanisms (Calcagnotto et al., 2012; Liu et al., 2023). Yet, it is critical to note that in grain refined
DP steels, the stress-strain partitioning is more heterogeneous, and the size/dispersion of

martensite islands (i.e. local configuration) is more critical.

That being said, stress triaxiality is traditionally mapped at the global not local scale (Cheloee
Darabi et al., 2020; Park et al., 2015; Wang et al., 2016), which has less of an importance to
predicting the stress-strain behavior of UFG steels in which the stress-strain response is
heterogeneous and dependent on the configuration of martensite islands surrounding the ferrite.
Paul (2013) performed representative volume element (RVE) simulations at the grain level to
understand the local deforming capacity of ferrite in the vicinity of martensite islands. Modelling
the local triaxiality within a UFG DP microstructure was also carried out by Williams et al. (2022)

in which they found that a high stress triaxiality (~1.4) was observed in ferrite between two large
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martensite islands within close proximity. This correlates well with speculations made by Tasan et
al. (2015) in which well dispersed martensite islands enables ferrite strain accommodation

whereas martensite islands confining ferrite enables early strain localization.

In performing Energy X-ray Dispersive Spectroscopy (EDS) on an DP steel vanadium-microalloyed,
Williams et al. (2022) observed that the ferrite, with overall more vanadium carbonitride (V (C,N))
precipitates than the martensite, has a densely packed V(C,N)/weak Mn hard core and softer
outer core as a result of less V (C,N)/more Mn. They differentiate the inner core as intercritical
ferrite (Fi) and outer core as epitaxial ferrite (Fe) in their publication (Williams et al., 2022).
Particularly, they found that the local triaxiality of the DP microstructure modelled as a 3-Phase
(martensite, Fi and Fe) versus a 2-phase (martensite and ferrite) microstructure resulted in strain
localization being distinctly apparent. Ultimately, the purpose of vanadium microalloying in DP
steels is to increase the ferrite phase strength overall. This is done with the purpose of globally
reducing the strain incompatibility between ferrite and martensite, thereby reducing the
likelihood of F/M decohesion and improving the steel’s post-uniform elongation (Samei et al.,
2019b; Scott et al., 2018, 2017). However, Williams et al. (2022), similar to Liu et al. (2023), found
that variation in Mn within ferrite in such steels can also play a role in extending its post-uniform
elongation. They found a ~20% improvement in HER with only a <100MPa decrease in tensile
strength in the V-microalloyed DP steels intercritically annealed at temperatures 810°C versus
those intercritically annealed at 710°C. It is well known that the diffusion of Mn at these

temperatures is significantly enabled.
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Figure 2.5: Scanning Transmission Electron Microscopy (STEM) bright-field highlighting martensite, F;,
and Fe with superimposed EDS maps of V (a) and Mn (b) Finite Element Model (FEM) of triaxiality at an
effective strain of 0.33 considering only two phases (martensite,ferrite) (c) and considering three phases
(martensite, Fi, and F.) (d). Adapted from Williams et al. (2022)

Yet, current research ventures are being made to more thoroughly understand the
micromechanisms of damage in these DP steels, particularly where good stretch flangeability (i.e.
good HER) and bendability is required (Suppan et al., 2018). The large strain incompatibility
between the ferrite and martensite results in interfacial cracking which is a more potent
micromechanism of damage for untempered DP steels (Kang et al., 2007). In ideal scenarios,
microcracking in DP steels is blunted by the localized deformation and hardening with the ferrite
enabling ductile as opposed to brittle fracture (Tasan et al.,, 2015). Nonetheless, various
researchers have used different methods to quantify the strength differential between phases
causing the large strain incompatibility resulting in interfacial cracking. Scott et al. (2018)
introduced the concept of determining a ferrite:martensite Phase Strength Ratio (PSR) with the
use of nanoindentation to gauge its HER performance. The authors found that the addition of
vanadium-microalloying (from 0.003 to 0.14 wt%V) of an ultrahigh strength DP steel led to a mean
reduction of 32% in PSR and a HER improvement of 15%. However, these authors advise that the
HER relationship with PSR is not linear and impacted by microstructural parameters such as: the

local configuration of the martensite surrounding the soft ferrite. The ultimate benefit of
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vanadium-microalloying investigated through this ultrahigh strength DP steel is the fact that it
selectively strengths the ferrite, therefore, reducing this steel’s potency to interfacial cracking (i.e.
improving its post-uniform elongation) while simultaneously maintaining its strength (Pushkareva
et al., 2013; Samei et al., 2019b; Scott et al., 2018, 2017). Pushkareva et al. (2013) and Scott et al.
(2018) note however, that the PSR can be reduced more efficiently by tempering and provides a
substantial improvement to damage tolerance compared to vanadium microalloying. This is
because tempering kinetics are fastest for the martensite islands containing the most carbon (i.e.
the hardest martensite) (Williams et al., 2022), therefore reducing the strain differential at F/M

interfaces where damage is most likely to happen.

2.1.3 Use of The TRIP Effect in AHSSs
Conventional TRIP steels are a mixture of allotriomorphic ferrite (50-55vol%), austenite (7-

15vol%), and bainite (30-35vol%) with a high Si content to limit cementite precipitation during
the growth of upper bainite (Bhadeshia, 2002; Kuziak et al., 2008). As a result, this carbon
partitions into the retained austenite and stabilizes it (Bhadeshia, 2002; Kuziak et al., 2008;
Soleimani et al., 2020). In general, TRIP steels have higher amounts of carbon, silicon and/or
aluminum than DP steel grades. However, >0.5wt% Si can lead to challenges in casting, surface
guality and galvanizing as a result of oxide film formation. Moreover, it is suggested that a partial
substitution of aluminum enables an improvement in strength/ductility balance whereas a

complete substitution with aluminum deteriorates it (De Meyer et al., 2000; Oliver et al., 2007).

This concept of utilizing unique thermomechanical processing to retain austenite at room
temperature and develop TRIP steels was first enforced by Parker and Zackay, 1973). These steels
follow a 2-step heat treatment, in which the steel is first intercritically annealed above Aci,
followed by an Isothermal Bainitic Treatment (IBT) at the upper bainite range (~350-400°C)
(Soleimani et al., 2020). The IBT (or slow cooling) stage retains austenite in the microstructure by
enabling carbon enrichment and reduces its local Ms temperature to below zero (Oliver et al.,

2007).

TRIP steels have the ability to show a high fracture toughness as a result of the stress- or strain
induced transformation from metastable austenite-to-martensite (Parker and Zackay, 1973). The
main difference in strengthening between DP and TRIP steels is that strain hardening is not only
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affected by the interaction between hard and soft phases but also by the mechanically induced
transformation from austenite-to-martensite (Jacques et al., 2007). As a result, however, TRIP
steels show better stretch flanging performance to DP steels while maintaining a high TE (Suppan

et al., 2018).

When austenite transforms to martensite, there is an increase in volume of about 3%,
corresponding to 1% linear increase in each principal direction. This volume expansion is said to
cancel a portion of the triaxial stress near the ‘notch’ (i.e. the notch induced during necking of
ductile materials), resulting in a reduced stress intensity and inhibiting brittle type fracture (Parker
and Zackay, 1973; Withers, 2015). According to Christian (1982) and then later Bhadeshia (2002),
when 15% of the austenite is transformed into martensite, there’s a 2.25% increase in tensile
elongation as a result of the phase transformation. From this, Dutta et al. (2018) estimated in
testing a med-Mn steel, that with 40% of reverted austenite transformed into martensite at
fracture, the TRIP effect contributes <3% to the steel’s TE. Overall, in theory, the work used up to
by a phase transformation, triggered ahead of a stress-concentrated crack tip, can improve steel
toughness, as the rate of cracking is reduced (Courtney, 2005; Withers, 2015). In sheet steels, the
stress state near the crack tip is said to be plane strain which inevitably is expected to drive TRIP
most (Hill, 1952; Jacques et al., 2007). However, the stress required to drive the martensitic
transformation decreases as the grain size increases, which is because the matrix phases has less
of a ‘shielding effect’ to suppress the transformation from occurring (Courtney, 2005).
Experimentally, it has been seen the TRIP can either improve or be detrimental to a material’s
damage tolerance as the martensite transformed is very brittle (Frémeta et al., 2021; Samei et
al., 2020). Though it is implied that the amount of GNDs formed during the transformation to
martensite to delay the onset on necking is greater in AHSSs with higher volume fractions of

austenite (Frémeta et al., 2021).
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Figure 2.6: Chemical Free energies of austenite and martensite versus temperatures (a) The
transition from Stress-Assisted to Strain-Induced Transformation from the applied stress versus
temperature adapted from Soleimani et al. (2020) and Tamura (1982)

Fundamentally, the martensite start temperature (M) is the critical temperature which gives the
system the free energy for the austenite to martensite transformation (AGy>«)(Tamura, 1982).
When the system is undercooled to just below Ms, enough free energy is available to start the
martensitic transformation. On the other hand, given that martensite transformation is
dominated by a shear co-operative movement of atoms, the application of an external force, U’,
can be used to activate martensite nucleation in steel at temperatures > Ms, say at T1 (Pereloma
and Edmonds, 2012). This lowers the AGy>« to make the stress-assisted austenite to martensite
transformation favourable (Patel and Cohen, 1953). At an even higher temperature, say at To,
there is no thermodynamic driving force for a phase transformation because austenite and
martensite are equally stable (Pereloma and Edmonds, 2012). Alloying with C, Mn, Si, Cr, Ni,
and/or Nb lowers the Ms temperature therefore increasing austenite stability and modifying its
SFE (Patel and Cohen, 1953; Sugimoto and Mukherjee, 2017; Talonen and Hanninen, 2007). As a
result of not being a structure in equilibrium, stacking faults in austenite increases the total

energy of the lattice (Dieter, 1961).

In a stress-assisted austenite-to-martensite transformation situation, although the stress applied
may be considerably less than the yield stress of austenite, pre-existing stress concentrators (such
as defects on the local scale of the austenite) can assist in the nucleation of martensite. Yet, if the
stress applied is greater than the yield stress of austenite, austenite plastically deforms and

introduces new defects for martensite nucleation. Examples of strain induced regions favourable
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for martensite nucleation are stacking faults, in-grain shear bands, dislocation intersections, and
microbands (Pereloma et al., 2016). McDermid et al. (2011) was able to successfully establish a
simple relationship between TRIP and the normalized flow stress in conventional high Al, low Si
TRIP steels. It was found that this relationship was independent of heat treatment applied,
retained austenite volume fraction, and local retained austenite chemistry, whereas a more
distinct influence of the afore mentioned parameters is indeed noted in the classical strain-based
model proposed by Olson and Cohen (1975). Alternatively, Samek et al. (2006) suggests that the
strain-induced transformation is overall responsible in enhancing the steel’s strength-ductility

balance.

The tendency of austenite to TRIP during deformation, i.e. transform from austenite-to-
martensite under an applied load, or to exhibit Twinning-Induced Plasticity (TWIP) has been
crucial in manipulation the strength-elongation ratio (Qin and Bhadeshia, 2007) of second
generation (2G) AHSSs and third generation (3G) AHSSs thereafter (Qin and Bhadeshia, 2007;
Soleimani et al.,, 2020). De Moor et al. (2010) hypothetically varied combinations of
ferrite/martensite and austenite/martensite in steel microstructures to model mechanical
properties. As shown in Figure 2.7 (a) 1G steel mechanical properties are modelled adequately
using dual ferrite/martensite mixtures, whereas 3G steel mechanical properties are modelled
adequately using dual austenite/martensite mixtures. In this instance, however, they did not
consider the ability for unstable austenite to transform to martensite with applied
stresses/strains. As a result, De Moor et al. (2010) extended their study to predict the ideal TRIP
rate which achieves 3G mechanical property targets by varying austenite stability in four different
scenarios (conditions A-D) of austenite/ferrite microstructures. In Figure 2.7 (b), condition D
shows TRIP being exhausted at low strains, and resulting in only achieving 1G mechanical
properties, whereas 3G mechanical properties are attainable with prolonged TRIP kinetics as
featured in conditions A-C. Each data point in Figure 2.7 (c) refers to the initial austenite fraction
ranging from 0% to 85%. Condition A, with a significant amount of stable austenite which does
not TRIP, can attain 2G AHSSs properties. On the other hand, a complex microstructure with ~40%
austenite and gradual TRIP kinetics, enabling structured usage of strain hardening associated with

TRIP, can reach mechanical targets within the general 3G AHSSs envelope.
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Figure 2.7: Hypothetical ferrite/martensite and austenite/martensite mixtures superimposed on top of
the Banana Diagram (a) Variations in TRIP kinetics (b) and their placement on the banana diagram (c).
Adapted from De Moor et al. (2010).

Furthermore, the intrinsic SFE of the retained austenite strongly influences the way in which the
material accommodates strain, whether through dislocation glide, TRIP or TWIP, and again can be
modified with increased alloying. In general, a 10 mJ/m? < SFE < 20 mJ/m? favours strain-induced
martensitic transformations, whereas an intermediate SFE range, 20 mJ/m? < SFE < 50 mJ/m?
favours twinning, and a high SFE, SFE > 50 mJ/m? favours dislocation glide (Lu et al., 2016; Noh
et al., 2019; Saeed-Akbari et al., 2009; Wong et al., 2016). When separation distance between the
partial dislocations is narrow, such that cross slip is easily done, it is more energetically favourable
to twin (i.e. TWIP) instead of transform (i.e. TRIP) (Dieter, 1961). TWIP in steels is a way to produce
a ‘dynamic Hall Petch’ effect, in which the mean dislocation path is reduced, enabling increased
local work hardening which in turn delays necking (Lu et al., 2016). An intermediate
transformation to e-martensite (with an HCP crystallographic structure) can sometimes occur
during the austenite-to-Body-Centred-Tetragonal (BCT) martensite. Less active slip systems are
present in brittle, e-martensite (with a HCP structure) in comparison to Face-Centred-Cubic (FCC)-

austenite islands which can reduce overall steel formability. Moreover, the SFE which activates
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the transition of TRIP-to-TWIP-to-dislocation glide is strongly dependent on the material’s
chemical composition and temperature. Ultimately, there is less of a tendency for TWIP to occur
at the high or low SFE extremes which means that once TWIP is exhausted, TRIP can be activated
(Wong et al., 2016). With that being said, Mn content can be used to tailor the behavior of
austenite during deformation by changing its SFE. A high Mn (15-30%) content favours an
intermediate transformation to e-martensite (HCP structure), while a medium Mn (5-12%)

content favours a direct transformation to a -martensite (BCT structure)(Wong et al., 2016).

The austenite grain size also has an effect on its SFE (David K. Matlock and Speer, 2009; Soleimani
et al., 2020) in addition to temperature (Lee et al., 2016), and stress state (Blondé et al., 2014;
Jacques et al., 2007; Yu et al., 2006). In theory, decreasing the austenite grain size lowers its local
Ms temperature, therefore rendering the austenite more stable, yet this relationship has been
found to be non- monotonic (Soleimani et al., 2020). For example, a reduction in grain size, from
18 to 1.5um, of a 204Cu stainless steel (SS) resulted in TRIP being suppressed, whereas, in the
case of UFG steels (~0.5um) a faster rate of y-to-martensite transformation was observed
(Soleimani et al., 2020). It is important to note that controlling the austenite to maximize a
materials uniform elongation, may also lead to a significant decrease in post-uniform elongation
(Frommeyer and Brix, 2006; Jacques et al., 2007). Other factors besides composition,
temperature and grain size that affect the SFE include: the number of inclusions, residual stresses,
and the concentration of interstitials (i.e. C and N)(Lu et al., 2016). Overall, quenching and
partitioning as well as IA are two methods the automotive industry has used to develop 3G lean

alloyed AHSSs with significant amounts of austenite with tailored SFEs.

2.2 Quench and Partition (Q&P) steels

In conventional TRIP steels, the supersaturation of carbon in ferrite is relieved by partitioning to
austenite, and carbide precipitation. The key differences between 1G and 3G steels is the higher
retained austenite volume fraction, the Mn content ranging from 3-12 wt% (Wu et al., 2018), and
the greater presence of martensite, as opposed to bainite as in TRIP steels, enabling very high
strength levels to be achieved (De Cooman and Speer, 2006). Q&P steels are suitable for anti-

intrusion automotive components protecting the passengers from side impact collisions, such as;
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B-pillar reinforcements, sills, bumper reinforcements, cross members and longitudinal beams (De

Cooman and Speer, 2006; Wang and Speer, 2013).

In the Q&P process, with a typical ~3wt%Mn content (Wu et al., 2018), the diffusion of carbon
from martensite to austenite is optimized by suppressing carbide precipitation with Si alloying.
The Q&P process was first proposed by Speer et al. (2015) assuming a Constrained
Paraequilibrium (CPE) condition in which long range diffusion of substitutional atoms is absent
and only carbon can diffuse beyond unit cell dimensions at low temperatures. As well, the CPE
condition assumes that martensite/austenite interfaces are essentially immobile, and that their
respective volume fractions are constrained (Speer, 2012). This is used to calculate the endpoint
of carbon partitioning (i.e. maximum amount of carbon which can enrich austenite) between
stationary martensite and untransformed austenite in the absence of competing mechanisms
such as carbide formation, carbon trapping at dislocations, or bainite formation (De Cooman and
Speer, 2006; Speer, 2012). In general, carbon is the main form of interstitial strengthening
provided in Q&P steels, a small amount of carbon in martensite produces a tetragonal distortion
which in turn, produces a shear stress component that attracts edge, screw and mixed
dislocations. The introduction of carbon within the lattice not only expands and contracts its
volume isotopically, producing symmetrical distortions, but is also producing shear strain, i.e. a

non-symmetrical distortion.

In 2012, Baosteel was the first company to commercialize a Q&P steel with a UTS of 980MPa
(QP980). Q&P steels yield an excellent tensile strength to elongation ratio, with similar chemical
compositions, but fewer alloying elements than conventional TRIP steels (Findley et al., 2017).
More specifically, higher strength Q&P steels contain limited amounts of ferrite in order to
maximize carbon partitioning into austenite and as a result can exceed 1100MPa in strength (Toji
et al., 2014). These steels are first either fully austenitized (above the Acs), as shown in Figure 2.8,
or intercritically annealed, to attain controlled volume fractions of ferrite and austenite, and then
subjected to an intermediate quench at Tq between the Ms and Mt temperatures for a time period
(tq) as shown in Figure 2.8 (David K. Matlock and Speer, 2009). Quenching at a pre-determined
temperature between the Ms and Ms enables a controlled volume fraction of martensite to be

introduced into the microstructure. These steels are then subjected to ‘partitioning’ in which they
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are held at a temperature (Tp) which can also be the Tq (for 1-step Q&P) or above the Tq (for 2-
step Q&P) for a time period (tp). During this partitioning stage, the carbon from the martensite
diffuses into the austenite. For reference, traditional Quench and Temper (Q&T) processes are
used to improve the toughness by promoting carbide formation and retained austenite
decomposition, whereas the retained austenite is intentionally stabilized in Q&P processes to

improve toughness.
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Figure 2.8: 2-step Q&P Processing. Adapted from De Cooman and Speer (2006)
The Koistinen and Marburger relationship, as shown in Equation 2.5, is used to define the Tq
below the Ms temperature in which the fraction of martensite transformed is maximized.
Equation 2.5 shows that the amount of martensite transformed is directly related to Tq and is not

dependent on time since the martensitic transformation is diffusionless.

_ —1.1x1072(Mg—T .
fnartensite = 1 — €7 % (Ms—Tq) Equation 2.5

29



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

00 ’ ' 0.15F '
L) [ (b) | %
8 0.15} Tq~270°C | s I ¢ 1 £
s 1§ ¢ 2% 1 £
: | £ oof *e SR
2 0.10F 1 & , 13
i |2 | I
2 oosf 15" 7§ Tp=a00°C
= ! ¢ Tp=460°C i

0.00 T —— | T R = [

0.00 0.0

0 100 200 300 400 1 10 100 1000 0 002 004 0.06 0.08 0.1

Temperature, °C

True strain

Time, S

Figure 2.9: Maximum retained austenite attainable at the optimal T, of a 0.2C-2.2Mn-1.4Si-0.2Cr (wt%)
Q&P processed steel (a) variation in retained austenite when partitioned at 400°C versus 460°C held at
various partitioning times 10s-300s (b) and the TRIP kinetics of the 460°C partitioned samples (c).
Adapted from Arlazarov et al. (2016)

As shown in Figure 2.9 (a), for a 0.2C-2.2Mn-1.4Si-0.2Cr (wt%) Q&P steel studied by Arlazarov et
al. (2016), quenching at temperatures above this optimal Tq, increases the amount of retained
austenite available in the microstructure, but can lead to insufficient carbon enrichment and weak
austenite stabilization, hence promoting martensite formation during the final quench. On the
other hand, quenching at temperatures below this optimal Tq retains a low volume fraction of
austenite, and any carbon which partitions into thus austenite over-stabilizes it, inhibiting any
efficient use of TRIP to delay the onset of necking. To a similar extent, the choice of partitioning
temperature and time should also be optimized to avoid the precipitation of carbides, thus
reducing the carbon available to stabilize austenite. In Arlazarov et al. (2016), partitioning
conditions of 400°C and 460°C varied from 10-300s were chosen such that they are compatible
with industry standard CGLs and CALs. In this instance, T, had a more profound effect on
mechanical properties and retained austenite volume fraction than t, as shown in Figure 2.9 (b).
Yet, it is critical to note that t, did have a significant impact on the higher temperature partitioned
(460°C) samples, as shown in Figure 2.9 (c). Increasing the t, from 100s to 300s when partitioning
at 460°C, as detailed in Figure 2.9 (c), completely exhausts TRIP at 8% true strain, whereas
partitioning for only 100s retains ~20% of the austenite content at a true strain of 8%. Although
advancements have been made to apply Q&P processing with CGL or CAL compatibility, annealing
above the ACs temperature in a Q&P process results in a thick layer of oxides that impacts reactive

wetting.
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2.3 Medium Mn (med-Mn) steels

The goal with 3G med-Mn steels in reference to 2G steels is to reduce the amount of Mn used
but continuing to delay the diffusion-controlled pearlite and bainite formation while retaining a
significant proportion of austenite at room temperature (McGarth and Van Aken, 2012). Med-Mn
steels are particularly attractive due to their easily customizable high UTSxTE (30-70 GPa) (Hu et
al., 2017; Suh and Kim, 2017; Yang et al., 2021) dependent on the 3G steel’s starting
microstructure, chemistry and IA parameters. As well, the ability to tailor their thermomechanical
processing routes to be compatible with industry CGLs and CALs (Bhadhon et al., 2023; De Moor
et al., 2011; Lee et al., 2011; Pallisco and McDermid, 2023) makes these 3G steels promising for
commercialization. For instance, recently, microalloying med-Mn steels with Sn has been shown
to improve reactive wetting during the galvanizing of med-Mn steels (Pourmajidian and
McDermid, 2019). Yet, close control of the temperature variation during continuous annealing is
needed for uniformity in microstructure and mechanical properties, making the overall industrial
productions of these steels difficult (Du et al., 2019; Yi et al., 2018). In general, these steels are
intercritically annealed to achieve a high (20-50vol%) austenite content and an ultrafine ferrite
grain size (Dai et al., 2021). The strong impact that austenite content has on mechanical

properties has been illustrated by Dai et al. (2021), as shown in Figure 2.10 (a) and (b).
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Figure 2.10: The iconic banana diagram highlighting the placement of various AHSSs (a). The iconic
banana highlighting the placement of AHSSs with different volume fractions of austenite (b). Adapted
from (Dai et al., 2021)
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It is critical to note in Figure 2.10 (b) that only considers med-Mn steels with a austenitic-ferritic
microstructure. A more reasonable, thorough comparison of 3G steels can be conducted by those
with increasing austenite fractions and all martensitic-based matrices. Despite this, the key
message from Figure 2.10 (b) is that increasing the amount of metastable austenite into AHSSs’
structures improves its energy absorption capability as a result of the TRIP effect.

2.3.1 Alloy Design in med-Mn steels
Intercritical annealing is a thermomechanical processing technique applied to med-Mn steels to

revert and stabilize, through carbon and Mn diffusion, significant amounts of austenite, generally
more than that of using the Q&P method. In general, the rate of carbon and Mn partitioning
during IA governs the chemical stability of austenite, while the mechanical stability of austenite
is dictated by its morphology. It is important to note that a high carbon content can deteriorate
weldability, which can be problematic during the joining of automotive components (Gibbs et al.,
2011). Aside from being an austenite stabilizer, Mn plays a critical role in solid solution
strengthening, as detailed in section 2.1.2 and further in section 2.4, and in increasing the product
of UTSXTE (Fonstein, 2015). In addition, Si, Al, and P additions can increase the Aci and Acs
temperature, and therefore, can offer improved austenite reversion kinetics at high IA
temperatures (Hofmann et al., 2006; Suh et al., 2010). This in turn enables processing robustness
(Sun et al., 2019). Additions of Al enables the IA to be expanded (Gibbs et al., 2011; Suh et al.,
2010; Sun et al., 2018), hence the temperature sensitivity experienced by Med-Mn steels during
IA can be reduced (Bai et al., 2020; Sun et al., 2019). As well, an increase in |A temperature can
be attained to increase the diffusion rate of Mn and carbon and increase the overall amount of
reverted austenite. Aside from being a carbide suppressor, Si acts as a solid solution strengthener.
Al also has the ability to supress carbide formation and reduce the density of both FCC and BCC
phases but is less effective as a solid solution strengthener compared to Si (Bellhouse, 2010;
Bellhouse and McDermid, 2011). Moreover, Al and Si alloying has less of an effect on retained
austenite volume fraction and stability compared to Mn and C. Frommeyer et al. (2003) in
investigating a Fe-xMn-3Si-3Al steel found that increasing Mn content from 15 to 20 then to
25wt%, changes the steel’s mode of deformation from pure TRIP, to combined TRIP-TWIP, then to
TWIP. Dumay et al. (2008) then Saeed-Akbari et al. (2009) have developed models to calculate
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the SFE of Mn-rich TRIP steels, but little has done yet to understand the impact of alloying on SFE
in med-Mn steels.

2.3.2 Reverted Austenite Kinetics in med-Mn Steels
Significant work has been done proving that the starting microstructure (i.e. whether tempered

martensitic/CR or martensitic before |A), in addition to IA parameters, affects a med-Mn steel’s
austenite reversion kinetics (He et al., 2019). Up to now, it has been proven repeatedly that a
martensitic starting microstructure offers fast austenite reversion kinetics because of the
abundance of available sites for austenite nucleation (Bhadhon et al., 2022; Cao et al., 2011;
Pallisco and McDermid, 2020). Ultimately, this means that austenite reverted from a martensitic
starting microstructure is attainable at lower and shorter IA temperatures/times than compared
to a tempered martensitic starting microstructure. As well, Steineder et al. (2018) noted that
predominantly lath-type microstructure achieved through a martensitic starting microstructure
is compatible with industrial CALs. A lath-type austenite structure versus a globular austenite
structure, generally promoted by a CR starting microstructure, is said to be more mechanically
stable due to the surrounding plastic constraints imposed by the martensitic matrix (Bhadhon et
al., 2022), and more chemically stable due to the higher C and Mn diffusing at a shorter distance
(Luo and Dong, 2015; McDermid et al., 2011). Several have noted that a globular austenitic
structure is less stable than a lath-type structure whereas others have observed that the partial
transformation to martensite of a single coarse austenite block can also prolong the steel’s overall
TRIP kinetics (Salehiyan et al., 2018; Zhang et al., 2021). This fact is reinforced with the work by
Toda et al. (2022) on a C-Mn-Si multiphase steel in which they also noted a more gradual
transformation of retained austenite grains=> 2.5um in diameter, with approximately 2x more
strain required to fully transform a coarse versus a fine retained austenite grain. On the contrary,
Xiong et al. (2013) argue that the phases surrounding the metastable austenite, whether coarse
or fine, low or high carbon, have a greater impact on the steel’s ability to accommodate the
volume expansion associated with TRIP. For instance, retained austenite has been observed to be
more stable within large ferrite grains (Tirumalasetty et al., 2012), or surrounded by bainite

(Timokhina et al., 2004; Zhang and Findley, 2013).
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As for IA treatments applied to med-Mn steels, excessive holding times during IA results in an
over-saturation of Min and carbon, rendering the austenite too stable to transform upon straining
to provide additional strength. As well, too long an IA results in a reduction in dislocation density,
and in turn a low work hardening rate (Soleimani et al., 2020). However, Furukawa et al. (1994)
found early on that an increase in annealing time (i.e. 5 min to 1h) resulted in ‘peak’ properties
being attainable at lower temperatures. More practically, the IA holding time needs to be
shortened to fit CGL-processes, however this too can lead to austenite being insufficiently
chemically stabilized. Ideally, the stability of austenite should be tailored such that TRIP occurs
continuously throughout the straining processes and heterogeneities within the microstructure
can help to ensure this occurs (i.e. difference in local carbon enrichments of austenite) (Jacques

et al., 2007).

2.3.3 Mechanical Properties of med-Mn steels
Discontinuous yielding accompanied by Ludering is an unfavourable feature of med-Mn steels

that can impact the steel’s formability due to severe localized thinning and can result in a rough
surface during stamping (Steineder et al., 2018; Wang et al., 2017; Yi et al., 2018). Traditionally,
Ludering is the result of interstitials (i.e. carbon in reference to a Cottrell atmosphere) pinning
dislocation motion. Sites for carbon pinning include at the interface of retained austenite and
ferrite with martensite, and at dislocations within a phase (which can be beneficial in inhibiting
its grain growth during intercritical annealing (Gao et al., 2020)), but also promotes discontinuous
yielding (Ma et al., 2020). Hence, discontinuous yielding is highly dependent on the local
microstructure, such as phase distribution, morphology, etc... (Yin et al.,, 2023). During
deformation, slight incremental increases in stress are required to unpin these dislocations,
resulting in heterogeneous dislocation motion (Steineder et al., 2018). It has been proposed that
martensite embryo can also act as dislocation pinning sites (Sun et al.,, 2017). Some view
discontinuous yielding in med-Mn steels as problematic as it increases the chance of premature
failure (Wang et al., 2017), yet others argue that martensitic transformation during Ludering
provides the necessary, gradual strain hardening to delay material necking (Ryu et al., 2013). In
general, discontinuous yielding has been observed in intercritically annealed CR med-Mn steels

with an UFG microstructure (Abu-Farha et al., 2018; Luo et al., 2015), but this has not been the
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case in Dutta et al’s (2018) med-Mn steel investigations. Moreover, Gibbs et al. (2014) advise that
IA at temperatures = 600°C leads the ferrite recrystallization and contributes to yield point

elongation.

Continuous yielding, on the other hand, has been found achievable through the introduction of a
bimodal grain size distribution in med-Mn steels with > 3 wt% in Al and/or Si promoting the
formation of &-ferrite (Choi et al., 2017; Sarkar et al., 2017). In principle, the coarse &-ferrite
grains enables a higher work hardening rate to be achieved than what is usually obtainable in
fine-grained (FG), single phase materials (Wang et al., 2002; Wu and Zhu, 2017). Abu-Farha et al.
(2018) then Salehiyan (2018) has found rather than continuous yielding is mostly featured in Q&P
microstructures, whilst testing a QP980 steel. This continuous yielding enabled the QP980 steel
to feature smooth and continuous TRIP kinetics, as was not the case in testing steels which

featured Ludering (Abu-Farha et al., 2018).

2.4 Strengthening Mechanisms in 3G AHSSs

An abundance of strengthening mechanisms are employed in the successful manufacturing and
application of 3G AHSSs. Among all 3G AHSSs common strengthening mechanisms include:
solution strengthening, (i.e. through Si and Mn alloying (Girault et al., 2001)); precipitation
strengthening, as a result of carbides within the microstructure (i.e. V or Nb carbides or epsilon
carbides in TM (Celada-Casero et al., 2022; Pushkareva et al., 2020; Scott et al., 2017)); grain
refinement; interstitial strengthening (through carbon/nitrogen) and dislocation strengthening.
First and foremost, carbon in martensite produces a tetragonal distortion, a shear strain, non-
symmetrical distortion to which its relative contribution to strengthening is high (3G), where G is
the shear modulus. In comparison, the symmetrical distortion imposed by substitutional solute

strengthening is low (G/10) (Courtney, 2005).

The production of UFG DP steels with >1GPa in strength has been conveniently achieved through
V-microalloying resulting in precipitation strengthening, and medium Mn alloying resulting in
solid solution strengthening (Liu et al., 2023; Scott et al., 2018, 2017). Compared to mild steels,
as performed by Spenger et al. (2008), DP and TRIP AHSSs have additional dislocation density

evolution. Increases in work hardening of mild steels is associated with SSDs (i.e. the statistical
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trapping of dislocations during plastic slip). DP and TRIP steels however produce GNDs alongside
SSDs to accommodate the strain gradients which arise from local crystallographic misorientations
and the interaction of contrasting phases (i.e. martensite and ferrite in DP steels) during straining.
The larger the difference in contrasting phase strengths, the greater the strain gradient produced
during straining, and as a result the more GNDs are required to maintain the steel’s plastic
flow(Krizan et al., 2018). Moreover, as pointed out by Samei et al. (2019) in finer steel

microstructures (i.e. in 3G steels) the strain gradient cannot fully develop.

To enhance strengthening further, TRIP-assisted steels have an additional dislocation-based
strengthening term which arises from the mobile partial dislocations produced as a result of the
volume expansion from the austenite-to-martensite transformation (~18%) (Hatem and Zikry,
2011; Sandvik and Wayman, 1983; Wang et al., 2023). These mobile partials move most freely in
a ferritic matrix as opposed to a martensitic- or bainitic-based matrix. More importantly a high
work hardening rate is achieved by TRIP steels with moderate TRIP kinetics. The high interfacial
strength associated with the moving phase boundary during the transformation also promotes
ductility (Liu et al., 2017). Jacques (2004) was able to successfully capture the propagation of
dislocations in ferrite resulting from a martensitic transformation via TEM, as shown in Figure
2.11 (a). However, Jacques (2004) does note that the increase in strength provided by
conventional TRIP-assisted steels, is not solely attributed to TRIP but also due to the dynamic
composite, multiphase nature of their microstructures, in which there is a large chemical and
mechanical variability amongst phases. That being said, with the use of neutron diffraction to
determine the stress partitioning amongst phases, the rule of mixtures can be applied to predict
the macro stress-strain response of the steel. As shown in Figure 2.11 (b), Jacques used the rule
of mixtures to predict the flow curve of the TRIP-assisted steel without considering martensite
(only ferrite, bainite and austenite), and as a result was able to provide an estimate of the
additional hardening provided by TRIP. Jacques et al. (2007) was able to extend upon this work
by not only defining stress partitioning amongst phases with the use of neutron diffraction, but

also strain partitioning amongst phases via uDIC.
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Figure 2.11: Bright-Field Transmission Electron Microscopy (TEM) image showing the propagation of
GNDs in ferrite surrounding a newly strain-induced martensite island (a) The stress-strain curve
predicted for a conventional TRIP steel using the rule of mixtures, such that the contribution of

martensite to strengthening is excluded in order to determine the hardening provided by TRIP (b) The
combined advantage of TRIP and TWIP in med-Mn steels (c). Figure 2.11 (a) and (b) is adapted from
Jacques (2004) while Figure 2.11 (c) is adapted from Bleck et al. (2019)

Furthermore, there are 3G AHSSs that utilize a combination of TRIP and TWIP effects, in which
TWIP has a “dynamic Hall Petch effect” such that twin boundaries divide grains into smaller parts
decreasing the dislocation mean free path. In comparing a 3G med-Mn steel to a Mn-rich steel,
as shown in Figure 2.11 (c), the med-Mn steel shows improved strength and elongation with the
combined use of TRIP and TWIP strengthening mechanisms (Bleck et al., 2019). Bleck et al. (2019)
presumed that the most efficient occurrence of martensite nucleation was at the intersection of
mechanically induced twins. They do, however, miscount the effect that Si additions have on

strengthening in TRIP steels, which also impacts the increase in strengthening seen in Figure 2.11

(c).
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2.5 Deformation and Micromechanism of Damage Determination Techniques

Nowadays, one of the most common methods to map strain in 3G AHSSs is with DIC, in which the
field of view (FOV) and imaging system can be tailored such that strain is mapped at various length
scales. Direct mapping of strain distribution using interferometric techniques was one of the first
techniques used to measure strain partitioning from the difference in phase of a scattered light
wave before and after deformation. Interferometric techniques offer point-wise measurements
with high resolution, whereas DIC have the benefit of offering a full-field strain measurement with
resolution dependent on the imaging system being used. Two-dimensional (2D) DIC uses a single
fixed camera to solely capture in-plane deformation of a planar object while 3D DIC is applied
when out-of-plane strain of the test object (i.e. curved surfaces, severe out-of-plane distortions)
cannot be neglected. Figure 2.12 shows the general set-up of a 2D DIC test conducted at the
macroscale with the use of a Charged-Coupled Device (CCD) camera in (a) and the microscale
with the use of an SEM in (b). Figure 2.12 (c) exemplifies the microstrain partitioning maps
processed with DIC which can be achieved with the use of an in-situ SEM tensile testing set-up
(Zhou, 2018). This set-up is used in Chapters 4-7 to investigate microstrain partitioning in the

DP1300 steels, QP1500 steel, and med-Mn steels, respectively, of interest in this thesis.

(a)

CCD camera

o

~——Pol&piece
Specimen 137

Tensile Pulling Direction
Figure 2.12: General macroscale set-up of a 2D DIC test conducted using a CCD camera (a) set-up of a
uDIC test conducted using a in-situ tensile stage and SEM (b) an example of the microstrain mapping
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possible with the use of a in-situ tensile stage and SEM (c). Figure 2.12 (a) is adapted from Pan et al.
(2009) and Figure 2.12 (b) and (c) is adapted from Zhou (2018).

The steps for performing 2D DIC are as follows: (1) apply a random speckle pattern, as shown in
Figure 2.12a — the specimen surface must have a random grey scale intensity distribution which
deforms compatibly with the specimen, (2) acquire a series of images of the planar specimen’s
surface before and sequences after the specimen is loaded, (3) process the acquired images using
a computer program to obtain strain information (Pan et al., 2009). Ultimately, there are two key
assumptions made when applying 2D DIC to obtain localized strain measurements (Pan et al.,
2009). Firstly, it is assumed that the specimen remains parallel to the CCD sensor during
deformation and any out-of-plane motion is negligible - an increase in an in-plane displacement
can be the result of large out-of-plane motion. Secondly, it is assumed that the imaging system
used does not suffer geometric distortion such that the non-linear correspondence between the
physical point and the imaged point during deformation is minimal. This is more pronounced in
high-resolution imaging systems (i.e. SEM, Atomic Force Microscopy (AFM), etc...). Despite the
fact that this geometric distortion is greater with high-resolution DIC or otherwise termed as
uDIC, it is important that strains are resolved at length scales smaller than the average
constituents to achieve the ‘in-grain’ strain. This is of more importance if the goal is to formulate
“high-fidelity models of damage and failure” (Rajan et al., 2012). In order to successfully achieve
the in-grain strain for uDIC computation, however, the speckle patterning method or DIC
parameters chosen for post-processing needs to first be optimized. There are three key DIC

parameters that will be varied in order to find an optimal combination:

1. Facet Size - dimension in pixels that the user sets to compute the average strain. The larger
the facet size, the greater the measurement accuracy, however the lower the strain
resolution. It is recommended to avoid edges of a uniform intensity (grey level), and that
a stochastic pattern incorporating several gray level variations enables the best
computation. With a micro-to-nano FOV, the effects of drifting using high-resolution
imaging systems (i.e. SEMs) is more susceptible to producing a systematic error. Di
Gioacchino and Quinta da Fonseca (2013) has found that this drift becomes less
prominent with the use of large facets.

2. Facet Step - distance between facet centres in pixels, also adjustable by the user; a
decrease in facet step results in an increase in spatial density. Noise in the computation
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accumulates when the strain gauge (facet step) is short in comparison to the surface
roughness (Schmidt, 2012). As proven by Carter et al. (2015) and shown in Figure 2.13,
the choice in facet step has a greater impact than facet size on strain resolution.
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Figure 2.13: The impact of varying facet size (from 20-80 pixels) to varying facet step (from 1-10 pixels)
on the resolution of DIC computation. Adapted from Carter et al. (2015).

3. Strain Tensor Neighbourhood - is the number of facet centres used for strain computation.

The default setting of the Strain Tensor Neighbourhood to 3 which means that three facet
centres/two facet steps are used for a single strain computation (Schmidt, 2012). Figure
2.14ais a schematic illustrating the difference between a Strain Tensor Neighbourhood of
3 (default) versus that of 5, in which five facet centres/four facet steps are used for strain
computation. In Chapters 4-7, a strain tensor neighbourhood of 3 is used such that a 3x3
matrix series of facets were approximately equal to the average grain size of the matrix
phases as shown in the schematic, Figure 2.14 b.
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Figure 2.14: Comparison of a Strain Tensor Neighbourhood computation 3 versus 5 (a) The adjustment of
facet size/step needed to produce a Strain Tensor Neighbourhood 3 to achieve the average 'in-grain'
strain (b).

2.5.1 Micro-Digital Image Correlation (uDIC)
For DIC performed on a millimetre-scale or larger FOV, spraying white and black dots using a spray

bottle or an airbrush is conventionally used. Although speckle patterning via spray painting or
airbrushing is inexpensive, and easy-to-use, the powder size used, liquid viscosity, spray distance,
and air pressure needs to be predetermined (Dong and Pan, 2017). Ultimately, the spatial
resolution of strain measured increases with increasing the density of features, and the smaller
these features, the smaller the facets that can be used for effective DIC computation (Di
Gioacchino and Quinta da Fonseca, 2013). To resolve strains in a micro-to nano- FOV an
abundance of other micro-speckle patterning techniques have been explored and can be

segregated into two categories: microstructure-dependent or microstructure-independent.

Microstructure-dependent micro-to-nano speckle patterning are used most often, and are strictly
related to the scale of a material’s microstructural features, including inclusions, grain boundaries,
additives, second phases, etc. The technique of processing a set of SEM images obtained at a
focused location as a function of increasing strain with DIC was first applied in 2005 on an Al alloy
strip cast material. The variation in grey level intensities from the development in-grain slip lines
at small strains, and evolution of surface topography at the onset of necking was sufficient for DIC
correlation (Kang et al., 2005). Then the etching technique was applied in 2007 to evaluate strain
partitioning between phases on a low strength DP steel with and without TM (Kang et al., 2007).
Moreover, after loading an etched, ultrahigh strength Q&P steel in tension, Arlazarov et al. (2016)
as well as Krizan et al. (2018) noted a critical visible change in martensite-austenite islands within
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the microstructure. When undeformed, this Q&P steel featured smooth grey-centred islands with
white edges, which they classified as martensite-austenite islands, to islands with considerable
roughness after being strained as shown in Figure 2.15. However, due to this abrupt change in
microstructure the following authors would not have been able to use their images for uDIC

mapping.
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Figure 2.15: SEM micrographs of a ultrahigh strength Q&P microstructure, quenched at 270°C and
partitioned at 460C for 100s in its undeformed state (a) and deformed to an engineering strain of 6% (b).
In (a), Arlazarov et al., (2016) attribute rough grey features as Partitioned Martensite, bright-whiter
regions are Retained Austenite, and smooth grey centred-islands with white edges as martensite-
austenite islands. In (b), bright, light grey island featuring roughness were considered the Strain-Induced
Martensite. Adapted from Arlazarov et al. (2016).

Itis also important to keep in mind that ‘grain grooving’ and ‘feature-free’ grains post-etching can
result in strain errors, including, stress-intensification or reduced DIC mapping coverage.
However, due to cost, time efficiency, and equipment availability the most widely used approach

of surface patterning for u-DIC is indeed etching of the microstructure (Yan et al., 2015).

Two common, microstructure-independent methods is using lithography techniques as well as
Focused lon Beam (FIB) milling/(or) deposition. Although both can be costly speckle patterning
options and limited to the applicability to non-flat substrates, they are easily reproducible.
Lithography has been applied several times to study the micro-deformation of materials achieving
~300nm speckles on an Al-alloy (Zhang et al., 2014), 45nm speckles on an Al-Mg alloy (Zhang et
al., 2014), and has been combined/contrasted with a material’s etched microstructure for tracking

(Ososkov et al., 2007). In Ososkov et al. (2007), the gold grid of cross hairs was advantageous for
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micro-strain measurements at high strains where damage initiated and resulted in poor DIC
correlation with an etched microstructure. However, processing an etched microstructure with
DIC improved the accuracy of the micro-strain measurements at low strains because the
resolution could be fitted to the grain size of the material (Ososkov et al.,, 2007). In short,
lithography involves a spin-coated polymer resist of polymethyl-methacrylate (PMMA) to be put
on the sample followed by a mask (or desired pattern) being irradiated via electron/ultra-violet
exposure on the surface. Then, in order to see the pattern printed, the sample is submerged in a
developing solution in which (for positive resists) features irradiated gets dissolved. This is
followed by depositing a metal deposition, typically gold which is a high atomic number and
contrast to most material substrates (Di Gioacchino and Quinta da Fonseca, 2013). An issue with
high atomic number deposits is the fact that they can heavily scatter electron beams, limiting
their sample penetration depth, as well as obscuring any microstructural strain information below
the speckle (Yan et al., 2015). Some researchers enforce the need for a dramatic contrast between
the matrix and micro-speckle whereas others have enforced the need for a ratio of 50:50 between
light and dark, to avoid the possibility of a facet containing pixels of the same greyscale. On the
other hand, FIB micro-to-nano-speckle patterning through milling requires a high ion current to
obtain high quality edges whereas FIB micro-to-nano-speckle patterning via deposition requires
gas precursors such as W or Pt (Dong and Pan, 2017). The critical issues underlying the use of FIB
for nano-to-micro speckle pattern is the introduction of residual stresses from surface milling and

ion implantation.

The colloidal silica drop casting technique, physical vapour deposition (PVD) of a low-temperature
solder alloy (i.e. using InSn (Hoefnagels et al., 2019)), as well as electropolishing speckling
techniques are other examples of microstructural independent, inexpensive speckling methods
which, however, require ample parameter optimization. A challenge with the colloidal silica
speckling method is mitigating the silica particles’ sensitivity to clustering (Hoefnagels et al.,
2019); but on the other hand, it is an advantageous technique due to their low atomic number
and, in being amorphous, they enable weak beam scattering (i.e. minimizing diffraction contrast),
good adherence to the surface and compatible deformation with the substrate. The colloidal silica

micro-speckle patterning technique has been applied more frequently on in-situ tensile tests in
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which EBSD of 3G steel microstructures was necessary (Dutta et al., 2019; Wang et al., 2017; Yan
et al., 2015). However, none of these researchers note the issue of removing the hydrocarbon
film developed post-EBSD scanning which can reduce the contrast between particles, and
background, and introduce drift during SE imaging, causing errors in the uDIC computation. The
most proposed solution is with the use of plasma cleaning, however, depending on the
hydrocarbon layer thickness and the degree of colloidal silica film adherence, this also presents
another parameter-optimization challenge (Zhang et al., 2020). Moreover, Hoefnagels et al.
(2019) suggest that their PVD one-step deposition method is tunable to the DIC application at
hand with the pressure and temperature used being the ultimate factors governing the speckle
size. Although they successfully deposit a wide range of speckle sized patterns on multiple
materials, their highest average local von Mises strain published was 5%. As well, there’s the
challenge of correlating the local strains to the underlying microstructure. Hoefnagels et al. (2019)
did propose that an (electro-)chemical etching can be used to remove the InSn for EBSD scanning,

however this must be done after the material has been strained.

With that being said, the combined use of EBSD and DIC at the same local region is highly
informative in correlating microstrains to microstructural evolution (i.e. grain orientations,
misorientations, phase transformations, etc.), but is very challenging to successfully achieve. In
an attempt to solve this, Zhang et al. (2020) proposed a 2-step electropolishing methodology
which is both a microstructure-dependent and -independent speckle patterning technique. In
electropolishing, the atoms are pulled off the substrate from the applied voltage to attain a
smoothened, slightly etched surface (microstructure-dependent), however applying too high of
a voltage can result in an exponential rate of deep etching, and pitting (micro-structure
independent). Zhang et al. (2020) electropolish their material until they achieve a smooth surface
for EBSD mapping, then re-electropolish their material at a high voltage to enable ‘pitting
decoration’ as shown in Figure 2.16. Zhang et al. (2020) do note however, that during the re-
electropolishing step, if conducted at too high voltage the result can be catastrophic, especially if
the electrolyte stirring rate, time, temperature, etc. is not optimized beforehand. For instance,

electropolishing of multiphase materials is difficult as the dissolution phases are incompatible,
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resulting in the removal of one phase more than another (Chatterjee, 2015), and too much

topography from electropolishing can result in deteriorated EBSD signal quality.
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Figure 2.16: Speckle patterning using electropolishing to enable EBSD and uDIC. Figure 2.16 (a;) and (d1)
refers to the smooth electropolished surface required for successful EBSD and its corresponding tight
grey scale variation, respectively. Figure 2.16 (b;-d;) refers to the second electropolishing step to enable
pitting decoration at various voltages (from 25-45V). The corresponding variation in grey scale is featured
in Figure 2.16 (b,-d,). A wide greyscale is required for successful uDIC computation. The stir rate and
electropolishing duration was fixed at 1000rpm and 30s in all cases, respectively. Adapted from Zhang et
al. (2020).

Another important factor that needs to be considered for accurate uDIC computation with the
use of SEM acquired images, are the imaging parameters and the type of detector being used.
Due to the traditional angled placement of an Everhart-Thornley (ET) SEM detector, shadowing
arises from the surface topography which can result in poor DIC mapping coverage at high strain
or can result in artificially increased local strains being computed. This means that even though a
microstructure-independent patterning technique (such as FIB milling/deposition, or colloidal
silica) may be used for successful uDIC computation, microstructural dependence as a result of
using the ET detector’s angled placement can influence the uDIC computation. To mitigate this
issue, Yan et al. (2015) suggested decreasing the aperture size (therefore, reducing the beam
current) and voltage, to minimize any backscatter electron (BE) signal/diffraction contrast from

the microstructure, and improve the depth of focus. The following authors mapped out the effect
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of increasing or decreasing the aperture size, voltage and current with respect to an ET

(Conventional) detector or In-lens detector as shown in Figure 2.17.

<3 Conventional

In-lens < detector

Figure 2.17: Microstructure-independent pattern imaging effects from aperature size, voltage and
current while using an ET (Conventional) detector (a), (b) and an In-lens Detector (c), (d). Adapted from
Yan et al. (2015).

However, for small apertures, and since the depth of focus-to-working distance relationship is
inversely proportional, in order to obtain an image that is completely in focus a short working
distance is required. This is problematic with the use of commercially available in-situ mechanical
testing devices in which large working distances are generally needed to accommodate the
device’s height. On the other hand, secondary electron (SE) imaging with an in-lens detector,
being placed directly above the imaging plane, minimizes the topographical and diffraction
contrast from the sample especially at small apertures, and voltages, as shown in Figure 2.17d. In
contrast to Yan et al. (2015), Jin et al. (2008) then Di Gioacchino and Quinta da Fonseca, (2013)
suggested enhancing the BE signal with the use of a short working distance and a high voltage to
essentially by-pass any arising surface topography visible in an SE image during deformation. In
addition to an ET SEM detector causing shadowing and affecting the accuracy of local, in-plane
measurements with the use DIC, surface roughening with increasing strain, as a result of slip
steps, grain rotations, and damage nucleation (Dutta et al.,, 2018; Raabe et al., 2003), also

deteriorates the accuracy of in-plane DIC measurements. Oh et al. (2021) suggests either
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measuring the out-of-plane deformation and incorporating it into the strain measurement to
dictate the accuracy of the in-plane strain measurement with the use of both SEMs and AFMs or
eliminating any arising surface-roughening completely by re-polishing of globally, pre-strained
specimens then subjecting them to in-situ SEM tensile testing. The specimens globally pre-
strained to high strains (i.e. 20%. 40%) were evidently less ductile when subjected to in-situ SEM
tensile testing and led to poor DIC mapping coverage early on in the straining process. However,
these results were combined with the uDIC results from in-situ tensile testing of specimen
globally pre-strained at lower strains (i.e. 5%,10%).

2.5.1.1 uDIC to study deformation and damage in 3G AHSSs

Gaining in popularity is understanding the microstrain partitioning in UFG 3G AHSSs those with
and without TRIP assistance with the coupling of in situ SEM tensile testing with DIC. Such studies
aid in the microstructural design of damage tolerant 3G AHSSs. Ruggles et al. (2016 )has already
successfully determined the that local strains surrounding the hard phases were 5x greater in the
DP than its somewhat equivalent TRIP-assisted steel at fracture with the use of uDIC. As well, they
stated qualitatively that DP steels show a patchwork-microstrain-type pattern, while TRIP-assisted
steels show pronounced microshear suggesting plastic compatibility between phases. Chapters 5
and 6 do the same sort of comparison as Ruggles et al. (2016) but for ultrahigh strength DP and
TRIP steels, and with DIC performed at a much higher resolution. As noted in section 2.1.2, high-
resolution investigations are critical in UFG steels as the stress-strain response is heterogeneous

and dependent on the configuration of phases.

EBSD mapping, has also been deemed a critical tool, in determining the underlying complex
microstructure in multiphase TRIP steels before acquiring SEM images at various strain levels for
uDIC computation. In general, the dislocation activity of a material with an intermediate grain size
from 1um to 10nm is weakly understood (EI-Naaman et al., 2016; Meyers et al., 2006). In
ultrahigh strength DP steels, Tang et al. (2021) determined the mesoscopic, 2um x 2um
resolution, origin of damage in a DP980 steel using the traditional etching microspeckle
patterning technique for DIC. Pelligra et al. (2022), publication in Chapter 4, built upon Tang et al.
(2021) study of micromechanisms of deformation and damage with the use of DIC of an etched

microstructure but at a much finer resolution than the grain size of their UFG DP steel of study,
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~0.3um x 0.3um resolution. Despite their differences in resolution with regards to DIC
computation, the two agree that the strain gradient produced at the F/M interfaces of DP steels
drives interfacial cracking. The concept of Strain Gradient Plasticity (SGP), related to the pile up
of GNDs at an interface to enable compatible deformation as introduced by Ashby (1970), has
been deemed instrumental in modulating the ductility of FG materials (Fleck et al., 1994; Huang
etal., 2018; Li et al., 2020; Mazzoni-Leduc et al., 2010). Tang et al. (2021), approximated the shear
stress as a result of dislocation pile up at the F/M interface of DP steels is ~10GPa at 1nm away
from the boundary. They made this speculation based on the experiments conducted by Guo et
al. (2014). Tang et al. (2021) emphasized that this high stress is the contribution of shear stresses
acting on dislocations as the hydrostatic stress has no impact on dislocation movement. Most
researchers use the von Mises strain to capture the evolution of GNDs and, when necessary, the

shape-changes associated with TRIP during straining (Dutta et al., 2018; Tang et al., 2021).

Wang et al. (2017) focused on the martensite size impact on damage rather than the impact of
different austenite characteristics or TRIP in a 3G Q&P steel. They observed, in performing uDIC
of a colloidal silica speckle patterned surface, that damage initiated at TM/coarse martensite
boundaries (Wang et al., 2017). The following authors were able to determine the different
martensitic regions within the microstructure by performing EBSD on the undeformed material.
Overall, they found that catastrophic damage accumulation in the form of bands was found in
coarse martensite islands while damage was overall delayed in lath martensitic regions in the

form of homogeneously distributed strain localization spots.

Recently, Yin et al. (2023) used uDIC to analyze the Ludering and localized damage initiation in an
UFG (41600MPa%) 0.15C —5.9Mn med-Mn steel. The following authors speckle pattern their steel
using gold remodelling of a 5nm film using the procedure laid out by Luo et al. (2005). They found
that strain concentrates in austenite, activating TRIP, and in channels of ferrite at low strains,
promoting microshearing which led to the steel’s Ludering. Contrarily, at high strains they
reported a shift in strain localization happening most dominantly in the ferrite. This led to
pronounced strain partitioning at prior austenite/ferrite interfaces. In terms of damage, they
found that once TRIP was exhausted, in area of the microstructure were there was no ferrite, void

nucleation occurred at the triple junction along the loading direction. Wang et al. (2017) and Tan
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et al. (2019) advise that a homogeneous distribution of retained austenite will improve ductility
in med-Mn steels, and the presence of ferrite in these UFG materials is needed to resist crack

initiation and propagation.

To drive this point further, in investigating med-Mn steels without ferrite, Dutta et al. (2018)
compared microstrain partitioning of a HR and CR med-Mn steel with differing grain sizes by using
uDIC combined with EBSD mapping. These authors used the colloidal silica dispersion technique
to produce a fine speckle pattern for uDIC. In the HR samples, lath-type retained austenite formed
at lath boundaries organized within prior austenite grain packets and maintained the
crystallographic orientation of the prior austenite. Contrarily, in the CR samples, the retained
austenite had a combination of ellipsoidal and globular morphology and showed variable
crystallographic orientation throughout its microstructure. For the HR samples, lath-type retained
austenite are agglomerated within prior austenite grains, and those oriented at 45° to the tensile
direction, sheared preferentially as a single unit, resulting in a considerable proportion of the steel
transforming into martensite quickly. Whereas, in the CR steel condition, straining of the retained
austenite islands occurred homogeneously as a result of their wide variation in crystallographic

orientations.

2.5.2 X-ray Microtomography (uXCT)
Two-dimensional (2D) observations of void nucleation, growth and coalesce are easy to

implement, however the information may not be fully representative of the damage events
occurring within the bulk of the material. For example, voids that may not have coalesced at the
surface may have coalesced within the bulk of the sample as suggested by Buffiere et al. (1999).
There are several methods used to correlate 2D visualized voids with 3D analysis, including, serial
sectioning, fractography, freeze fractography, ultrasound, and densitometry as listed by several
authors (Mummery et al., 1993; Weck, 2007; Zhou, 2018). However, all of these methods are
destructive thus introducing artefacts to the analysis, can be time-consuming, do not provide any
information on the deformation history leading to damage events, and do not provide any
localized information (Buffiére et al., 1999; Lorthios et al., 2010; Mummery et al., 1993; Weck,
2007). Figure 2.18 compares the number of cracked particles seen at the surface (2D) versus the

bulk (3D) (Buffiere et al.,, 1999). Despite this, however, Buffiere et al. (1999) found that
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qualitatively the same damage mechanisms at the surface and the bulk, but quantitatively that
damage growth was larger inside the bulk. As well, they found that although the probability of a
particle cracking is higher within the bulk than the surface, the ratio of their probabilities is
constant at higher plastic strains (~3%), as shown in Figure 2.18. At low plastic strains rather (<1%),
they have found that it is possible to quantify the same fraction of broken particles within the

bulk and at the surface, as shown in Figure 2.18.
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Figure 2.18: Fraction of cracked particles observed at the surface versus those quantified within the bulk
as a function of true plastic strain. Adapted from Buffiére et al. (1999)

There are various reasons why researchers believe there is a drastic difference of damage seen in
2D versus 3D such as; the linking of particles/phases, voids et... and its distribution is only truly
representative from a 3D analysis, polishing can eliminate or add surface artefacts, and the stress-
state within the bulk of the material is not that same as that observed in 2D. Researchers have
suggested that a greater fraction of cracked particles should be expected at the surface because
they are partially relaxed from the compressive stresses that these same particles experience
within the bulk (Salvo et al., 2003; Weck, 2007). However, Mummery and Derby (1994) suggested
that it’s the change in plane stress (at the surface) to plane strain (in the bulk) that causes the
difference in cracked particles observed in 3D versus 2D. Ultimately, the assumption made when
using 2D imaging techniques to obtain a material’'s properties is that there’s
homogeneity/uniformity throughout its thickness, and/or the property of interest is insensitive

to the material’s possible heterogeneities (i.e. the elastic modulus) (Zhang and Wang, 2018).
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That being said, X-ray tomography is a one of the most convenient, non-destructive, and most
informative 3D mesoscopic techniques to track damage. Particularly, x-ray tomography is
advantageous in detecting voids, because of its significantly different attenuation coefficients in
comparison to the material itself, this is termed as ‘absorption contrast tomography’. This contrast
of intensities can be observed from the radiographs obtained at different angles by the detector.
Ultimately, the use of uXCT to observe damage evolution in materials enables the separation of
void nucleation from void growth. Void growth can be understood by analyzing a proportion of
the largest voids (i.e. 20 or 50) which mostly contribute to total fracture of the material (Fabregue
et al., 2015; Samei et al., 2018). Damage evolution parameters, such as void density, void area

fraction, and average void size are described in section 2.5.2.1.

Furthermore, during the set-up of an X-ray Computed Tomography (XCT) geometric-based scan,
itis important to keep in mind that an increase in the FOV results in a decreased resolution (Weck,
2007) yet, in general, laboratory scale geometric-based XCT systems have routinely been
successful in characterizing materials at the microscale (Zhang and Wang, 2018). At the end of
the scan, the finite number of radiographs obtained at different angles of rotation are post-
processed in a 3D reconstruction software (Weck, 2007). Buffiére et al. (1999) conducted in-situ
tensile testing using high-resolution synchrotron x-ray tomography for improved microstructural
3D characterization of an Al-SiC composite. A synchrotron accelerates electrons to almost the
speed of light to create a highly coherent X-ray beam that can provide the highest resolution of
crack initiation locations. The difference between a laboratory-based XCT system and x-rays
generated via synchrotron radiation is it improvement in brilliance and monochromaticity (Zhang
and Wang, 2018). In Buffiére et al.’s (1999) work, given that the attenuation coefficients of Al and
Si are close, the synchrotron improved the contrast between phases during 3D reconstruction of
the radiographs post-scanning. The ability for a synchrotron to differentiate between small
variations in refractive index is termed as ‘Phase Contrast tomography’. In addition to being able
to differentiate between phases, phase-contrast imaging has also been used to detect small

features of damage (Lorthios et al., 2010).
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2.5.2.1 uXCT to study damage in 3G AHSSs
Minimal work to date has been devoted to using tomography to understand damage in 3G AHSSs.

Most work to date on 3G steels with regards to tomography has been performed on the atomic
scale to capture elemental segregation. For example, correlative TEM (i.e. to target a specific grain
boundaries) and Atom Probe Tomography (APT) (i.e. to define elemental partitioning at the grain
boundary) analysis has been conducted by Toji et al. (2014) on a 2-step Q&P steel and by several
on med-Mn steels in the literature (Guo et al., 2022; Patra et al., 2021; Sun et al., 2019). The first
report using tomography at the microscale to compare damage evolution on a series of 1G and
3G AHSSs was published by Samei et al. (2020), and also featured in Chapter 3. Med-Mn steels
however were not included in this publication. Through the use of uXCT, Samei et al. (2020) was
able to conclude that grain refinement achieved through microalloying, and TRIP kinetics can
reduce the rate of damage accumulation. As well, using uXCT, Samei et al. (2019) were able to
understand precisely the impact of vanadium microalloying on post-uniform elongation in 3G DP
steels. The authors found that void volume fraction of the largest 50 voids was reduced by 43%,
and the mean void diameter was reduced by ~1.1x with a ~47x increase in vanadium content
within the 3G DP steel. Overall, they were able to conclude that the smaller mean void size in the
vanadium-microalloyed 3G DP steel played a positive role on suppressing fracture, as larger voids
in its 3G steel counterpart imposed greater stress/strain localizations and led to faster fracture.
Most uXCT studies have been conducted using the absorption contrast mode, as detailed in
section 2.5.2, (Azizi et al., 2022; Pelligra et al., 2022; Salehiyan et al., 2020; Samei et al., 2019b;
Samei et al., 2019; Samei et al., 2020; Weck et al., 2008, 2007). Some, however, with the benefit
of high energy synchrotron-sourced tomography were able to perform ultrahigh-resolution
absorption contrast tomography (Schoell et al., 2022) and phase-contrast tomography (Toda et

al., 2022, 2017). These different tomography modes are discussed in detail in section 2.5.2.

Recently, Toda et al. (2022) have been the first to use a combination of contrast-enhanced X-ray
nano-tomography (nXCT) (at 20-30keV high energy, with a spatial resolution of 160nm) and
pencil-beam diffraction tomography at synchrotron facility, Spring-8, to investigate TRIP in a 0.1C-
5Mn-1Si steel. Figure 2.19 (a) to (c) shows a cross sectional slice observed by nXCT at several

strains. In Figure 2.19 (a) to (c), the contrast between the retained austenite (bright regions) and
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ferrite/martensite (dark regions) was obtained, however, due to their very small differences in
density, ferrite and martensite could not be segmented. In following the yellow arrows in Figure

2.19 (a) to (c) the gradual transformation of coarse retained austenite island can be understood.
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Figure 2.19: Transverse nXCT projections of a 0.1C-5Mn-1Si TRIP steel at different strains, € = 0% (a), € =
1.3% (b) and € = 2.5% (c). The bright regions are the retained austenite and the darker regions are the
ferrite/martensite. Figure 2.19 (d) is the 3D reconstruction of a local ferrite/martensite and austenite

aggregate from € = 0% to € = 3.5%. Adapted from Toda et al. (2022).

Figure 2.19d shows a reconstructed section of the microstructure, in which the coarse green grain
(y1) shows a gradual transformation whereas finer retained austenite grains (y2) and (y3) shows
a complete transformation at a strain 2.5% <€<3.5% or retains completely untransformed at
€2>3.5%, respectively. With the pencil beam X-ray Diffraction (XRD) data, Toda et al. (2022) was
able to determine the local TRIP kinetics of retained austenite islands at different crystallographic
orientations. Similarly, synchrotron-based tomography coupled with XRD and fatigue testing of
single-edge notched austenitic stainless-steel specimens was carried out by Schoell et al. (2022).
The following authors hypothesized that TRIP acted as a retardation mechanism, due to the fact

that only martensite was present in the vicinity of the cracked single edge notch.
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In cross-sectioning of two intercritically annealed (700°C and 750°C) med-Mn tensile specimens
pulled to fracture, Sun et al. (2019) looked at the voids close to the fracture surface. Both IA
conditions enabled the med-Mn steel to fracture in a ductile manner, despite showing complete
TRIP exhaustion very close to the fracture surface. This observation is in accordance with Schoell
et al. (2022) tomography studies. They reported damage in this med-Mn steel to occur, most
prominently, via void nucleation at F/M interfaces, and less prominently via martensite cracking
similar to classical DP steels(Landron et al., 2010; Tasan et al., 2015) as shown in Figure 2.20 (a)
to (d). Similar to the damage parameters evaluated by several with the use of uXCT (Fabregue et
al., 2015, 2013; Samei et al., 2019b; Samei et al., 2020; Zhou, 2018), Sun et al. (2019) compared
the void density, average void size and void area fraction of the different IA conditions as shown
in Figure 2.20e, f, and g respectively. The void density is defined as the number of voids per area
of interest, whereas the void area fraction is the total area of voids per area of interest (Zhou,

2018).
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Figure 2.20: SEM images near the fracture surface showing void formation in samples intercritically
annealed at 700°C (a), (b), and 750°C (c), (d). Figure 2.20 shows the void density (e), average void size (f),
and void area fraction (g) of the intercitically annealed samples at 700°C and 750°C. Figure 2.20 (h) is a
schematic predicting the evolution of void size and area fraction as a function of plastic strain. Adapted
from Sun et al. (2019).

Despite the differences whilst comparing the evolution of voids in 2D versus 3D, as detailed in
section 2.5.2, cross-sectioning of fractured tensile samples enables voids to be categorized into
their respective micromechanism of damage, as shown in Figure 2.20 (e) to (g). In reference to

Figure 2.20 (f) to (g) , Sun et al. (2019) found that IA at 700°C resulted in on average a 2x decrease
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in void area fraction and void size versus the 750°C condition, yet interestingly the void density is
higher in the 700°C IA condition, as shown in Figure 2.20e. The authors proposed that austenite
would be more slowly consumed during necking when intercritically annealing this steel at 700°C,
allowing the volume expansion associated with the martensitic transformation to impede void
growth/coalescence and thus delay its damage evolution rate as speculated in Figure 2.20h. Of
course, the damage evolution curves featured in Figure 2.20h is based on a hypothesis made by
Sun et al. (2019), such 3D local information on the deformation history leading to damage events
cannot be determined through 2D examinations, also noted in section 2.5.2 (Buffiére et al., 1999;
Fabrégue et al., 2015; Mummery et al.,, 1993; Weck, 2007). Ultimately, besides the work
previously conducted by our group on 3G steels (Azizi et al., 2022; Pelligra et al., 2022; Salehiyan
et al., 2020; Samei et al., 2019a, 2019b; Samei et al., 2019; Samei et al., 2020), to our knowledge,
Chapters 6 and 7 are the first reports using XCT to understand damage evolution using XCT on

med-Mn steels.

2.6 Stress-state impact on TRIP kinetics in AHSSs

Along with chemical composition, grain size, and strain rate, deformation mode/stress-state has
a prominent impact on the rate of TRIP exhaustion in steels (Yu et al., 2006). Magee and Davies
(1971) found that there’s a selection of martensite variants favourably oriented with respect to
the stress/strain state. The martensite transformation, which is a shear and dilatational
displacement, parallel and normal, respectively, to the habit plane dictates the contributions of
the normal/hydrostatic and shear/deviatoric components from the applied stress (Jacques et al.,

2007; Patel and Cohen, 1953).

An easily, accessible method of quantifying TRIP kinetics has been in performing lab-based XRD
scans on the though-thickness of cross-sectioned tensile specimens strained to varying degrees
(Bhadhon et al., 2022; Pallisco and McDermid, 2020; Patel, 2019). However, this methodology is
limiting in terms of specimen penetration, and it can only provide a few points to speculate the
steel’s TRIP kinetics. HE-XRD has been used by a few researchers to obtain highly resolved,
volumetric information on the retained austenite behavior during tensile testing which is needed

for realistic automotive damage modelling (Hu et al., 2017; Park et al., 2019). The retained
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austenite volume fraction within the ultrahigh strength Q&P steel of study in Chapter 5 as well as
the med-Mn steel in Chapter 6 has been quantified using the Co-sourced (Co-XRD) method
outlined by (Bhadhon et al., 2022; Pallisco and McDermid, 2020; Patel, 2019), and the HE-XRD
synchrotron-sourced method initially developed by Abu-Farha et al. (2018). The combined use of
in situ DIC and HE-XRD as a 3G AHSSs is being strained has been performed in Q&P steels (QP980,
and QP1500) by Park et al. (2019), and on a med-10wt% Mn steel by (Abu-Farha et al., 2018; Wu
et al., 2018b). Abu-Farha et al. (2018) investigated the two TRIP-assisted steels: a QP980 steel
which deformed homogeneously and a med-10wt% Mn steel which deformed via propagative
instabilities (i.e. Ludering). A simple, continuous decrease in the retained austenite volume
fraction was featured in the QP980 steel, in which they suggest that traditional approaches of
determining TRIP kinetics (i.e. quantifying strain with a strain gauge), rather than the more
instrumentation-intensive DIC-coupled-synchrotron approach, would suffice. On the other hand,
the med-10wt% Mn steel featured a more complex stepped-type decrease in retained austenite
exhaustion in which they attribute is a result of this steel’s propagative instabilities. They found
that there was a greater difference in TRIP kinetics when strain was measured conventionally (via
a strain gauge) versus via DIC on this med-10wt% Mn steel. DIC-based local measurements
offered fewer data points because the decrease in retained austenite was only detected when
Ludering was captured within the DIC FOV (Abu-Farha et al., 2018). At the time, only the TRIP

kinetics of straight-gauged tensile specimens were investigated.

That being said, an abundance of analyses to date understanding TRIP kinetics as a function of
stress-state has been performed on AUSs (Jacques et al., 2007), which is limiting to understanding
TRIP kinetics as a function of stress-state for multiphase, low-alloyed TRIP-assisted steels. For
instance, due to the fact that the number of alloying elements differ in type and quantity in AUSs
versus multiphase TRIP-assisted steels means that AUSs exhibit a narrower SFE range, and as a
result this affects its TRIP kinetics. Alloying with Ni and Cr increases the SFE in Fe-Mn alloys but
decreases it in carbon-containing steels (Lu et al., 2016; Qi-Xun et al., 2002). Therefore, the role
that TRIP has in composite-type strengthening has a more critical impact on low-alloyed TRIP

steels than AUSs (Jacques et al., 2007). Moreover, martensite is said to typically nucleate at
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stacking fault intersections in AUSs (Spencer et al., 2004), which is not always the case in

multiphase low-alloyed TRIP-assisted steels.

In testing Fe-Ni alloys, Patel and Cohen (1953) found that the Ms temperature was lowered (i.e.
supressed TRIP) when subjected to hydrostatic pressure but increased (i.e. promoted TRIP) for
tension and compression. They suggested that shear stress component overpowered the normal
stress component’s ability to suppress TRIP when under compression, whereas both the shear
and normal stress components are proportioned to aid in the promotion of TRIP under uniaxial
tension. Precisely, Jacques et al. (2007) state that the mechanical driving force for the austenite-
to-martensite transformation is not necessarily lower in a shear test versus a uniaxial test but is
critically dependent on the shear component. Whereas the largest driving force for a
transformation from austenite-to-martensite is expected to be in the plain strain condition. The
stress triaxiality (Jm/o—VM), which is the ratio of hydrostatic stress (om) to the von Mises equivalent

stress (ovwm), is @ measure that most researchers use to understand the relationship between TRIP

subjected to different modes of deformation.

Jacques et al. (2007) found, in using neutron diffraction, that, in general, with increasing stress
triaxiality, from shear (Gm/aVM ~ 0) to plain strain-DENT specimens (Um/UVM = 0.6), there is a
increase in the TRIP rate, as shown in Figure 2.21 (a). The fastest TRIP rates experienced were
those of the plane stress-notched (am/aVM= 0.52), and DENT specimens. However, in the case of
the biaxially loaded specimens, the Marciniak (O'm/O_VM = 0.42), and equiaxial (Um/aVM = 0.66)

specimens, a delayed TRIP rate was featured in the equiaxial specimens in comparison to the

Marciniak ones, as shown in Figure 2.21 a.

Furthermore, it can be noted from Jacques et al. ‘s (2007) work, Figure 2.21a, that significantly
different TRIP rates is exhibited by the equibiaxial and DENT specimens despite having a similar
triaxialities (Gm/UVM = 0.6 — 0.66). The authors attribute this difference to their different

deformation mode ratios, the ratio of the major (g2) to minor (1) strain, R1 = 82/81. AR1=-0.5is

for uniaxial tension, R1 =0 is for plane strain, and Ry =1 is for balanced biaxial tension (Zanjani et

al., 2014). Jacques et al. (2007) defined R1 of the DENT specimens as ~0, and defined R1 as -0.36
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and 1 for the Marciniak and equibiaxial specimens, respectively. However, contradicting this, from
neutron diffraction studies on an ultrahigh strength Q&P/TBF steel using cruciform-shaped
samples subjected to different biaxial loading conditions, Polatidis et al. (2020) showed their
equibiaxial tension (Gm/gVM = 0.66) and uniaxial tension (Gm/GVM = 0.33) specimens featured

similar TRIP kinetics. As a result, their work rather suggests that the deformation mode does not

impact the rate of TRIP exhaustion during straining.
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Figure 2.21: Retained austenite volume fraction, determined via neutron diffraction, as a function of
effective true strain for a 0.3C-1.42Mn-1.4Si TRIP steel (a). Adapted from Jacques et al. (2007). Figure
2.21 (b) shows the volume fraction of transformed martensite (i.e. at 0% means no strain-induced
martensite is present in the microstructure) as a function of von Mises equivalent strain for a QP980
steel. Adapted from Park et al. (2019).

Park et al. (2019), Wu et al. (2018), and Polatidis et al. (2020) are among the few authors who
published the impact of stress-state on TRIP kinetics in >1GPa AHSSs with the use of combined
synchrotron-sourced XRD and DIC. The details of the experimental procedures carried out by Abu-
Farha et al. (2018), Hu et al. (2017) and Park et al. (2019) have been also applied with slight
modifications to this thesis and are detailed in Chapters 5-7. In general, similar to Abu-Farha et
al. (2018), Park et al. (2019) note that TRIP exhaustion in the Q&P steels has a smooth profile in
the absence of Ludering, as shown in Figure 2.21a. Only in their ultrahigh strength QP1500 steel
did they note a serrated TRIP exhaustion profile even though this steel deformed homogeneously.
We contradict this observation in Chapter 5, in performing a similar experiment on thus QP1500

steel. We note that the TRIP exhaustion of this QP1500 steel has a smooth profile when subjected
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to a slow tensile strain rate. The serrated flow featured by Park et al. (2019) could be a result of
adiabatic specimen heating when subjected to a high strain rate of testing (Nanda et al., 2021).
As well, Park et al. (2019) studied the effect different stress states (uniaxial tension, plain strain
tension, and balanced biaxial tension) has on TRIP kinetics in Q&P steels, as shown in Figure
2.21b. Contrary to Jacques et al. (2007), who speculated that the largest driving force for the
austenite-to-martensite transformation is expected for the plain strain condition, which are the

DENT specimens in Figure 2.21a, Park et al. (2019) found an intermediate rate of TRIP exhaustion

is featured when the QP980 steel was subjected to plane strain tension (Gm/aVM =0.62) and slow

TRIP kinetics under the balanced biaxial tension (Gm/aVM =0.67) as shown in Figure 2.21b.

Wau et al. (2018) address the change in local retained austenite volume fraction (ARAVF) from
different deformation modes and complex loadings/strain paths by stamping a med-10wt% Mn
steel into a T-panel. This shape was used to emulate a portion of an anti-intrusion, stamped
component in vehicles. Three dimensional DIC was applied to map the &; and €; strains and, as a
result, enable the determination the local complex loading (linear versus bi-linear) and
deformation mode experienced by med-10wt%Mn steel during the stamping process. After
stamping, the T-panel was sectioned into small specimens for HE-XRD scanning based on its
deformation mode. Again in contrast to Jacques et al. (2007), the least austenite transformed was
featured by the plain strain condition (ARAVF = 11%), and most austenite transformed was
featured by the uniaxial tension condition (ARAVF = 53%), both following a linear strain path, as
shown in Figure 2.22a and b. The following authors suggest that rather the effective strain (&)
governs the TRIP kinetics — overall, they documented that the higher the eef, the less stable the
austenite against TRIP. The eeff was calculated using Equation 2.6, and is shown as the dotted lines
in Figure 2.22b. The greatest (ARAVF = 59%) was featured by section 8 which exhibited biaxial

tension and a bilinear strain path (i.e. an eventual faster increase in €, versus £1).

V2 Equation 2.6
eff =3 (&1 — €)% + (&1 — €3)% + (&, — £3)?)V/? q
where g3 is the thickness strain measured with the assumption volume by 3 = —(&; + &5)
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Figure 2.22: Major Strain DIC map of T-Shape panel with regions sectioned for HE-XRD scanning (a) FLD
of sections 3, 14 and 20 subjected to different deformation modes all under a linear strain path - biaxial
tension, plain strain tension and uniaxial tension, respectively (b)

Nonetheless, TRIP kinetics of a med-Mn steel subjected to different stress-states has been

scarcely reported to date in the literature.

2.7 Stress-state impact on Damage in AHSSs

In addition to TRIP kinetics, Bao and Wierzbicki (2004) found early on that tailoring the notch
geometry of a sheet metal produces differences in its final mode of fracture as a result of the
different stress triaxialities being experienced by the specimens during straining. The notch
radius, itself, can be varied to impart different degrees of stress triaxiality (Findley et al., n.d.).
Experiments of notched specimens enable one’s ability simulate the effect of a stress
concentration in a component, e.g. drilled hole, on fracture resistance. (Findley et al., n.d.). For
AHSSs the fracture mode is classically ductile, such that fracture is the result of micro-void

nucleation and coalescence.

Fabregue et al. (2015) found that in testing uniaxially, an Interstitial Free (IF), a Mn-rich TWIP and
a AUS 316L, that there is a difference in their evolution of triaxiality with increased deformation,
and this in turn affected each steel’s void growth kinetics (Huang, 1991; Rice and Tracey, 1969).
During the uniaxial tensile test, they reported that the triaxiality of specimens for the TWIP steel
remains somewhat constant, whereas the IF and AUSs 316L steel specimens featured
considerable necking (i.e. increasing triaxiality). As a result, these steels showed an exponential

increase in void growth rate, as shown in Figure 2.23. Such study enabled Fabrégue et al. (2015)
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to conclude that the rate of void nucleation is high in the Mn-rich TWIP steels, as a result of twins
being sufficient void nucleation sites, and any minor growth of such voids can lead to rapid void
coalescence and immediate fracture of the steel. Interestingly however, although the AUSs also
feature twinning upon being strained, its ability to exhibit a significant proportion of dislocation
glide, more than that of the Mn-rich TWIP steel, enables the steel to accommodate a similar void
density and &r as the IF steel. The IF steel only features dislocation glide upon deformation, and,

in theory, its predominant void nucleation site is at grain boundaries (Fabrégue et al., 2015).

(a)

Figure 2.23: Microtomography 3D reconstructions of a Mn-rich TWIP steel (a) an IF steel (b) and a 316L
AUSs (c). Adapted from Fabregue et al. (2015).

More specifically, Scavino et al. (2010) and Lorthios et al. (2010) found that slant-type fracture
occurs at whatever the stress-state in steels whose predominate mode of plastic deformation is
TWIP. Yet, to guarantee slant-type fracture while pulling TWIP steels in tension, Lorthios et al.
(2010) analyzed the damage evolution of a fracture ‘butterfly’ style specimens, adapted from
(Briinig et al., 2008). ‘Butterfly’ style specimens were used in this scenario to purposefully activate
a low stress triaxiality and shear fracture as shown in Figure 2.24a. The sample sectioned at
fracture in their work is featured in Figure 2.24b. Similar to (Fabrégue et al., 2015; Huang, 1991;
Rice and Tracey, 1969; Samei et al., 2019b), Lorthios et al. (2010) observed using XCT that the low
stress triaxiality induced by the butterfly gauge section of the specimen limited the growth rate
of voids, and they speculated that any deformation experienced by voids was determined by the
surrounding material. The maximum triaxiality their butterfly specimens experienced during
straining was only 0.33, which is the initial triaxiality used for conventional testing of uniaxial

tensile specimens. Strain localization within the gauge through FEM modelling of these butterfly

62



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

specimens is shown in Figure 2.24c. Specifically, it was documented that there’s scare but
significant void growth well below the slant-type fracture surface as a result of the linking of void
strings (>10um) with a preferential elongation along the rolling direction as shown in Figure 2.24d.
As a result, these elongated voids did not contribute directly to the fracture surface, and rather

microvoids of ~0.5 um in size were featured on the fracture surface (Lorthios et al., 2010).

RD

Figure 2.24: Geometry of the 'butterfly' specimen (a), the finite element model of the butterfly specimen
being loaded (b), the region sectioned for tomography of the fractured specimen (c) and the 3D
reconstruction of voids in this section (d). Adapted from Lorthios et al. (2010).

Similar to the conclusion made in section 2.6, little to no work to date has been devoted to
investigating damage in med-Mn steels under different states of stress. To our knowledge,
Chapter 7 is the first report of the influence that stress triaxiality has on TRIP kinetics and damage

in med-Mn steels.
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3.1 Abstract

We have investigated the capabilities of first and third generation high strength steels for
sustainable accommodation of microstructural damage before fracture occurs. Steels have been
subjected to tensile tests followed by X-ray computed tomography to record the evolution of
microstructural damage during deformation. Damage growth is correlated with the Rice-Tracey
model. Results show that both grain refinement and transformation induced plasticity of retained
austenite to martensite lead to enhanced damage tolerance, leading to the suppression of

fracture and improved ductility.

3.2 Introduction

Damage tolerance is a materials property which accounts for the ability to sustain defects in the
form of voids and microcracks without failure. In materials with low damage tolerance after
initiation of the first internal damage, failure and fracture occurs rapidly. Utilization of those
materials in structures and engineering components is limited since quality inspections such as
nondestructive testing cannot predict the time of failure sufficiently well in advance. Recently,
grain refinement (Kadkhodapour et al.,, 2011; Samei et al., 2019b) and the quench and
partitioning heat treatment (Tan et al., 2019; Wang and Speer, 2013) have been found to provide
effective methods for further enhancing the mechanical properties of so-called third generation
(3G) advanced high strength steels. While a great deal of attention has been paid to the
processing and microstructure of these materials, there is relatively little known about the
micromechanical processes that control damage tolerance and ductile fracture in these multi-
phase steels. X-ray computed tomography (XCT) has proven to be an appropriate technique for
guantitative characterization of the evolution of microstructural damage in steels (Landron et al.,

2012; Maire et al., 2008). The goals of this study are to quantitatively determine the evolution of
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damage in first and third generation dual phase (DP), TRIP, and quench and partition (Q&P) steels,

and to determine the influence of microstructural features on damage tolerance.

3.3 Experimental Work

The characteristics of the 1 mm thick steel sheets investigated in this study are presented in Table
3.1, where TE is the total elongation, UTS is the engineering ultimate tensile strength, Fgs is the
ferrite grain size, and F, M, and RA vol% are the volume percentages of ferrite, martensite and
retained austenite, respectively. QP1500 has the finest microstructure, mainly consisting of
martensite in the forms of islands and laths. The average size of the islands is 0.45mm while the
laths are in nano-scale scale, typically under 100nm. Interrupted tensile tests were carried out
using a in-house test stage on sub-size tensile test specimens as described elsewhere (Samei et
al., 2019a). A Bruker Skyscan 1172 XCT system was used to scan the gauge volume at 100 kV using
an Al/Cu filter with a pixel dimension of 0.65mm. Quantitative analysis was performed using
Bruker’s commercial CTAn software and 3D models were made using the CTvol software. The
DP1300 specimen was scanned at 6, while the other materials were each scanned at 7 different
strains before fracture occurred. Retained austenite was measured close to the fracture surface

in QP steels by X-ray diffraction (XRD) analysis with a 0.3mm beam size and 80min exposure time.

Table 3.1: Characteristics of the steels.

TE uTS Fas F M RA C Si Mn Vv
(%) (MPa) (um) vol% vol% vol% wt% wt% wt% wt%
TRIP780 33 805 5.3 79 12 9 0.15 0.13 1.58 0.04

DP780 24 874 4.9 77 23 - 0.13 0.03 2.01 -
DP1300 9 1451 4.6 50 50 - 0.23 019 1.59 -
DP1300 10 1475 1.3 50 50 - 0.21 019 165 0.14
(UFG)

QP980 20 1072 4.9 38 54 8 0.21 147 1.96 -
QP1500 16 1544 - - 83 17 0.20 1.60 3.40 -
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3.4 Results and Discussion
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Figure 3.1: Evolution of damage (a) void volume fraction, (b) void density, mean void size for the largest
500 voids in (c) high-strength, and (d) ultrahigh-strength steels. Dashed lines in (c) and (d) represent the
modified RT model prediction of void growth.

Figure 3.1 shows the images of the gauge section at the last step prior to fracture. The X-ray
radiographs (top) demonstrate that macroscopic localization of deformation is greater in TRIP780
compared to DP780, and in the QP steels compared to both DP1300 steels. The 3D XCT models
(bottom) illustrate the extent and distribution of internal microscopic damage. For better
visualization, only voids larger than 2.2mm?3 are shown on the models; however, all detected voids
are considered in quantitative analysis. As can be seen, damage is concentrated in the centre of
the specimens which results in the final fracture process being initiated in the centre and then

progressing towards the surface, as is typical of cup-cone type ductile fracture.

A gquantitative analysis of microstructural damage during plastic deformation is presented in
Figure 3.2. All steels show an exponential type increase in void volume fraction with true strain.
Of the 6 steels in this study, damage evolution is fastest (per unit of strain) in DP1300; this material
also shows the least amount of damage at fracture. The slower evolution of damage in the UFG
DP1300 steel can be associated with a finer microstructure which leads to the nucleation of much
smaller voids. Since void growth is a strain dependent phenomenon, it takes further plastic strain

for the voids in the UFG DP1300 steel to grow and reach the critical void fraction for damage

94



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

linkage and fracture. Although QP980 has a coarser microstructure, damage evolution is
significantly slower than in UFG DP1300. This is likely because of TRIP-assisted deformation in QP
steels. The transformation of FCC austenite to BCC martensite in low carbon steels is accompanied
by a volume increase. This adds a local compression strain to the transformed area and also leads
to local work hardening through the production of geometrically necessary dislocations. This may
serve to decrease the rate of void growth locally, although further investigation is required to
prove this conjecture. XRD analysis shows that undeformed QP980 and QP1500 have 8 and 17
vol% austenite, respectively. The austenite level is then reduced to near 0 vol% at fracture. The
slowest rate of damage growth is observed in QP1500 which has the finest microstructure and
experiences the greatest amount of TRIP. The effect of TRIP can also be seen by comparing
damage evolution in DP780 and TRIP780, which exhibit similar grain size and strength. Both the
rate of damage nucleation and growth are significantly slower in TRIP780 specifically after a true
strain 0.3. Moreover, TRIP780 can accommodate approximately twice as much damage prior to
fracture compared to DP780. Similar to the QP steels the volume fraction of austenite is reduced

considerably during deformation, in this case from a starting level of 9 vol% to 1.3 vol% at fracture.

Figure 3.2b shows that the void density, defined as the number of voids per unit volume, increases
continuously, indicating the continuous nucleation of voids. Very little nucleation is observed at
low strain, up to about 0.1, as the material undergoes sufficient deformation to create the high
local stresses needed to fracture hard particles or decohere interfaces. Once necking commences
void nucleation tends to accelerate (Goods and Brown, 1979; Samei et al., 2016). Void density
rises most rapidly in DP780, due to cracking within martensite bands at low strains (Samei et al.,
2014; Samei et al., 2014). The slowest nucleation rate is seen in QP1500. However, it is important
to recognize that nano-scale voids could not be detected because of the XCT pixel resolution of
0.65mm; and so, due to its extremely fine microstructure, there may be many unidentified voids.
Therefore, Figure 3.2b should be interpreted as showing the evolution of void density in each

steel, rather than the absolute density of voids.
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Figure 3.2: Evolution of damage (a) void volume fraction, (b) void density, mean void size for the largest
500 voids in (c) high-strength, and (d) ultrahigh-strength steels. Dashed lines in (c) and (d) represent the
modified RT model prediction of void growth.

Final fracture is driven by the coalescence of large voids in the structure. Although sub-micron

recently nucleated voids may increase void volume fraction somewhat, they have little influence

on the final fracture process as indicated by Maire et al. (2008). We therefore focus on the

evolution of the largest voids in the material. Thus, Figure 3.2c and d show the mean void

diameter of the largest 500 voids in these steels. If we assume that the largest voids maintain

their size ranking during deformation, this data can be compared with the Rice and Tracey (RT)

(Rice and Tracey, 1969) void growth model using:

dR 3
— = aRTexp(E T>d£

Equation 3.1
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where agr is a growth rate parameter and T is stress triaxiality. As described elsewhere (Landron
et al,, 2011), we have determined evolutions of T using finite element modeling from onset of
plastic deformation and during post-uniform deformation and the agt was calculated by curve
fitting. The obtained RT models are shown on the Figure 3.2 c and d for the steels. Figure 3.3
shows the optimum value of agry derived from this analysis. Both the rate of damage evolution

and agt show a descending trend:

i) from DP1300 to UFG DP1300 due to grain refinement

ii) from QP980 to QP1500, due to both grain refinement and an increase in amount of
TRIP (from 7 to 17 vol%)

iii) from DP780 to TRIP780 due to TRIP, accompanied by an acceleration of damage due
to cracking of martensite bands early in the deformation.

iv) from UFG DP1300 to QP1500, due primarily to TRIP.
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Figure 3.3: Modified ap for each steel.

3.5 Conclusion

In summary, DP780, TRIP780, DP1300, UFG DP1300, QP980, and QP1500 steels have been
subjected to tensile tests coupled with XCT. Quantitative analysis demonstrates that grain
refinement and TRIP reduce the rate of damage development during plastic deformation; and
therefore, enhanced damage tolerance. Both mechanisms can be utilized to develop optimized

microstructures that will enhance the ductility of advanced high strength steels.
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4.1 Abstract

The use of vanadium-microalloying in ultrahigh strength dual phase (DP) steels has been shown
to yield a fine dispersion of nano-scale vanadium carbonitrides (V(C,N)) in ferrite along with a
pronounced grain refinement, leading to enhanced micromechanical compatibility and increased
local ductility. Here we present data on microstrain partitioning and the evolution of damage in
vanadium-free (V-free) Fine-Grained (FG) and vanadium-added (V-added) Ultra Fine-Grained
(UFG) DP steels, each with a UTS of about 1300MPa (DP1300), using quasi in-situ tensile tests
coupled with scanning electron microscopy, followed by microscopic Digital Image Correlation
(uDIC). Quantitative analysis shows that the homogenization of microstrain between ferrite and
martensite is locally enhanced and the strain gradients at the ferrite/martensite (F/M) interfaces
reduced in the V-added steel. This trend was also evident in the V-added steel exhibiting different
states of stress obtained with unique notched microtensile specimen designs. Three different
puDIC-based computational techniques were used to quantify the extent of microstrain
partitioning, in order to determine the mechanistic basis for the increase in true strain to fracture
with vanadium-microalloying. This work was supplemented with damage evolution studies in
both V-free and V-added materials using high resolution, field emission scanning electron
microscope (FESEM) imaging, and X-ray computed microtomography (uXCT). These corroborate
the microscopic analyses and confirm that both vanadium-microalloying and stress-state impacts
the local strain gradient at ferrite/martensite (F/M) interfaces, and thereby changes the way

damage is initiated and grows within the material.
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4.2 Introduction

The use of thin sheets made from Advanced High Strength Steels (AHSSs) has been widely
adopted by the automotive industry to promote fuel efficiency and thereby reduce greenhouse
gas emissions in vehicle design. Dual Phase (DP) steels were the first of the AHSS family to offer
an enhanced strength-ductility combination and they remain the most widely used due to their
robust thermo-mechanical processing and attractive mechanical properties (Tasan et al., 2015).
Moreover, some argue that AHSSs with Transformation Induced Plasticity (TRIP) capability (e.g.
Quench & Partition steels) only improves the global formability of the steel, while its local forming
potential is either comparable to that of a DP steel of a similar strength level (Tang et al., 2021)
or worse with the local activation of TRIP in highly stress-concentrated areas, such as; at a crack
tip (Frémeta et al., 2021). Hance (2016) accentuates the difference between the global formability
(i.e. a material’s response to a uniformly applied load) and local formability (i.e. a material’s
response to a concentrated applied load) by plotting the true strain at fracture versus the true
uniform strain (Hance, 2016).

On an industrial scale, expanded utilisation of high strength DP steels is being compromised by
their limited local formability and therefore, poor damage tolerance (Casellas et al., 2017;
Frometa et al., 2021, 2019; Ghadbeigi et al., 2010; Samei et al., 2020; Tang et al., 2021) during
forming operations requiring sufficient bendability and stretch-flangeability performance (Li et
al., 2020; Min et al., 2017) or during rolling where edge cracking is susceptible (Samei et al., 2019).
Precisely, Tang et al. (2021) attributes the heightened likeliness of damage nucleation and poor
local formability to the significant increase in martensite content required to achieve ultrahigh
strength.

The Hole Expansion Ratio (HER), for example, is a key industrial indicator of stretch flanging
performance and edge cracking tendency in sheet steels (Chen et al., 2014; Hasegawa et al., 2004;
Scott et al., 2017; Yoon et al., 2016). Chen et al. (2014) show two distinct trends of HER to tensile
strength relationship in AHSSs - a linear decrease in HER with increasing tensile strength for
relatively low strength AHSSs, and for AHSSs with tensile strengths greater than 840MPa, the HER

tends to a constant value (30-40%). This plateau of HER at ultrahigh tensile strength levels
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suggests that, despite the increase in the amount of brittle phases needed to achieve higher levels
of strength, complex forming operations are not significantly compromised.

Specifically, in evaluating the HER of two ultrahigh strength DP steels with comparable tensile
strengths and martensite volume fractions, Scott et al. (2018) documented that increases in
vanadium-microalloying led to a reduction in the mean ferrite:martensite Phase Strength Ratio
(PSR) by 32% and HER improvement of 15%. These authors claim that HER can be improved with
decreased PSR in ultrahigh strength DP steel, but this is not a proportional relationship and is
impacted by other microstructural parameters which have a significant influence on damage
behaviour, such as the local configuration of the martensite surrounding the soft ferrite. Although,
these two papers present somewhat contradictory results, it is agreed that the HER-tensile
strength relationship is not linear in DP steels and that there is a critical damage sensitivity locally
at the F/M interface (Chen et al., 2014; Hasegawa et al., 2004; Scott et al., 2017). These
inconsistencies in HERs of AHSSs can also however be a result of poor experimental reliability
inherently associated with the test (i.e. hole surface and edge quality, tooling conditions, crack
detection method, etc...) (Frdmeta et al., 2019; Hance et al., 2013; Karelova et al., 2009; Larour

et al., 2017).

Microscopic heterogeneity, due to the large strength differential between ferrite and martensite
in DP steels, results in significant microstrain partitioning (Kang et al., 2007; Landron et al., 2010;
Samei et al., 2013; Tang et al., 2021) which can ultimately lead to premature failure as a result of
reduced post-uniform elongation. The poor true ductility of Ultra Fine-Grained (UFG), strong
materials is due to the limited space for dislocation interaction, multiplication and motion (El-
Naaman et al., 2016; Khan and Liu, 2016; Li et al., 2020) while the dislocation activity of a material
with an intermediate grain size from 1um to 10nm is weakly understood(EI-Naaman et al., 2016;
Meyers et al., 2006). The concept of Strain Gradient Plasticity (SGP), motivated by the pile up of
Geometrically Necessary Dislocations (GNDs) at an interface to enable compatible deformation
and accommodate large strain gradients of multi-phase materials, was first presented by Ashby
(1970) and Fleck et al. (1994) and deemed instrumental in modulating the ductility of Fine-
Grained (FG) materials (Fleck et al., 1994; Huang et al., 2018; Li et al., 2020; Mazzoni-Leduc et al.,

2010). One of the challenges continuum modellers have is capturing the complex behavior of
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dislocation motion - an idealistic smoothened GND field is typically used (EI-Naaman et al., 2016;
Van Beers et al., 2013). This suggests the need for further work to be done at the experimental
level to statistically capture detailed behavior of GNDs at a phase boundary or interface.
Alternatively, one can use microstrain measurements near interfaces to measure strain gradients
at the continuum scale, and model strain localization using classical theories (i.e. crystal plasticity

and J2 flow theory) as has been done previously on DP steels (Yalginkaya et al., 2019).

Recently it has been proven that introducing a fine distribution of vanadium carbonitride (V(C,N))
nanoprecipitates selectively strengthens the ferrite phase and improves the post-uniform
elongation without a reduction in strength (Samei et al., 2019; Scott et al., 2017). Scott et al.
(2017) hypothesized, given that interface decohesion is the most common mechanism of damage
in FG, cold rolled and annealed microstructures driven by strain incompatibilities, when this strain
incompatibility is reduced, interfacial decohesion is reduced and the dominant damage
mechanism to be seen in the V-added steel is decohesion at ferrite/nanoprecipitate interfaces.
The effect of enhanced dislocation multiplication, and therefore supressed strain partitioning
improved by V(C,N) precipitation in ferrite was speculated previously by Kamikawa et al. (2015)
Kamikawa et al. (2015) with conventional uniaxial tensile testing. In addition, the use of
vanadium- microalloying in steels has been proven to be beneficial in increasing the strength and
toughness of forging steels(Wang et al., 2020) by decreasing the bainite transformation
temperature (Pushkareva et al., 2020) and increasing the yield strength of high C steels (Gwon et
al., 2017).

The large impact of vanadium-microalloying on mechanical properties has enabled the
investigation of its role in suppressing damage through grain refinement and mechanical
homogenization (Samei et al., 2019; Scott et al., 2017). Nanoindentation testing carried out by
Samei et al. (2019) and Scott et al. (2018) on ultrahigh strength DP steel deduced that the
increased vanadium content improved mechanical compatibility between ferrite and martensite
and is the reason for improvement in true strain to fracture. Scott et al. (2018) used cumulative
distribution plots to convey that the V-free material showed an overall greater and wider variation

in martensite island nanohardness.
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To date, modelling the severity of F/M decohesion does not reflect recent experimental findings
on the effect of redistributing carbon through vanadium-microalloying. Rather the computation
work by Ramazani et al. (2016) using Density Functional Theory (DFT) atomistic modelling,
showed that the local strain required to initiate F/M decohesion increases with increasing local
carbon content of martensite, thereby making martensite cracking the predominant source of
damage initiation. Our paper experimentally focuses on the local strains required for F/M
decohesion in ultrahigh strength DP steels whilst still capturing the local strains initiating M

cracking.

Triaxiality is the ratio of mean stress to the von Mises equivalent stress. The true strain to fracture
has a complex dependence on triaxiality. At low stress triaxialities the highest true strain to
fracture that can be achieved is 0.45, but once the triaxiality exceeds about 0.4, the fracture strain
falls off parabolically (Bao and Wierzbicki, 2004; Pineau et al., 2016). The Lode parameter (L),
which describes the directionality of the stress-state, ranging from -1 to 1, also plays a significant
role in ductile fracture, particularly at low triaxialities (Barsoum et al., 2012; Danas and Ponte
Castafieda, 2012; Kiran and Khandelwal, 2014). Most of the factors that contribute to ductile
fracture in AHSSs are intrinsic to steel microstructure such as large particle sizes, high aspect
ratios, high volume fraction, and high matrix strength. Extrinsic factors, such as the specimen
geometry, which can alter the strain distribution of a material even under simple uniaxial tension
are important to consider in ductile fracture. However, these have been predominately studied
on soft model materials (Lou et al., 2012; Weck et al., 2008; Weck, 2007) or lower strength DP
steels (Landron et al., 2010). Moreover, damage evolution models are usually validated with
experimental data from uniaxial tensile testing. However, such parameters are questionable to
understanding damage evolution of materials subjected to multiaxial stress states with different
stress triaxialities (Briinig et al., 2008). Up to now, the effect of stress-state on the evolution of
damage has not been experimentally examined in detail on AHSSs at the microscopic scale. The
experimental investigation of fracture as a function of different stress states using DIC is currently
gaining significant popularity in materials in which their pertinency to multiple applications is

being hindered such as in low strength commercially-available DP steels (Cheloee Darabi et al.,
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2020), anisotropic magnesium alloys (Habib et al., 2019), aluminum alloys (Briinig et al., 2021),
and polycrystalline alpha-titanium alloys (Skripnyak et al., 2020).

At the grain level, Representative Volume Element (RVE) simulations showed the effect of
martensite volume fraction on the local triaxiality in a DP steel. It was concluded through this
study that the local deforming capacity of ferrite is ultimately governed by the vicinity of
martensitic particles (Paul, 2013). Although martensite volume fraction does show a strong
impact on triaxial stress development during straining of DP steels, this model does not take into
account steel chemistry and intercritical annealing temperatures which initially dictates the
mechanical properties of ferrite and martensite in DP steels (Paul, 2013). In some modelling
ventures, the most dominant damage nucleation site in DP steels, especially those containing
high volume fractions of martensite (Tasan et al., 2014), F/M decohesion is ignored as it is on a
much smaller (atomic) scale in relation to the modeled RVE (Rana et al., 2018).

The influences of strain rate and path (Ha et al.,, 2017; Samei et al., 2016), microstructural
constituents (Amirmaleki et al., 2016), secondary phases (Ismail et al., 2019), and deformation
temperature (Li et al., 2019) on the micromechanics, plasticity, and fracture of high-strength DP
steels has been investigated. Also, the microstructural responses of high-strength DP steels has
been studied using quasi in-situ mechanical testing coupled with microscopy. Forinstance, Tasan
et al. (2014) used the uDIC technique for characterization of localized strain and damage in DP600
and DP800 steels and Tang et al. (2021) presented a mesoscale map with a resolution of 2um x
2um for a DP980 steel deformed under uniaxial tension. Matsuno et al. (2015) obtained the
damage patterns in the microstructure of a DP steel using a laser microscope. However, there are
limited studies on micromechanical characterization of ultrahigh strength DP steels where the
ultimate tensile strength reaches 1.5GPa.

In this paper, we present detailed data on microstrain partitioning and the evolution of localized
damage in the microstructure of a FG and an UFG V-added DP steel with ultrahigh strength
(DP1300) to determine the effect of modifications in chemistry and microstructural refinement
on the F/M decohesion behaviour. A Field emission Scanning Electron Microscope (FESEM) was
used during quasi in-situ tensile testing to obtain nano-scale resolution strain maps and to

determine the development of microstrain inside sub-micron microstructural features using
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Digital Image Correlation (DIC) (Kang et al., 2005). Three different approaches are used to study
strain partitioning of ferrite and martensite. A novel approach to document the nature of the
strain gradient across a large number of F/M interfaces and how it is linked to the evolution of
microstructural damage under different states of stress is also introduced in this paper. Ultimately,
it is seen that an increase in vanadium-microalloying produces a lower, less variable local strain
gradient at the F/M interface. Damage evolution as a function of increasing strain of ultrahigh
strength DP steel specimens both in unnotched and notched states are reported using high
resolution SEM imaging and X-ray computed microtomography (uXCT). Muhammad et al. (2021)
have already shown that with DIC and XCT data, a machine learning framework can be developed
to predict the strain distribution and fracture of an AlSi10Mg alloy. DIC point strain measurements
captured by Muhammad et al. (2021) are of a larger resolution (~¥50um between points) than of
those presented in this paper (~0.2um between points), defining the forming potential of the
material at a more global scale. Most recently, Zhang et al. (2022) have been able to apply
machine learning to predict local strain incompatibility and damage nucleation at grain
boundaries of simulated 3D magnesium microstructures with different textures.

Overall, the objective with this paper is to characterize the role that vanadium-microalloying plays
on improving the local forming properties of ultrahigh strength DP steels under different states
of stress. We do this by quantifying the microstrain partitioning between ferrite and martensite
and therefore, F/M decohesion potency, using uDIC-based computational techniques that target
strain partitioning at different length scales. Supplementary data on damage evolution and
microvoid growth captured using high resolution SEM imaging and uXCT opens avenues for robust

modelling and the potential for industrial utilisation of ultrahigh strength DP steels.

4.3 Experimental and numerical procedures

4.4 Materials

The characteristics of the FG and UFG DP1300 steels investigated in this work are summarized in
Table 4.1. Martensite volume fraction has a significant influence on the plastic behavior of DP
steels (Lai et al., 2016; Paul, 2013). To negate this effect, the heat treatment of the two steels
were modified slightly so as to reach approximately the same amount of martensite in both steels

as described elsewhere (Scott et al., 2017). In Table 4.1, the increase in vanadium content (from
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0.003wt% to 0.14wt%) is the major compositional difference between the steels. The DP steel
which contains only 0.003wt% vanadium is classified as V-free while the steel which contains
0.14wt% V is classified as V-added in this paper. The differences in chemical composition (wt%)
and microstructure (Martensite Volume% and Grain Size), along with the mechanical property
differences in Engineering ultimate tensile strength (Eng. ours ) and total elongation (Eng. Etotal )

of both steels tested parallel to the rolling direction is also shown in Table 4.1.

Table 4.1: Characteristics of the DP1300 steels

Martensite Grain Size Eng. Eng. Chemical Composition (wt%)
Volume outs €
(vol%) (um) (MPa) tota C | Mn | si v | o | Al
0.182+0.
V-free 40.5¢5.4 4.810.4 1451445 035 0.23 1.59 0.19 0.003 | 0.027 | 0.011
V- 0.353+0.
40.2+2.8 1.6+£0.1 1475+33 0.21 1.65 0.19 0.14 0.032 | 0.019
added 016

4.5 Tensile testing coupled with Digital Image Correlation (DIC)

To investigate the influences of vanadium and stress-state on deformation, hourglass geometry
specimens, as shown in Figure 4.1, were prepared using fine wire Electrical Discharge Machining
(wEDM), in both unnotched and notched (root radii of 1.00 or 0.20mm) configurations. As
previously described in Salehiyan et al. (2020), the hourglass geometry is essential to localize the
deformation at the centre of the specimen for microscopic investigations during testing. The

notched specimens with radii of 1.00 and 0.20mm are referred to as R1 and R0.2, respectively.
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Figure 4.1 Microtensile specimen designs (a) unnotched, (b) notched R1, and (c) notched RO.2
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Although there is hydrostatic component variation as a function of distance away from the notch,
therefore varying triaxiality within the necked region of notched microtensile specimen,
microstrain mapping was conducted within the centre of the specimen to make a fair comparison
to the microtensile hourglass specimen. Finite Element Modelling (FEM) using ABAQUS/CAE 6.14
was performed to reasonably approximate the global triaxiality within the centre of the notch
location. An implicit model was chosen for the 3D simulation. Isotropic hardening with elastic
constants of steel, E = 210GPa and v = 0.3, was used. The true stress-plastic strain past yielding
inputs were taken from experimental uniaxial tensile test DIC data of unnotched and notched
specimen and fitted to a Voce-Linear hardening model using the Curve Fitting App in MATLAB
until an R? value of 0.99 was achieved. The equation and curve fitting parameters obtained from
MATLAB are detailed in Appendix A, Figure A 4.1. Mesh sizing was set to be greater than the grain
size of the V-free (approximated at 5um) and V-added (approximated at 1um) materials to obtain
a broadened ‘past grain-level’ indication of triaxiality. Eight-node, linear brick, continuum
elements (C3D8R) were used with reduced integration and hourglass control. Global triaxiality
outputs were taken from the centre of the specimen, whereas the local triaxiality outputs were
obtained from centroids of the imaging locations detailed in Figure 4.2. The global triaxiality and
local triaxiality graphs and average values are shown in Appendix A Figure A4.2. ABAQUS
simulations of the microtensile hourglass specimen used in this study were previously performed
by which shows a uniform strain distribution up to necking within the narrowest region of the
specimen, and no strain concentration. The specimen design of Figure 4.1a has an L value of -1
indicating an axisymmetric uniaxial tension stress-state, while the specimen shown in Figure 1c
has a L value of 0 indicating a plain strain stress-state. For the Figure 4.1b specimen the L value
is in between -1 and 0, in which the stress-state experienced by this specimen design is a
combination of axisymmetric uniaxial and plain strain (Barsoum et al., 2012). The effect of Lode
parameter on void deformation (i.e. void dilation or elongation) and coalescence leading to
fracture of 3G AHSSs will be detailed in a subsequent publication, as has been investigated

previously (Danas and Ponte Castafieda, 2012; Kiran and Khandelwal, 2014).
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4.5.1 Macro-Digital Image Correlation

One set of specimens was used for macroscopic uniaxial tensile tests coupled with digital image
correlation (DIC). Before tensile testing, specimens were ground with #400 SiC paper to remove
a possible oxide layer, and a stochastic speckle pattern was sprayed onto the gauge section.
Specimens were pulled using a 100kN tensile frame (MTS) at a nominal strain rate of 6 X 107%/s.

A 2D DIC system (with a single 1 Megapixel camera) was used to acquire images during tensile

) . . A
testing at 1 frame per second. The true strain at fracture was calculated according to & = lnA—° ,
f

where Ao is the initial cross-sectional area before deformation and As is the minimum area at
fracture. Ar was calculated taking into account the left, right and centre thickness of the fractured
surface (“ASTM E8M-Standard Test Methods for Tension Testing of Metallic Materials,” 2021;
Casellas et al., 2017; Hance, 2016). As presented in Table 4.2, the notches reduce the true strains
at fracture, particularly for the R0.2 geometry in the V-free steel. The increase in toughness with
vanadium-microalloying of notched specimens, using the area integral trapezoid method on true
stress-strain curves of notched specimens, has also been approximated in Table 4.2. The true
stress-strain curves of unnotched and notched V-free and V-added specimens are shown in the

Appendix A Figure A 4.1.

Table 4.2 True fracture strains and toughness (MJ/m3) approximations

V-free | V-free R1 | V-free RO.2 | V-added | V-added R1 | V-added RO.2
True Fracture Strain | 0.18 0.14 0.04 0.35 0.23 0.13
Toughness 276 84 19 409 155 99

It is important to note that as the notch gets sharper with increasing strain, the true fracture
strain becomes less meaningful, yet the fracture strains reported in Table 4.2 indicates that there
is a reduction in overall ductility introduced by the notch. As well, it is possible that any abrupt
changes in strain were not captured due to the limited resolution of performing DIC within a

notched area (Tardif and Kyriakides, 2012).

4.5.2 Micro-Digital Image Correlation
For SEM tensile testing, specimens were polished to a 50% 0.04um colloidal silica suspension-

50% ethylene glycol finish for 1.5 minutes to remove any machining effects. The specimens were
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etched with 2% Nital for 10 sec at room temperature (Zhou, 2018). The specimens were subject
to quasi in-situ interrupted tensile tests using an in-house test stage coupled with field emission
scanning electron microscopy, JEOL JSM-7000F. As a result of the factor of three decrease in grain
size from the V-added steel (1.6+£0.1um) to its V-free counterpart (4.8+0.4um), the magnification
for SEM imaging was increased by a similar amount, from 2700-3000x to 9000x so that the
micromechanisms of damage in the two steels can be visually comparable during testing. As well,
SEM imaging magnifications were selected carefully such that sufficient sites, with variable grey
scale, were available for correlation during Digital Image Correlation (DIC) computation, as
described in the following. Imaging was obtained within the centre of the specimen, ~400-500um
from the notches. This is done purposefully to avoid any potential (~25um deep) Heat Affected
Zone (HAZ) that may have developed during weDM (Choudhary et al., 2010). In this work, we
have quantified triaxiality at a more globalized scale; however, the local arrangement of
martensite islands within the ferrite matrix affects the stress-state of the material. Figure 4.2

shows the specific imaging locations of notched V-free and V-added specimen.
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Figure 4.2 SEM imaging locations on microtensile specimens (a) V-free R1.0 (b) V-free R0.2
(c) V-added R1.0, and (d) V-added R0.2. SEM Imaging locations are those used for local triaxiality
determinations in Appendix A Figure A4.2b.

4.5.3 Microstrain computation procedure
To obtain microstrain maps, the microscopic Digital Image Correlation (uDIC) method, first

developed by Kang et al. (2005), was performed using the GOM Correlate Professional ARAMIS
software package in which the von Mises equivalent strain is computed, assuming that
deformation takes place at constant volume. Mapping using the von Mises equivalent strain is
said to be correlative to the density of GNDs (Dutta et al., 2019). The software calculates the strain
through facets and the local strain is considered uniform within one facet. The facet size selection
can have a significant influence on data processing and should be optimized to obtain the best
compromise between adequate strain computation and spatial resolution, as illustrated in Figure
4.3. When the strain tensor neighbourhood (termed as computation size, in previous ARAMIS
versions) is set to 3, the virtual gauge length corresponds to two times the step size. To obtain the

local strain at the grain level, the virtual gauge length should be smaller than the average grain
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size, as shown in Figure 4.3. In other words, the step size was chosen such that on average, a
minimum of three points for local strain computation lie within an average-sized martensitic
island. The step sizes in four groups of data are set to be similar (0.22 and 0.23um) so that the
strain value is comparable between the V-free and V-added steels, as indicated in Table 4.3. A
median filter degree of 1 was applied in order to smooth strain mapping of strain hot spot

artefacts.

Figure 4.3 SEM image of the V-added steel from the uDIC experiment (a) enlarged images of the local
field (within martensite) with a size of one facet, and (b) schematic drawing of 3x3 facets. The black line
indicates the gauge length used in the calculation.

Table 4.3 Parameters of the microstrain calculations in GOM Correlate

V-free V-free R1 Végge V-added V-asi:led V-added RO.2
Represented Area (um?) 34x27 44x35 34x27 15x11 13x11 13x11
Resolution (um/pixel) 0.013 0.017 0.013 0.006 0.005 0.005
Facet x Step size (pixel) 23x17 19x13 23x17 51x39 61x43 61x43
Facet x Step size 0.31x0.23 | 0.32x0.22 | 0.31x0.22 | 0.31x0.23 | 0.31x0.22 | 0.31x0.22
(kmxpm)

4.5.4 Microstrain data post-processing

Strain partitioning at the microscopic level is determined using three different methods. These

are described in the following and summarized in Table 4.4.
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Table 4.4 DIC Method summary of quantifying strain partitioning in DP1300 steels

Number of F/M DIC Computed

Method DIC DIC number . . )
) interface scanning von Mises

No. methodology | scans/image ) . . . .
intersections orientation strain type
Area 1 - Average
Section 5 6 Horizontal Local
Line 195 204 Varied Local

Method 1 — Average Phase Strain: The average phase strain refers to the average von Mises strain

computed from the martensitic islands or ferrite patches within a given viewing area. This method
provides an indication of strain partitioning between ferrite and martensite by collecting strain
maps and quantifying the average von Mises strain (gavg) over an area imaged.

Method 2 — Local Phase Strain: A series of horizontal sections is used to quantify the local von

Mises strain (€Local) as a function of the section scan distance. This method enables us to map the
difference in strain partitioning between ferrite and martensite between the two steels.

Method 3 — Local Strain Gradient: Short line scans are drawn across many individual F/M

interfaces quantifying the local von Mises strain (€Local) at @ sub-micron scale. This is used to
guantify the strain gradient across each interface. As noted in Table 4.4, many interfacial line
scans can be obtained from each image, thus providing statistically significant data using line
scans considerably smaller in length than the sections in Method 2. The use of short line scans in
this method also enables microstrain evolution at the F/M interface to be computed at multiple
orientations.

4.5.5 Strain gradient

We use Method 3 to determine the “strain gradient” at the F/M interface, where the von Mises
strain as a function of distance is computed. As shown in Figure 4.4a, short line scans in random
orientations were drawn at F/M interfaces and the von Mises strains were recorded along the
lines as presented in Figure 4.4b for three sample line scans. Using Origin2020 the strain variation
along each line scan was fitted to the Boltzmann sigmoidal function, shown as Equation 4.1
below; line scans which did not have an adequate fit to the function were eliminated from the

analysis.
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_ _Emin ~ Emax Equation 4.1
€= A1 ecxp/dx T Emax
e = (Emax — Emin) Equation 4.2
4dx

where €’ in Equation 4.2 is the strain gradient at the F/M interface. The derivation of Equation
4.1 to Equation 4.2 is detailed in the Appendix B. The Boltzmann sigmoidal function is used to
describe transition phenomena in which the inflection point corresponds to a critical stage in
which there is a transition from one steady state to another. The strain gradients computed using
the Method 3 methodology is summarized using Weibull cumulative distribution function (CDF)
plots and histograms, achieved with Minitab 2019. As shown in Equation 4.1 and illustrated in
Figure 4.4c, the von Mises strain (€) is exported as a function of position (x). €min and €max in this
case describe the local strain in the ferrite and martensite respectively before approaching the
F/M interface. xo is the inflection point, or the nominal position of the F/M interface while dx is
the width of the transition zone (i.e the line scan length in this analysis). The A constant adjusts
the position of the inflection point with respect to the geometric location and is set to 1, thereby

positioning the transition point precisely at the F/M interface.
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Figure 4.4 Data post-processing to determine the "strain gradient" in Method 3 (a) random lines at the
F/M interface, (b) variation of microstrain along the 3 sample lines in (a), and (c) determination of the
transition point

4.6 Results and Discussion

4.6.1 Influences of vanadium on the micromechanical compatibility of ferrite and martensite
Nanoindentation tests show that the difference between the hardness of ferrite and martensite

in DP1300 is reduced in the V-added steel (Samei et al., 2019). Here, we use a modeling approach
presented in Equation 4.3, to estimate the plastic behaviour of each phase in the V-free and V-
added steels based on the Rodriguez and Guttierez method (Rodriguez and Gutierrez, 2003)
shown in Equation 4.4-Equation 4.7, used previously on different grades of DP steels (Ch.Darabi
et al.,, 2017; Rana et al.,, 2018). The ferrite in the V-added steel is strengthened by V(C,N)
nanoprecipitates. The effect is considered based on the Ashby strengthening model (Ashby, 1966)

presented in Equation 4.8.
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Oflow = 0o + 0c+ 0+ Oycn)

o,: solid solution hardening

Equation 4.3
o.: strengthening due to interstitial carbon atoms
o ¢ dislocation-based work hardening
oy (cn): Second — phase work hardening (precipitation strengthening)
0o =77 + 80%Mn + 60%Si + 80%Cr + 11%Mo + 5000%N;, Equation 4.4
ferrite: 6] = 5000 x (%Csfs Equation 4.5
martensite: o = 3065 X (%CH) — 161 Equation 4.6
—Mky&
G, =aM \/B\/l —e P
v # /er Equation 4.7
M:Taylor Factor; g Shear Modulus [MPa]; &: Burger’s vector [m]; a: constant;
K:: Recovery Rate; L: dislocation mean free path [m]
Equation 4.8

2b
Ferrite in the V — added Steel: 6 yc n) = 2KG pr/d
P

The values of each parameter are presented in Table 4.5. %N, %CLs, and %C2 are determined
using Thermo-Calc simulations and a TCFE7 database. As detailed originally by Rodriguez and
Gutierrez (2003) and subsequently in Amirmaleki et al. (2016), the strengthening effect of carbon
is different in ferrite and martensite, %Cgs, and %Cg: in wt% respectively, and therefore these
contributions have been calculated separately, 0£ and o' in MPa respectively. The derivation of
values and parameters in Equation 4.7 for DP steels are presented in Amirmaleki et al. (2016)
Moreover, Equation 4.8 accounts for additional Orowan strengthening provided by nitrogen,
%N in wt%, as it is almost fully consumed to form V(C,N) in the V-added steel. Only Orowan
strengthening of V(C,N) nanoprecipitates in ferrite was considered, V(C,N) precipitation in
martensite is scarce and therefore, negligible in the V-added material (Samei et al., 2019; Scott et
al., 2017). No tangible increase in strength to martensite is expected as a result of minor V(C,N)

nanoprecipitates. K, material constant, G, rigidity modulus, and dp, carbide diameter [nm], in
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Equation 8 are obtained from Kosaka and Funakawa (2016), and f, volume fraction of carbides,
for the V-added DP1300 is reported by Scott et al. (2017). Equation 4.8 considers the Orowan

strengthening from V(C,N) nanoprecipitates in relation to plastic strain (gp).

Table 4.5 The values of the parameters used in the modeling

Cgs Css Ngs Ngs K dp (nm) f
V-free | 0.0092 | 0.3828 | 0.002 | 0.004 - - -
V-added | 0.0081 | 0.3216 | 0.000 | 0.000 | 0.24 3.7 0.0026

Figure 4.5a shows the calculated true stress-strain curves for ferrite and martensite in the V-free
and V-added DP1300 steels. Martensite is stronger in V-free steel due to its higher carbon content;
however, in the V-added steel, a fraction of carbon is used to form V(C,N) and this leads to a softer
martensite. Ferrite is stronger in the V-added steel due to its finer grainer size and smaller
dislocation mean free path (L) and V(C,N) nanoprecipitate work hardening is more pronounced
at higher strain levels. The relationship between L and ferrite grain size is outlined in Amirmaleki
et al. (2016). As a result, as presented in Figure 4.5b, the difference between the ferrite and
martensite strength is lower in the V-added steel. This is in good agreement with nanoindentation
test results (Samei et al., 2019). Figure 4.5b shows that there is a greater decrease in microstrain
between ferrite and martensite in the V-added steel than V-free steel with increasing true plastic
strain. This correlates well with the SGP theory which states that GND pile up at the F/M interface
produces back stress strengthening in the soft ferrite phase to a similar strength of the hard

martensite phase (Li et al., 2020).
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Figure 4.5 Numerical modeling: (a) true stress-strain relationship in ferrite and martensite, and (b) flow
stress difference between ferrite and martensite in V-free and V-added DP1300 steels

4.7 Microstrain partitioning at F/M Interfaces
In this section we outline three methods for determining the degree of strain partitioning
between ferrite and martensite. The first two methods are already in common use while the third

presents a novel approach to determining the precise gradient in plastic strain at the interface

between the hard and soft phases.

4.7.1 Method 1 - Average Phase Strain
Average overall and individual phase strains collected from uDIC imaged areas shows strain

partitioning between ferrite and martensite is more pronounced in the V-free steel, as shown in
Figure 4.6. This result was obvious, as the strength mismatch has been significantly reduced as
a result of vanadium additions. Similar conclusions both from in-situ SEM tensile testing and

nanoindentation have been documented elsewhere (Samei et al., 2019).
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Figure 4.6 Average phase vs Average von Mises strain comparison between unnotched V-free and V-
added DP1300 steels. Note: Average von Mises strain refers to the average strain computed over the
imaged area.

The strain incompatibility increases linearly with strain for both steels, such that at €a=0.18, the
difference between ferrite and martensite average phase strains is 20% in the V-free steel but
only 10% in the V-added material. Imaging at multiple strain increments for the notched
specimens was much more complex and as a result insufficient average strains were computed

to report its trend.

4.7.2 Method 2 - Local Phase Strain
Figure 4.7 shows the variations of strain along 5 parallel lines in both steels and for all three test

geometries. Each horizontal section shows the variation in local strain at multiple (between 4 and
8) F/M interfaces. Accumulating the local strain data from all 5 sections on each sample, peaks
and troughs per section were segregated to determine the average of local maximum and
minimum strains as shown in Table 4.6. An average local maximum ‘peak’ strain is situated either
within the deformable ferrite phase, F/M interface or at a martensite damage initiation site,
whereas an average local minimum ‘trough’ strain is situated most predominately solely within

the harder martensitic phase.
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Table 4.6 Average local maximum ‘peak’ & minimum ‘trough’ strain computation comparison between
unnotched V-free and V-added DP1300 steels

EAvg 0.09+0.03
V-added
Specimen V-free V-free R1 | V-free R0.2 V-added | V-added R1 ;0 ze
€peak Avg local 0.14+0.1 0.12+0.10 | 0.11+0.09 | 0.16+0.07 | 0.14+0.06 | 0.06%0.02
€TroughAvglocal | 0.05£0.05 | 0.06+0.06 | 0.03+0.02 | 0.05+0.03 | 0.05+0.03 | 0.03+0.01

At €a=0.0910.03, well past yielding for both DP1300 steels, the reduced variability/standard

deviation in average local ‘peak’ to ‘trough’ strain in the V-added material for both unnotched and

notched specimens suggests that strain partitioning at the F/M interface is weakened with

vanadium-microalloying.
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Figure 4.7 Local strain variations on 5 sample lines in the unnotched (a) V-free and (b) V-added

Specimen

121



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

A series of horizontal, single-oriented DIC computed line sections gives some evidence that strain
compatibility is improved locally at the F/M interface in the V-added steel as can be qualitatively
observed in Figure 4.7 with less fluctuation in local strain in the V-added material. Additional data
for the notched specimen geometries are contained in Appendix C Figure C4.1 which further
substantiates this conclusion. The horizontal line section data suggests macroscopically that
ductility is improved with vanadium-microalloying additions, but damage, and hence the local
forming potential, of these ultrahigh strength DP steels is highly sensitive to the individual
martensitic island condition such as surface continuities, necking morphology, etc., and cannot
be explained by horizontal sections alone. Rather, more detailed data from individual F/M
interfaces is required. The fact that there is still ‘room to reveal’ damage nucleation sites in DP
steels, despite these being the first AHSS developed, with the use of strain gradient computations,

is also supported by Tang et al. (2021).

4.7.3 Method 3 - Local Strain Gradient
Approximately 200 line scans were made across individual F/M interfaces for each test

configuration and the strain gradient was calculated in each case according to the approach
outlined in Figure 4.4. The uDIC-based computational technique of line scanning at multiple
orientations across phase boundaries has also been applied to a limited degree by other
researchers (Dutta et al., 2019; Wang et al., 2017). Weibull Probability Density Functions (PDFs)
and Cumulative Distribution Functions (CDFs) are used in Method 3 to summarize the strain
gradient from these line scans. The two types of plots convey comparable information, as shown
in Table 4.7. The PDF, g(x), is the derivative of f(x), the CDF, normalized by the scale factor in a
two-parameter Weibull distribution. The CDF plots are graphed as increasing, stepwise functions,
while PDF plots are histograms. The two-parameter Weibull distribution used accounts for only
positive values of strain gradient — the strain gradient is always computed from F to M. Weibull
PDFs and CDFs have been used recently by Voyiadjis et al. (2021) to capture the heterogeneous
plastic flow in a copper alloy subjected to cylindrical nanoindentation. The shape (Weibull slope,
B) describes how the data is distributed; =3 approximates a normal distribution whereas a f=1
gives a right-skewed distribution. The scale factor, 77 is approximately at the 63rd percentile of the

data. Considering a constant [, variation in 1 either compresses (n decreased) or stretches (n
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increased) this distribution (Forbes et al., 2010; Weibull, 1951). The two-parameter Weibull
distribution equation used to fit the probability distribution functions of V-free and V-added strain

gradients using Minitab software is shown in Table 4.7.

Table 4.7 Weibull Distribution Functions

Cumulative Distribution Function Probability Density Function
_ 1 _ xB x\B-1 _ X
f(X) =1 e g(X) — E(_) e (n)
n\n
B<0 B<0, n<0,
rangeisx =0 range is 0 < x <eo

The CDF plot shows that for £a,=0.06 the F/M interface strain gradient is significantly less in the
unnotched V-added than in the V-free specimen. Ninety percent of strain gradients calculated at
the F/M interface in Figure 4.8a; are smaller in the V-added than V-free specimen (£'=0.06 vs.
€'=0.2, respectively). At eag~0.10, well past the point of yielding of both DP1300 steels, when
strain partitioning is further pronounced between ferrite and martensite as well as damage now
introduced, the strain gradient continues to be significantly less in the unnotched V-added than
V-free specimen with 90% of strain gradients calculated in Figure 4.8b1 being smaller in the V-
added than V-free specimen (£'=0.1 vs. €=0.3, respectively). This directly indicates that strain
compatibility at the F/M is improved in the V-added steel even at higher strains in which damage
is evident. The PDF plots show a significantly narrower deviation from the ‘mean’ (63 percentile)
of strain gradient in the V-added specimen. Even with an increase in average strain from €a=0.06
to €ae=0.1, the trend of the V-added material deviating much less from the ‘mean’ strain gradient
continues to be prevalent as shown in Figure 4.8a; and b, This is also reflected quantitatively in
the B and n parameters, at both average strains €az=0.06 and €aw=0.1 in Figure 4.8. The V-added
material has a steeper/larger B, and reduced n. This implies that the strain gradients between
ferrite and martensite in the V-added material are overall lower and there’s a narrower

distribution of these strain gradients in comparison to the V-free material.

With the addition of a slight notch (R1) to the specimen design, vanadium-microalloying
continues to be significant in reducing the strain gradient at the F/M interface. At gag=0.1, within

the post-uniform elongation regime, leading to full fracture, of both ultrahigh strength notched
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R1 steels, the CDF plot again shows that the majority of strain gradients calculated, as shown in
Appendix C Figure C4.2a; is still less in the V-added than in the V-free R1 specimen (g=0.1 vs.
£'=0.8, respectively). The PDF plot in Appendix C Figure C4.2(a;), continues to show a tight spread
from the ‘mean’ strain gradient in the V-added material, steeper/larger B, and smaller n, even
with an added notch to the specimen design. There is approximately double an increase in scale
(n) in strain gradient when comparing to the unnotched V-free (n=0.1-0.2 in Figure 4.8a,,b>), and
V-free R1 (n=0.4 in Appendix C Figure C4.2a;) specimen at an ga=0.11. It was expected that at a
higher stress-state from the applied notches, there would be a decrease in deviation from a
‘mean’ strain gradient. However, there could be stress localized influences from the martensite
island arrangement in the specific images used for microstrain mapping as suggested by multiple

sources (Amirmaleki et al., 2016; Hasegawa et al., 2004; He et al., 1984; Scott et al., 2018).
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Figure 4.8 Boltzmann-Sigmodial fitted Weibull distribution plots (Cumulative, left plots f(x); Probability
Density, right plots g(x)) comparing unnotched V-free, V-added specimens at €a,=0.06 (a1,2),

and at €ay=0.10 (b1,,)
With a severe notch (R0.2), vanadium-microalloying continues to play a significant role in
reducing the strain gradient locally at the F/M interface. At €az=0.06, close to full fracture of the
V-free R0.2 specimen and within the post-uniform regime of the V-added R0.2 specimen, the CDF
plot in Appendix C Figure C4.2 b; shows that the strain gradient is significantly less in the V-added
than V-free R0.2 specimen, with the majority strain gradients being €=0.05 and £=0.4,

respectively. The PDF plot Appendix C Figure C4.2 b, again shows a narrow spread from the
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‘mean’ strain gradient in the V-added material and this is also captured from the steeper/larger

B, and smaller n than V-free material at the higher triaxial state.

The greater variability in strain gradients observed at the F/M interface is the most probable
reason for earlier fracture in the unnotched V-free microtensile specimen, considering F/M
decohesion is the dominant mechanism of damage in DP steels (Matsuno et al., 2015; Samei et
al.,, 2014; Tasan et al., 2014). This was seen using Method 3 that the local von Mises strain
computed from numerous, randomly oriented lines projected across F/M regions. This novel
approach to defining the strain gradient experimentally and with statistical significance using DIC
enables a connection between the UFG scale local strain distribution with the atomic strain
distribution (Ghadbeigi et al., 2010), as well as inferring information about dislocation
interactions upon straining at the sub-micron level on a series of DP and Interstitial-Free (IF) steels
was modelled by Carvalho Resende et al. (2013). The application of in-situ tensile testing under a
Transmission Electron Microscope (TEM) to observe the motion of dislocations has been done by
previous researchers, on DP (Chen et al., 2020), TRIP (Liu et al., 2017), and pipeline steels (Zhong
et al., 2006). The coupling of dislocation-based modelling proposed by Carvalho Resende et al.
(2013) and in-situ TEM tensile testing performed by Chen et al. (2020) on DP steels could enable
the modelling of severe strain gradients (i.e. a strain differential captured along a nanoscale

distance) to be adequately modelled.

Although a reduced strain gradient at the F/M interface in a V-added DP steel makes interfacial
decohesion less likely, as shown with Method 3, the V-added material still exhibits classical DP
steel micromechanisms of damage, including: martensite cracking mode | and Il. Some may also
argue that nanoindentation may provide similar results; however, as mentioned by Rodriguez and
Gutierrez (2003) nanoindentation is a surface sensitive technique in which the interfacial surface
roughness between two grains/phases does not allow for correct interpretation of the data. This
is more critical with UFG sizes such as in V-added DP1300 steels. This novel strain gradient uDIC-
computational technique provides a means to capture the differences in strain partitioning

directly at the F/M interface.
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Figure 4.9: Micromechanisms of damage in unnotched V-free and V-added specimen (Top) selected
locations for tracking evolutions of damage, and (Below) SEM images revealing micro-event
development.

(MC refers to Martensite Cracking ; IC refers to Interfacial Cracking)
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Figure 4.10: Development of local damage in the microstructure of unnotched (a) V-free, (b) V-added
specimens

(MC refers to Martensite Cracking; IC refers to Interfacial Cracking)
4.8 Microstructural damage

4.8.1 Evolution of localized damage
The development of local damage events involving martensite cracking and F/M interfacial

cracking was captured qualitatively through FESEM imaging and quantitatively with the use of DIC
line scanning in the for unnotched and notched V-free and V-added R1 specimens. Figure 4.9
shows the nucleation and growth of microstructural damage through FESEM imaging while Figure
4.10 details the evolution of local von Mises strain just before martensite or interfacial cracking
of the unnotched V-free and V-added specimens. Microstructural damage and the evolution of
local von Mises strain just before martensite or interfacial cracking of the notched V-free and V-
added R1 specimen is shown in Appendix D Figure D4.1 and Appendix E Figure E 4.1, respectively.
As indicated in Table 4.2, the true strain at fracture in the R0.2 specimens was too low to capture

the evolution of damage before fracture occurred.

There are three types of damage development processes that are observed during the quasi in-
situ tensile tests: martensite cracking occurring transverse to the loading direction (modes 1), or

at some angle to the loading direction induced by shear localization (mode Il), and F/M interfacial
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void growth within ferrite due to the decohesion (Landron et al., 2010; Samei et al., 2014). Each
is observed in both steels. In Figure 4.9, V-free, at site a (a1-6), martensite cracking occurs gradually
in shear (mode II) then grows in the adjacent ferrite while propagating along the F/M interface.
In Figure 4.9, V-free, at site b (b1-¢), martensite cracking occurs perpendicular to the tensile pulling
direction (mode ). Figure 4.9, V-free, at site c (ci-¢), is another example of martensite cracking in
shear (mode Il). Figure 4.9, V-added, at sites d (d1-6) and e (e1-s), F/M decohesion occurs between
two martensite islands of close proximity. Examples of ductile and brittle martensite cracking
(mode 1) is shown in Figure 4.9, V-added, at site f (f1-6) and at site g (g1-s) of one martensiticisland,

respectively.

The types of damage development processes observed in the unnotched V-free and V-added
specimen were also observed during in-situ tensile testing of notched R1 specimen. Consistent
with the observations seen in Figure 4.9 V-added at site d (di6), Appendix D Figure D4.1, V-free
R1 at site a (a1-s) shows F/M decohesion between two martensite islands. However, instead of
damage expanding laterally in ferrite with increasing €avs (as seen in the void behaviour of Figure
4.9 V-added at site d (d1.6)) damage propagates in shear within the ferrite with increasing eay and
not along the F/M interface, the typical mode of damage propagation in DP steels. Appendix D
Figure D4.1, V-free R1, at site b (b1-s) is another instance in which F/M interfacial decohesion
occurred, and damage continues to propagate through martensitic islands. By way of contrast, in
Appendix D Figure D4.1, V-free R1 at site c (ci5) we observe martensite shearing (mode II).
Appendix D Figure D4.1, V-added R1, at site d (di-s) shows decohesion along the V(C,N)
nanoprecipitate/F interface. This is the desired micromechanism of damage alternative to F/M
decohesion as described in Scott et al. (2017) as a result of enhanced vanadium-microalloying.
Appendix D Figure D4.1, V-added R1 at site e (e1-5) reveals martensite cracking (mode |) at the
surface discontinuity “hole” in the martensitic island. Similarly, Appendix D Figure D4.1, V-added
R1 at site f (fi-s) shows substantial deformation in the tail end of a small martensitic island

eventually followed by martensite cracking in shear (mode Il).

Local von Mises strains were captured from a series of line scans at multiple orientations on
various martensitic islands showing full strain mapping coverage just before damage developed,

i.e. region of uncorrelation within the area of interest. This analysis was performed on several
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locations from unnotched specimens in Figure 4.10 and notched R1 specimens in Appendix E
Figure E 4.1 which showed sufficient correlation at high strains. The line scans with different
orientations, shown in Figure 4.10aA and Figure 4.10aB, show examples of two different
micromechanisms of damage. In Figure 4.10aA, also referenced in Figure 4.9 site a (ai-), the al
line scan shows severe martensite cracking at a €.0c120.9, whereas in a different orientation, the
a2 line scan shows F/M decohesion at a €10ca20.2. In Figure 4.10aB, the b1l line scan shows
martensite cracking in shear at 45° to the tensile direction, at the surface discontinuity/stress
concentrator, and the b2 line scan shows F/M interface decohesion at a €16ca20.3. Figure 4.10aC,
also referenced in Figure 4.9 site b(bi-s), shows a martensitic island cracking perpendicular to the

loading direction indicating brittle fracture at €10c220.6 with the c1 line scan.

In the unnotched V-added material, Figure 4.10bA, both ductile (al line scan) and brittle (a2 line
scan) martensite cracking characteristics are observed in one martensitic island. This is the same
location referenced in Figure 4.9 site f (f1-6) and site g (g1-6). The al line scan shows significant
necking with ductile-like micro-fracture at €10ca>0.85, while the a2 line scan shows brittle-type
micro-fracture at €10ca>0.7, both occurring in the thinnest portions of the one martensitic island.
Rather in Figure 4.10bB, also referenced in Figure 4.9 site e (e1-6); shear fracture of a martensitic
island is seemingly shown; however, this is an instance of F/M decohesion between two
martensite islands (the separation of both martensitic islands is outlined in black in Figure 4.10bB)
situated within a few nanometers of each other. This is a similar instance to what was observed
in Figure 4.9 site d (di-6); yet, Figure 4.10bB shows two martensite islands much closer together,
and may have once been a single martensite island prior to the steel finishing processes, or as a
result of ‘quenching flaws’ (He et al., 1984). This could suggest that there is a threshold in spacing

between martensite islands in which void growth in ferrite can be accommodated.

In Appendix E Figure E 4.1aA, the notched V-free R1 specimen, ductile martensite cracking was
observed. The al line scan shows gradual micro-necking of the thinnest portion within a
martensitic island, with complete cracking of this island occurring at a €10ca20.9. In Appendix E
Figure E 4.1aB, also referenced in Appendix D Figure D4.1 site b (bi1-s), the bl line scan shows

severe interfacial cracking between ferrite and martensite. A significant difference in greyscale
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contrast due to the interfacial crack was observed from ga=0.108 to €a=0.167 which in turn
resulted in poor DIC strain correlation/mapping coverage at an €a=0.167 directly in the F/M
interfacial cracked location. Therefore, damage will have had nucleated in this region at a
€10cai20.45. In Appendix E Figure E 4.1aC, similar to Figure 4.10bB, shows the separation of two
martensitic islands within nanometers of each other. Kadkhodapour et al. (2011) and Cheloee
Darabi et al. (2020) also pointed out the deformation localization of ferrite between two
martensite islands in lower strength DP steels (800-980MPa) than presented in this paper. They
specifically attribute the eventual void formation in the ferrite between martensite islands due to
the local high stress triaxiality (Cheloee Darabi et al., 2020; Kadkhodapour et al., 2011; Rana et
al., 2018).

In the case of the notched V-added R1 notched specimen, Appendix E Figure E 4.1bA shows
martensite cracking seemingly out of plane having been promoted by a surface discontinuity
“hole” in the martensite island similar to what was observed in Figure 4.10aB. Damage nucleated
readily during uniaxial tensile straining at €a20.083 and €10ca20.14 at this particular site.
Appendix E Figure E 4.1bB indicates a martensitic island which shows zero to little local
deformation at a high strain of €a,=0.182, the smooth curvature of the martensite island is
presumed to be the reason for its suppressed local deformation. Rather, interfacial cracking of
either side of this martensitic island was observed at an €10c20.28. Appendix E Figure E 4.1bC,
brittle-like martensite cracking occurs at €10cai20.1.

4.8.2 X-ray computed tomography analysis of damage
Once damage is introduced at high strains, strain correlation is less likely to be captured via DIC

computation. This 2D investigation of damage is supplemented with 3D characterization of
damage evolution using uXCT. Examining voids at the surface of the material is not fully indicative
of void nucleation and coalescence within the bulk, for reasons detailed by Salvo et al. (2003).
Figure 4.11 shows the radiographs and uXCT models of the fractured V-free and V-added
specimens. The red pixels on the uXCT models present microstructural damage including
martensite cracking, interfacial voids, and micro-cracks. The fracture surfaces consist of local
ductile and shear type fractures, the specific influence of vanadium on fracture surfaces of these

steels was discussed elsewhere (Samei et al., 2019). Ductile fracture is based on void nucleation
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and growth which eventually form micro-cracks due to void coalescence and leads to fracture.
Shear fractures occur due to development of micro-shear bands. As well, the Rice and Tracey
model (Rice and Tracey, 1969) with an isolated void analysis, using a non-hardening material,
developed a relationship between void growth and stress triaxiality. They incorporate a
multiplication factor, D, to account for the dilation of voids, which they make proportional to
triaxiality. The dilation of voids presented a greater impact on ductile damage than any changes
in void shape at higher stress triaxialities, or at a high mean stress. The growth rate of voids as a
function of triaxiality has also been modelled of thus steels previously (Samei et al., 2020). It was

found that vanadium-microalloying reduced the rate of damage evolution and void growth.

There are noticeable amounts of voids in the unnotched specimens up to 0.2mm below the
fracture surfaces; however, in the notched specimens, most of the damage exists below the
fracture surface. It can be concluded that fracture occurred in the notched specimens as soon as
damage accumulated at the center due to the higher stress-state and therefore, significantly
reduced the damage tolerance of the steels. This further explains the decrease in true strain at

fracture of the notched specimen reported in Table 4.2.

V-free V-added

Unnotche

R1
n I to d

R0.2

Figure 4.11 Radiographs and puXCT models of the V-free and V-added fractured specimens: the red pixels
in the 3D models represents the microstructural damage such as voids and micro-cracks
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We have previously used uXCT to quantify microstructural damage evolution as a function of true
strain in a wide range of alloys (Nemcko et al., 2016; Samei et al., 2020, 2019); however, in the
current work, due to the short gauge lengths and existence of the notches, we could not
accurately determine the macroscopic true strain along the gauge area. Nevertheless, as
presented in Figure 4.12, we have quantified the distribution of void size up to about 400um
below the top of the fracture surfaces. If the first local peaks at 1.0-1.2um are ignored (which are
at the resolution limit and prone to noise), we can say that the size histograms follow a normal
distribution. The first peak at the left side can be associated with the F/M interfacial voids which
nucleate due to severe decohesion during post-uniform elongation. As fracture occurs soon after
initiation of those voids, they have not had the chance to grow (void growth is a strain-dependent

phenomenon); and therefore, lead to the local peaks.

Note that the average void size in the V-free steels are higher than the V-added steels due to
larger grain size. Also, the average void size is reduced from the unnotched to R1 and R0.2

specimen as these specimens fractured at lower strains levels.

133



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

Unnotched V-added Unnotched V-free

8000 Avg Void Size: 1.92um 14000 Avg Void Size: 2.35um
£ o StDev: 0.63 - StDev: 0.54
3 poe E
(&) :os Sh
|| o
- = inal I|. @
1=
V-added R1
16000 V-free R1
L4000 Avg Void Size: 1.87uym 12000 Avg Void Size: 2.19um
12000 StDev: 0.48 10000 StDev: 0.53
E - : 0.
3 £ -
(&) 8 4000
I-__ v 200 (e)
a i e e g e, !Tt ey
V- R0.2
o000 added RO - V-free R0.2
Avg Void Size: 1.71um 12000 Avg Void Size: 1.84um
10000
"E StDev: 0.39 o StDev: 0.47
g g 6000
o I 8
o -

Figure 4.12 Void size distribution in V-added (a) unnotched, (b) R1, (c) R0.2, and V-free (d) unnotched, (e)
R1, (f) RO.2 Specimens

4.9 Conclusions

Three different uDIC-based computational techniques were used to define microstrain
partitioning between ferrite and martensite. Method 1 is the conventional method of defining
strain partitioning based on the average von Mises strain, and average phase strains of ferrite and
martensite within the imaged area are quantified. Method 2 is another conventional uDIC-based
computational technique, which uses a series of section scans to determine the local strain as a
function of section scan length. Although Method 2 does provide multiple opportunities for local
strain quantification at the F/M interface, the sections made are typically of one orientation, as is
in accordance with conventional DIC computational procedures. It was seen that making focused,

multi-oriented line scans on one martensite island can lead to different results in terms of strain
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partitioning and the micromechanism of damage it experiences. Method 3 quantifies a new
parameter called the “strain gradient” in which the change in strain from ferrite to martensite at
the interface is calculated using the Boltzmann-Sigmoidal function. This approach confirms that
vanadium-microalloying plays a significant role by improving the micromechanical compatibility
between ferrite and martensite directly at the interface. This work was repeated on specimen
with either a shallow 1mm (R1) notch radius or a severe 0.2mm (R0.2) notch radius. Regardless
of this imposed increase in stress-state through specimen design, the strain gradient at the F/M
interface in the V-added steel continued to show a more homogenized strain distribution, most
importantly at the F/M interface, in the V-added material. Method 3 offers a novel approach to
qguantifying microstrain partitioning between ferrite and martensite in DP steels, thereby
determining the local forming potential of the microstructure with statistical confidence. In other
words, Methods 1 and 2 are preferred approaches to defining microstrain partitioning when the
global ductility of the material is of importance, i.e. deforming a large portion of a material
simultaneously, rather than local ductility, i.e. subjecting the material to a concentrated load.
Furthermore, Method 3 provides the opportunity for adequate modelling of F/M decohesion

severity in DP steels.

To complete the understanding that vanadium-microalloying reduces the strain gradient at the
F/M interface, and therefore suppresses damage to achieve high true strains to fracture, the
micromechanisms of damage were tracked using high resolution SEM imaging and 3D
characterization of damage evolution was achieved with uXCT. We found that fracture occurs
based on void nucleation and growth which begins at the center of the specimens. Extensive
damage was found at up to 0.2mm below the fracture surfaces in the unnotched specimens;
however, uXCT captured the majority of voids just below the fracture surface which indicates that
earlier fracture occurred in the notched specimens as soon as small amounts of microstructural
damage accumulated in the center. This was quantitatively confirmed in the void size histograms.
The average void size was smaller in R1 compared to the unnotched specimens, and the smallest
in the RO.2 specimens due to reduction of the true strain at fracture strain since void growth is a

strain-dependant phenomenon.
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4.12 Appendices

4.12.1 Appendix A: Finite Element Estimation of Stress Triaxiality in Notched Tensile Specimen
Based on the approach outlined in Section 4.3, Figure A 4.1 shows the approximated true stress

versus true plastic strain data extrapolated to a plastic strain past each specimen’s true strain at
fracture using the Voce-Linear hardening model. For this work, we focus predominately on
microscopic deformation and therefore smoothening of the experimental macro-DIC-acquired,
directly at the center of specimen notches, has been applied to reduce any dramatic fluctuations
seen in stress-strain behavior. This was done in order to simplify the analysis and merely highlight
the significant differences in flow between the unnotched and notched specimen. The virtual
extensometer drawn for the DIC computation of notched specimen was placed in the centre of
the notches and did not extend past 0.5mm for each of the notched R1 and R0.2 specimen tested.
It is worth noting that, in general, computing the stress-strain curves of notched specimen is not

reliable due to the non-uniform deformation in both the x and y axis.

o= o0y +q*(1—e™!)+hxgy Equation A 4.1
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Figure A 4.1: In ABAQUS simulations, the true stress-strain curves were extrapolated past the true strain
at fracture for each notched specimen. MATLAB fitted parameters to Equation A 4.1(a). True stress-
plastic strain inputs of V-free and V-added notched specimen (b).

(exp refers to experimentally determined uniaxial tensile testing data; mod refers to modelled data from
MATLAB)

147



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

A finite element model was developed using eight-node, linear brick, continuum elements
(C3D8R) with reduced integration and hourglass control. Global triaxiality outputs were obtained
from the centre of the specimen, whereas the local triaxiality outputs were obtained from
centroids of the imaging locations detailed in Figure 4.2. To obtain the local triaxiality of the area
images the centroid of 4 joined elements were averaged, sampling a volume of 5x10~* mm?3. The
intent of this work is to capture microstrain gradients and the micromechanisms of damage in V-
free and V-added unnotched and notched specimen, rather than their differences in plastic
behavior. Advanced methods to identify the strain hardening behaviors of non-uniformly
deforming specimen will be implemented in a future study, such as those employed elsewhere

(Denys et al., 2016; Lou et al., 2020; Tardif and Kyriakides, 2012; Zhang et al., 2019).
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Figure A4.2 Global triaxiality (a) and local triaxiality (b) as a function of plastic strain. The quantified
average Global and Local triaxiality of notched V-free and V-added specimen (c)

4.12.2 Appendix B: Determination of Strain Gradient Parameters

— _®min~ €max .
€= (x—xo)/ + €max Equatlon B4.1
A+e dx

We now assign B = &min — Emax and substituting A= 1, we can determine the strain gradient &'

1 (x=x0),

o B/ axe dx Equation B4.2
( (x=x0) )2
e X
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(x-%o)
L =B Yge %/ ax

= . Equation B4.3
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. (x—xo)/ 0
As x approaches x, we find that e dx ~e”~1 and so

r = BCY 40 BMax) | emin— Emax Equation B4.4
T@a+2+(0)?2) T @) | (4dx)
Therefore,
I— €min~ €max E t B4.5
g'=—mi e guation

4.12.3 Appendix C: Assessment of Strain Variation Using Methods 2 and 3
The table below contains additional line scans based on method 2 for the two notched

geometries.
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Figure C4.1 Local strain variations on 5 sample lines for the notched (a) V-free, (b) V-added R1 and
(c) V-free, (d) V-added R0O.2 specimens
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4.12.4 Appendix D: Evolution of local von Mises strain in notched specimens
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Figure D4.1: Micromechanisms of damage in notched V-free and V-added R1 specimen (Top) selected
locations for tracking evolutions of damage, and (Below) SEM images revealing micro-event
development

(MC refers to Martensite Cracking; IC refers to Interfacial Cracking)
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4.12.5 Appendix E: Evolution of Localized Damage in Notched Specimens
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Figure E 4.1: Development of local damage in the microstructures of notched (a) V-free R1, and (b) V-

added R1.
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5.1 Abstract

The coupling of multiple advanced characterization techniques performed on a Fe-0.2C-3.4Mn-
1.6Si, austenitic-martensitic, Quench and Partition steel (Q&P) with ultrahigh strength (~1.5 GPa)
microscopically explains its high true strain at fracture (&f) and superior toughness. The benefits
of Transformation Induced Plasticity assistance in Third Generation (3G) steel microstructures
have been deduced by comparing the behavior of this Q&P steel to that of a Dual Phase (DP) steel
of similar strength and grain size. More precisely, by using a novel Digital Image Correlation (DIC)-
based computation technique, introduced by Pelligra et al. (2022), we have shown that the local
strain gradient at dissimilar phase interfaces, linked to the evolution of Geometrically Necessary
Dislocations, increases more slowly in the Q&P steel than in the DP steel, and as a result enables
the steel to achieve a high €. Detailed studies of the micromechanical compatibility between
phases and dynamic evolution of damage in this Q&P steel have been obtained through quasi in-
situ tensile tests conducted under a Field Emission Scanning Electron Microscope coupled with
Digital Image Correlation at the microscopic scale. Additionally, void evolution with strain was
evaluated using X-ray Computed microtomography while the TRIP kinetics were determined via
High Energy X-ray Diffraction. This ultrahigh strength Q&P steel shows an improvement in the
micromechanical compatibility, as co-deformation and micro-shearing of dissimilar phases were
observed. Despite advances made in the literature to improve the formability of 3G DP steels,
these critical microstructural properties render the application of Q&P processes to 3G steels a
more suitable manufacturing route in the development of future anti-intrusion and impact

resistance components in vehicle body structures.
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5.2 Introduction

The development of thin, strong automotive steel sheets for improved fuel economy and reduced
green house gas emissions was initially motivated by the oil crisis in 1974. Dual Phase (DP) steels
were the first of the Advanced High Strength steel (AHSS) family to be commercialized and
compete with Body-in-White (BIW) frames constructed fully from light weight aluminum
(Fonstein, 2015). Up to today, the critical limitation of DP steels arises from their poor damage
tolerance properties (e.g. poor stretch flangeability, as indicated by weak Hole Expansion Ratios
(HERs)). This is the result of a strong microstrain differential between ferrite and martensite.
Multiple researchers have shown that the HER of DP steels is inferior to every other AHSS
microstructure (Casellas et al., 2017; Chen et al., 2014; Hance et al., 2013; Scott et al., 2018).
Despite this, research investigations are still being made to improve the damage tolerance and
expand the usage of DP steels as a result of their robust thermomechanical processing (Scott et
al., 2017; Tasan et al., 2015). Without reducing steel strength, Scott et al. (2017) documented a
15 % increase in HER with vanadium-microalloying in a 3G DP steel. They attribute this
improvement in damage tolerance to a 32 % reduction in the ferrite: martensite Phase Strength
Ratio (PSR), which decreases the frequency of ferrite/martensite (F/M) decohesion at high strains.
At the micro-level, Samei et al. (2019), then Pelligra et al. (2022) found that increasing the content
of vanadium in an Ultra-Fine Grained DP steel, with an ultimate tensile strength (UTS) of 1300
MPa, (UFG DP1300), resulted in microstructural homogenization, reduced microstrain
partitioning between phases, and delayed fracture. On the other hand, a more significant amount
of research has been devoted to developing Transformation-Induced Plasticity (TRIP) steels that
promote dynamic dislocation strengthening using the retained austenite (y)-to-martensite
transformation at room temperature. These materials show the potential to improve passenger
safety with their high toughness (Celada-Casero et al., 2022; Fonstein, 2015; Jacques et al., 2001;
Soleimani et al.,, 2020). TRIP-assisted steels are advantageous to DP steels because of their
improved work hardening (Celada-Casero et al., 2022; Soleimani et al., 2020) and inherent
micromechanical compatibility between phases (Dong et al., 2022). Liu et al. (2017) Liu et al.
(2017) observed, through in-situ Transmission Electron Microscope (TEM) tensile testing, that the

local damage accumulation in a TRIP steel is reduced because of strain being accommodated by
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the gliding of partial dislocations on two independent slip planes during the transformation.
Moreover, the tendency of y to undergo TRIP during deformation, i.e. transform from y-to-
martensite under an applied load, or to exhibit Twinning-Induced Plasticity (TWIP), has been
crucial in manipulating the Stacking Fault Energy (SFE), and hence the strength-elongation ratio
of second generation (2G) AHSSs and third generation (3G) AHSSs thereafter (Qin and Bhadeshia,
2007; Soleimani et al., 2020). In contrast to the phase transformation associated with TRIP, TWIP
refers to the development of a mechanically induced domain crystal inside a parent y particle,
which shares the same lattice points but in mirrored symmetry (Wang and Zhang, 2016). More
importantly, 3G TRIP-assisted steels generally have fewer alloying elements than conventional
TRIP steels (Findley et al., 2017) making them more likely to being commercialized. Quench and
Partition (Q&P) steels are an example of 3G TRIP-assisted AHSSs which utilize a heat treatment to
partially stabilize y through the use of carbon partitioning combined with a considerable amount
of Si to inhibit cementite precipitation (Ghosh et al., 2022). The use of quenching and partitioning
was first introduced by Speer et al. (2003). This complex manufacturing technique was proposed
on the basis that only carbon can diffuse sufficiently rapidly beyond unit cell dimensions below
the intercritical annealing regime, termed Constrained Para-Equilibrium (CPE) (Speer et al., 2005).
Ultimately, Q&P steels allow cold forming of automotive components which is not possible with
conventional high strength steels of comparable strength levels (De et al., 2003). Steels prepared
with the quenching and partitioning approach to retain austenite result in refined microstructures
with elevated strengths (Speer et al., 2005) and improved elongations, compared to their Quench
& Temper (Q&T) counterparts (Barella et al., 2023; Tobata et al., 2012). These steels are first either
fully austenitized or intercritically annealed, then subjected to an intermediate quench between
the martensite start (Ms) and martensite finish (M¢) temperatures and held at such temperature
(for 1-step Q&P) or above the Ms temperature (for 2-step Q&P) (Barella et al., 2023; Kong et al.,
2017). In general, the commercialization of 3G TRIP-assisted steels is promising for future anti-
intrusion (De Moor et al., 2010) and hot stamping applications (Savic et al., 2020) while meeting
the increasing demands for vehicle mass reduction. Comparatively, DP steels used to date are for
front-end applications and exterior panels (De Moor et al., 2010). Ultimately, it is predicted that

there’s a potential of 30-40 % in weight reduction with the use of 3G AHSSs which range from
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1300 to 1500 MPa in strength (De Cooman et al., 2012). Savic et al. (2020) compared baseline
mechanical properties (Yield Strength (YS), Uniform Elongation (UE), UTS and Total Elongation
(TE)) of several >1 GPa, specifically 1180 MPa, AHSSs, one of which was a Q&P steel. The benefits
in applying Q&P processes to AHSSs can be noted from Savic et al.'s (2020) work, in which their
Q&P steel of interest approaches 3G mechanical targets (~26,000 MPa%) with the least strain rate
dependence, whilst also maintaining an ultrahigh YS (~1120 MPa). A high YS is advantageous for
anti-intrusion applications, especially compared to the other 3G Carbide-Free bainitic (CFB) TRIP
steels featured in their study. This is in tandem to the Q&P steel grade featured in this paper,
further discussed in sections 5.3.2 and 5.8.1, in which 3G mechanical properties are approached,
and a high YS is maintained. That being said, Q&P processes have been recently applied to
improve the ductility of press hardenable steels (PHS)(Liu et al., 2011; Lobbe et al., 2016),
martensitic stainless steels (Samei et al., 2021), ductile cast irons (Nishikawa et al., 2019) and
Medium Mn (med-Mn) steels (Hidalgo et al., 2019; Seo et al., 2017). The dynamic assessment of
microstrain partitioning and damage through in-situ Scanning Electron Microscope (SEM) tensile
testing coupled with Digital Image Correlation (DIC), now referred to a uDIC, was first introduced
by Kang et al. (2005)and applied to an abundance of automotive steels at lower strengths than
this ultrahigh strength Q&P steel of the present study (Ruggles et al., 2016; Tang et al., 2021;
Tasan et al., 2014; Yan et al., 2015). The differences in strain partitioning between phases, and
damage evolution of a DP and TRIP-assisted Bainitic-Ferritic (TBF) steel of the same strength (980
MPa) were compared by Ruggles et al. (2016). Microstrain maps processed by DIC of this DP steel
showed a patchwork type strain pattern, while the TBF steel showed pronounced shear banding
suggesting plastic compatibility between phases and therefore, enhanced ductility.
Quantitatively, the local strains surrounding the hard phases were 5x higher in the DP than the
TBF steel at failure (Ruggles et al., 2016). The present paper offers the same sort of comparison
to Ref. (Ruggles et al., 2016) in which differences in microstrain partitioning are evaluated;
however, at a higher DIC computation resolution than of that published elsewhere (Kang et al.,
2007, 2005; Pelligra et al., 2022; Ruggles et al., 2016; Tang et al., 2021). Furthermore, it was
suggested through in-situ tensile testing coupled with Electron Backscatter Diffraction (EBSD) of

a commercial Q&P steel, with an ultimate tensile strength (UTS) of 980MPa, (QP980), that there
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is a critical blocky y size in which compatible deformation with ferrite was possible (Salehiyan,
2018). Blocky y greater than such a threshold size would crack, but its low volume fraction within
the steel did not seem to cause detrimental effects to overall composite flow (Samei et al., 2019).
This was proven with the use of X-ray computed microtomography (uXCT), in which this QP980
steel, with a ferrite grain size of 4.9um, showed significantly slower damage evolution compared
to an UFG DP1300 steel. The authors attributed this slower damage evolution to the possibility
of TRIP-assisted deformation in Q&P steels (Samei et al., 2020). Wang et al. (2017) assessed the
impact of martensite morphology on damage evolution while experimenting on a predominately
martensitic, TRIP-assisted steel, of similar strength to the Q&P steel detailed in the present paper.
They observed, using uDIC on post-processed EBSD maps acquired at different levels of strain,
that damage initiated, in the form of micro-cracking at tempered martensite (TM)/coarse
martensite phase boundaries. Strain localization in a band-form due to rectangular shaped, high
angled, and coarse martensitic islands was observed as more severe than strain localization in the
form of dispersed spots throughout the microstructure. With the coupling of Atom Probe
Tomography (APT) and TEM, Toji et al. (2014) noted that increasing partitioning time would
increase Mn to partition into y and impact the overall macroscopic mechanical behavior of a high
strength Q&P steel. Overall, a lot of research to date has been focused on manipulating the Q&P
process such as varying Si or Mn content (Ghosh et al.,, 2022; Qin and Bhadeshia, 2007),
microalloying (Findley et al., 2017) or applying cyclic Q&P treatments to attain desired
microstructural properties with high y volume fraction for continuous work hardening (Hidalgo et
al., 2019). However, the micromechanisms of damage that prompts fracture in these ultrahigh
strength TRIP-assisted steels has yet to be explored in significant detail. More importantly, the =
3 % volume change associated with TRIP (Parker and Zackay, 1973) is thought to hinder micro-
void nucleation (Jacques et al., 2001; Samei et al., 2020), but this has not been thoroughly
investigated. Edge cracking resistance, sometimes described as a material’s local formability or
damage tolerance (Frometa et al., 2021, 2019b; Hance, 2016; Larour et al., 2017), has been
observed to be poor in first generation (1G) and 3G Q&P steels relative to DP steels. Samei et al.
(2020) speculated that this is likely due to the lower carbon content in martensite, otherwise

known as the TM, within Q&P steels.
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Alternatively, Frometa et al. (2021), in testing Double-Edge-Notched-Tensile (DENT) specimens of
a series of 1G and 3G steels, speculated that the carbon-depleted martensite (or TM) increases
the steel’s cracking resistance while TRIP reduces cracking resistance in a 3G Q&P steel. Moreover,
Samei et al. (2020) showed an improvement of damage tolerance in a TRIP-assisted
microstructure by comparing a 1G DP steel to a TRIP steel of similar strength and grain size. They
found that, along with a lower damage evolution rate, the TRIP-assisted microstructure also
tolerated ~2x more damage at fracture in comparison to the 1G DP steel. Although these sources
are contradictory, globally amongst steel researchers it is understood that optimized
microstructural design will delay fracture, and it is therefore, necessary to incorporate
microstructural features, including microstrain partitioning amongst phases, in fracture modelling
(Celada-Casero et al., 2022; Maire et al., 2012). The objective of the present study is to determine
the extent to which improved microstructural strain accommodation amongst phases, as a result
of the TRIP effect, acts to suppress damage and delay localized fracture in an ultrahigh strength
(1.5 GPa) austenitic-martensitic Q&P steel. We first accomplish this with a detailed
microstructural characterization of this ultrahigh strength Q&P steel, followed by a thorough
comparison of this steel to a DP counterpart of similar strength and grain size. This comparative
study has been done to further our understanding of the benefits that TRIP-assistance has in 3G
steel microstructures. Quasi in-situ FESEM tensile testing coupled with DIC, as well as uXCT were
used to evaluate the microstrain partitioning amongst phases and to capture damage evolution,
respectively. A more detailed investigation of the evolution of Geometrically Necessary
Dislocations (GNDs) with increasing applied strain was undertaken with the use of a novel uDIC-
based computational technique (Pelligra et al., 2022). TRIP kinetics of this ultrahigh strength Q&P
steel were determined using High Energy X-ray Diffraction (HE-XRD) as the steel was quasi-
statically strained. Ultimately, this paper provides microstructural reasoning as to why this
ultrahigh strength Q&P steel can be a suitable candidate for automotive components which

require supreme crashworthiness.
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5.3 Materials and Methods

5.3.1 Material
The subject material is a two-phase, 16 + 3 vol% austenitic-balance martensitic Q&P sheet steel,

having an UTS of 1500 MPa, (QP1500) and total elongation (TE) of 14 %. This ultrahigh strength
Q&P steel was homogenized after casting at 1250°C, then hot rolled from a start temperature of
1250 °C to a finishing temperature of 900°C to achieve a final thickness of 4 mm. The steel was
then coiled at 650°C, pickled at 85°C and cold rolled to a final thickness of 1 mm. After cold rolling
the Q&P process was performed on the steel during which it was austenitized at 820°C (above
the Acs), then quenched to 180°C, and partitioned at 400°C for 100s. This steel is similar to that
used by Park et al. (2019) in the development of crystal plasticity models in which this Q&P steel
was produced in lab heats to the recommendations of Refs. (De Moor et al., 2011; Thomas et al.,
2015). Discrepancies of the y content as a result of differences in lab heats used or analysis
methods have also been noted previously in a QP980 steel (Abu-Farha et al.,, 2018). During
partitioning, the initially quenched martensite was tempered while some of the y, and those
which exhibited weak Mn enrichment decomposed to ferrite or, more likely, in the case of
ultrahigh strength steels, to bainite (Ding et al., 2023). Using the Ms equation developed by
Barbier (2014), the global Ms temperature of the ultrahigh strength Q&P steel is 314°C. The M,
equation proposed by Barbier not only considers the effect of Mn, Si, and C on the M, but it also
accounts for the effect on Cu, and Ti (>0.5 wt%) in decreasing the Ms temperature (Barbier, 2014).
The chemical composition of the subject QP1500 steel, from Glow-Discharge Optical Emission
Spectroscopy (GDOES), is detailed in Table 5.1. A significant Si content is typical in Q&P steels,

whilst a moderate alloying of Mn in AHSSs is more compatible with industrial practices (Ding et

al., 2023).
Table 5.1 QP1500 Chemical Composition (wt%)
C Mn Si Cu Ti Ni P S Fe
0.19 3.4 1.6 0.01 0.01 0.008 0.005 0.002 | Balance

5.3.2 Mechanical Properties
Mechanical properties were determined following the ASTM E8/ E8M - 15a standard. Sub-size

tensile specimens were prepared by wire Electrical Discharge Machining (WEDM) parallel to the
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rolling direction (RD). Each specimen was ground with 600 grit paper to remove surface oxides
and to avoid potential stress concentrators that may result in premature facture. Uniaxial tensile
tests were conducted on a 100 kN Instron tensile frame at room temperature using a 1 mm/min

crosshead speed. A 25 mm extensometer was used for elongation measurements. The true strain

. A . I .
at fracture (&f) was calculated using & = In (A—°), where Ag is the initial cross-sectional area before
f

deformation and Asis the minimum area at fracture. Aswas measured taking into account the left,
right and centre thickness of the fractured surface (“ASTM E8M-Standard Test Methods for
Tension Testing of Metallic Materials,” 2021; Casellas et al., 2017; Hance, 2016). The ASTM subsize
tensile specimens’ mechanical properties of the subject QP1500 steel are detailed in Table 5.2.
The UTS, signifies the Ultimate tensile strength in MPa, UE, Uniform Elongation in %, TE, Total
Elongation in %, YS, Yield Strength in MPa, and s, represents the true strain at fracture. A 95 %

Confidence Interval (Cl) was calculated based on triplicate measurements.

Table 5.2 Mechanical Tensile Properties of QP1500.

UTS (MPa) UE (%) TE (%) YS (MPa) &
RD 154083 101 1442 1290+120 | 0.6 +0.1

5.4 Microstructural Characterization

Before microstructural characterization was carried out, except for the TEM analysis, specimens
were polished using standard metallographic polishing procedures, as documented by Salehiyan,
(2018). After polishing, Cobalt-Sourced X-ray Diffraction (Co-XRD) was performed on undeformed
specimens to verify that the polishing procedure used did not transform a significant amount (<
3 vol%) of y to martensite. This y content was compared to the Q&P material used by Park et al.
(2019) in which the authors detected 17.5 vol% of y using High Energy X-ray Diffraction (HE-XRD).

Details of the Co-XRD procedure used are discussed in section 5.4.4.

5.4.1 Optical and SEM imaging
A Keyence Digital Microscope VHX-5000 was used to observe the steel subjected to Behara’s Tint

etching (100 mL of distilled water, 0.5 mL hydrochloric acid, and 1g potassium metabisulfite). This

etchant tints the TM and bainite, while leaving the carbon-saturated retained austenite and/or
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transformed martensite (y-M) unetched/white (De et al., 2003; Jeong et al., 1993). In an attempt
to observe the distribution of y at a macroscopic level, specimens were tempered at 240°C. This
method had previously been used by Bellhouse (2010) on low strength TRIP steels, adapted from
Girault et al. (1998), to precipitate e-carbides in the martensite and allow some differentiation
between martensite and y (Soleimani et al., 2020). High-resolution images of the steel aftera 1
% Nital etch were acquired with a Field Emission Scanning Electron Microscope (FESEM) of both
the heat-treated and as-received Q&P steel. These heat-treated specimens were only used for
optical/SEM imaging characterization detailed in section 5.8.2. All other microstructural
characterization or mechanical experiments conducted on this steel were performed on its as-
received microstructure. Blocky islands observed in the microstructure refer to the retained
austenite and/or transformed martensite and are termed as y-M throughout the remainder of
this paper.

5.4.2 Electron Backscatter Diffraction
EBSD mapping employed a JSM-7000 Field Emission Scanning Electron Microscope (FESEM)

equipped with Aztec indexing software of the cross-sectioned, through-thickness, polished
specimen. Maps were collected at a 70 tilt at an accelerating voltage of 20 kV, and probe current
of 15 mA. The total grain size was measured to be submicron using EBSD for both the Body-
Centred-Cubic (BCC) and Face-Centred-Cubic (FCC) phases. In-situ tensile testing coupled with
EBSD was also performed to validate the occurrence of gradual TRIP in blocky y islands and the
accumulation of GNDs in the TM BCC versus y FCC phase with increased tensile deformation. This

procedure is adapted from Salehiyan et al. (2020).

5.4.3 Transmission Electron Microscopy
A Tecnai Osiris TEM with an X-Field Emission Gun (X-FEG), operating at an acceleration voltage of

200 kV was employed with conventional bright field and dark field imaging modes. As well,
Scanning Transmission Electron Microscopy (STEM) was performed using a combination of bright
field and High-Angle Annular Dark Field (HAADF) detectors. For elemental mapping of the
microstructure, Energy X-ray Dispersive Spectroscopy (EDS) was used in STEM mode. To prepare
the TEM specimens, 3 mm disks were punched from manually ground 80 um thick foils.

Subsequently, electropolishing was carried out on these disks at 16 V in a twin jet electropolisher
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(Struers) using an electrolyte of 10 % perchloric acid in methanol held at - 40 °C until perforation

was achieved.

5.4.4 X-ray Diffraction
The y content was determined using a Bruker D8 DISCOVER with a DAVINCI design diffractometer

equipped with a Vantec 500 (MiKroGap TM technology) area detector and Cobalt Sealed Tube
Source. The specimen surface was ground with a fine grit to remove the decarburization layer
that may have developed on the specimen, preventing an accurate quantification of y. The X-ray
beam size and exposure time used to measure the y content were 0.5 mm and 40
min/measurement, respectively. Specimens were scanned over a 26 range from 45° to 127° and
penetrated ~20um below the steel’s surface (i.e. 2 % of this 1 mm thick steel). The collected two-
dimensional (2D) frames were then integrated with the aid of DIFFRAC.EVA Version 4.0 software
and the percentage of y was calculated with the Topas software version 4.2 (Salehiyan, 2018). It
was presumed that only martensite or TM, without ferrite, was contained in this Q&P steel
microstructure, which has been deemed a reasonable assumption considering this steel’s
exceptional strength (Findley et al., 2017; Toji et al., 2014; Yang et al., 2021). As well, a Hexagonal
Closed Packed (HCP)-martensite, otherwise known as epsilon martensite, peak identifier was

added during post-processing of XRD scans to validate its absence.

5.5 TRIP Kinetics

The y volume fraction and its mechanical stability as a function of uniaxial strain was determined
through HE-XRD. Other researchers have measured TRIP kinetics in 3G steels using cross-
sectioned, through-thickness interrupted tensile specimens with the use of Cobalt-sourced X-ray
Diffraction (Co-XRD) (Bhadhon, 2022; Pallisco and McDermid, 2020; Patel, 2019). However, this
methodology is limiting in terms of specimen penetration, and can only provide a few points to
delineate the steel’s TRIP kinetics. HE-XRD provides highly resolved, representative information
on the y behavior during tensile testing which is needed for realistic automotive damage
modelling (Hu et al., 2017; Park et al., 2019). In-situ uniaxial tensile testing, equipped with a 13
kN load frame, was performed at room temperature inside the synchrotron X-ray beam chamber
of beamline 11-ID-C at the Argonne Photon Source (APS). Voltage and wavelength used were 105

keV and 0.1173 A, respectively. The PerkinElmer aSi flat panel area detector was placed at 1.9 m
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from the specimen to collect high angle y measurements, and a 0.5 x 0.5 mm beam impingement
area was used. The HE-XRD beam impingement area was aligned in x and y to determine the
precise centre of the specimen for y acquisition. A CeO2 standard was used to calibrate the
specimen-to-detector distance of 1.9 m, beam position and tilt. Tensile testing was performed at
a strain rate of 0.15 mm/min. A preload <100N was applied to the specimen before commencing
each test. A fine white and black speckle pattern was applied on the wEDM dog-bone specimens
using an Iwata airbrush for high-resolution 2D DIC. The customized dog-bone dimensions and
novel HE-XRD experimentation are detailed in Figure 5.1. The 50 mm DIC camera lens (2448x2048
pixels resolution) with 165 mm of extension tubes was fixed at 180 mm and ~15¢ from the
specimen, enabling an 8 mm field of view. Light adjustments were made to maximize speckle
patterning contrast whilst avoiding pixel over-saturation. DIC was used to precisely define the
localized von Mises strain within the region of 0.5 x 0.5 mm HE-XRD acquisition. HE-XRD
measurements of the undeformed specimen were also acquired at multiple rotation degrees to
ensure that y measurements were independent of the beam’s impingement angle. This

experimental procedure was adapted from the original work performed by Abu-Farha et al.

(2018).
Tensile testing set up
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Figure 5.1 Customized dog-bone geometry for the load frame at Argonne APS beamline 11-ID-C. (a) HE-
XRD acquisition combined with DIC and uniaxial tensile testing (b) at the Argonne APS Beamline 11-ID-C.

5.6 Microstrain Partitioning

A careful assessment of the microstrain partitioning amongst y-M and TM phases as well as the

dynamic evolution of damage in this ultrahigh strength Q&P steel was carried out using quasi in-
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situ FESEM tensile testing. An hourglass microtensile specimen geometry was used to centralize
deformation and damage, as has been applied elsewhere (Kang et al., 2023, 2005; Samei et al.,
2019). The use of a manual in-house built tensile stage allowed the working distance to be
decreased (10 mm) for improved resolution. The accelerating voltage was kept low (10 kV) to
prevent excessive heating, charging, and damage of the specimen during imaging. Imaging was
acquired within the centre of the specimen to purposefully avoid any Heat Affected Zone (HAZ)
that may have developed during the wEDM specimen preparation (Choudhary et al., 2010). The
acquired images at a focused location as a function of tensile strain were coupled with DIC to
obtain high-resolution microstrain maps of the microstructure (Kang et al., 2007, 2005).
Microstrain partitioning was visualized and quantified from FESEM images processed using the
ARAMIS DIC software, GOM Correlate 2018 (gom, 2016). The microstructural features revealed
prior etching with 1 % Nital for 10s enabled sufficient uDIC correlation at high average von Mises
strains, eag >0.26 as detailed in section 5.8.4. The software assigns facets with a set of unique
grayscale intensities from a reference image and tracks the displacement of said facets in the
deformed states to compute strain (Schreier et al., 2009). A facet comprising of a unique variation
of greyscale-levelled pixels (pxls) rather than a pxl with one grey level is used for convenient
tracking in subsequent images. The facet size and point distance (distance between facet centres)
were optimized to resolve this steel’s average ‘in-grain’ strain and provide sufficient mapping
coverage particularly at high strains. The smaller the point distance applied, the better the spatial
resolution of the microstrain map at the cost of longer computational time (gom, 2016). However,
to develop reliable damage and failure models, strain needs to be obtained on a scale smaller
than the microstructural constituents (Rajan et al., 2012). As well, it is important to note that
noise in the strain computation can accumulate if the degree of facet overlap is short in
comparison to the surface roughness (Dong and Pan, 2017; Kant and Losic, 2013). To compensate
for this, a median filter of 3 was applied to the analysis. At the minimum strain tensor
neighbourhood/computation size of 3, the Virtual Strain Gauge length corresponds to two times
the point distance (Pelligra et al., 2022). Figure 5.2a and b shows several facets overlapping within
a blocky y-M island and outlines an example of 3x3 square of facets used for the uDIC

computation. The facet size and point distance used for the uDIC analysis of this QP1500 steel is
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described in Table 5.4. A facet size of 29pxl| x 29px| and point distance of 11pxl was chosen,
resulting in a ~20 % overlap of the facets. The result is a 3x3 facet square height and width which
is less than the average grain size of the steel and therefore resolves the average ‘in-grain’ strain
of the Q&P microstructure. An exact 1:1 correlation is not always possible due to the large
variation in grain size (i.e. Figure 5.5c shows a + 0.6um standard deviation in y grain size) in 3G
steel microstructures (Dutta, 2019). The microstrain maps were computed using the von Mises
equivalent strain with the assumption that deformation takes place at constant volume. The
average von Mises strain is calculated within the imaged area during quasi in-situ FESEM tensile
testing and is termed as ea throughout this paper. Details of using the € from an imaged area
compared to other uDIC-based computational techniques have been described elsewhere
(Pelligra et al., 2022). Microstrain mapping with the von Mises Strain is said to directly correlate
to the density of GNDs (Dutta et al., 2019). The local strain gradient (g’) was calculated at
dissimilar phase interfaces. Specifically, the € was calculated at the retained austenite-
transformed martensite/tempered martensite (y-M/TM) interface in the QP1500 steel or at the
F/M interface in the UFG DP1300 steel. This procedure was introduced previously by Pelligra et
al. (2022).

facet square
height =
77 pxls
(0.46 pm)

facet size=
29 pxls I

(0.18 um) -

........................

point distance =
. 11pxls(0.07 pm) Gauge K

_______________________

Virtual Strain

Figure 5.2: DIC computational methodology (a) 3x3 facet square sizes to calculate the in-grain strain
(b,b1) schematic of choice in facet size (29pxI x 29pxI) and point distance (11pxl) to obtain a virtual Strain
Gauge of 22pxIs (0.14um). The conversion of pxls to microns takes into account the FESEM imaging
resolution which is detailed in Table 5.4.
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5.7 Damage

Interrupted uniaxial tensile tests coupled with uXCT were carried out to quantify the development
of microstructural damage. The hourglass microtensile specimen geometry used for quasi in-situ
FESEM tensile testing described in section 5.4 was also used for interrupted uXCT tensile testing.
A Bruker Skyscan1172 XCT equipped with a 100 kV X-ray source and an Al/Cu filter was used.
Scans were performed at incremental strains and after fracture. The specimen was placed on a
rotating stage closest to the source to achieve the highest resolution possible (0.72um/pixel or
0.37um3/voxel). The specimen was rotated 360° with a 2D projection obtained every 0.4° rotation
to collect a total of 900 images. The commercial Skyscan 1172 software packages, NRecon, CTan
and CTVol, were used to reconstruct the 2D projections into a three-dimensional (3D) model to

observe as well as quantify internal voids and dimples (voids at the surface).

5.8 Results

5.8.1 Mechanical Properties
Table 5.2 shows that this ultrahigh strength Q&P steel has properties approaching the modest 3G

mechanical property envelope (UTS x TE > 24,000 MPa%) as suggested by De Moor et al. (2010)
on the basis of the United States Department of Energy’s (U.S. DoE) wider 3G mechanical targets
(36,000 MPa% < UTS x TE > 40,000MPa%) (Matlock and Speer, 2009) at 21,560MPa%. A
representative true stress-strain curve up to the point of necking is illustrated in Figure 5.3. The
work hardening curve shown in Figure 5.3 was obtained by taking the derivative of the steel’s
representative true stress-true plastic strain curve. The work hardening of this steel shows
continuous yielding which is associated with a high martensite fraction, a high mobile dislocation
density and the generation of dislocations from the y-to-martensite transformation (Bhadeshia
and Honeycombe, 2006; Eckner et al., 2019; Gerbase et al., 1979; Wendler et al., 2017). This Q&P
steel maintains the classical continuous yielding featured in DP steels (Fonstein, 2015) and other
high strength Q&P steels (Celada-Casero et al., 2022; Findley et al., 2017; Savic et al., 2020). The
work hardening and true stress-strain curves of this ultrahigh strength Q&P steel are compared
to that of a DP steel in the Appendix A, Figure A 5.1. As noted by Liu et al. (2017), a pre-existing

high dislocation density, such as that accumulated during continuous yielding, does not suppress
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the cooperative atomic displacements associated with the deformation-induced transformation

to martensite.
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Figure 5.3 True Stress-Strain and Work Hardening Curves of QP1500

5.8.2 Microstructural Characterization
Figure 5.4a shows a discontinuous network of y-M in the centre of the as-received steel sheet,

revealed using a Behara tint etching solution. In previous comparisons made by Avramovic-
Cingara et al. (2009) and Ramazani et al. (2014) of failure initiation in a centreline banded (i.e. a
continuous martensite network) versus unbanded (i.e. a discontinuous martensite network) DP
steel, with 600 MPa strength, (DP600), failure took place at a higher plastic strain in the equiaxed
microstructure than in the banded microstructure. Similarly, in a TRIP steel, with 780 MPa
strength, (TRIP780), investigated by Samei et al. (2020), coarse y particles in a banded-type
network was also seen; however, this steel achieved the highest g¢relative to other AHSSs despite
this ‘microstructural anomaly’. Microstructural heterogeneity was thoroughly studied by Tasan et
al. (2014) using techniques similar to those used here. They concluded that regions with a lower
volume fraction of heterogeneously distributed, blocky martensite accommodated more strain
relative to regions of uniformly distributed martensite in high volume fractions. Since
delamination cracking at the centre thickness was not observed in the as-received Q&P steel
microstructure, this centralized network of y-M shown in Figure 5.4a and b does not meaningfully

affect the steel’s ductility.
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FESEM imaging of heat-treated QP1500 steel specimens, using the procedure outline in section
5.4.1, did not show any sort of martensitic tempering or y decomposition, as shown in Figure
5.4c. This indicates that the y in this Q&P steel is significantly more chemically stable against heat
treatment than the lower strength TRIP steels investigated by Bellhouse (2010) and Girault et al.
(2001). Martensite tempering and y decomposition was eventually observed when this steel was
heat-treated at 450°C for 30 min, as applied to another Q&P steel (Findley et al., 2017). Figure
5.4d shows the as-received steel in which the microstructure is mainly lamellar-like with a scarce
presence of blocky y-M islands reaching a maximum size of 1.5um in diameter. Examples of prior
austenite grain packets consisting of blocks with embedded laths of differing orientations are
highlighted in orange in Figure 5.4d (Toji et al., 2014). The matrix microstructure of this steel is

predominately TM, with some instances of bainite.

Scanning Transmission Electron Microscopy (STEM), performed on this as-received Q&P steel
show dislocated, lath-like structure within the grains, as can be seen in Figure 5.4e and f. The
presence of this high dislocation density explains this Q&P steel’s continuous work hardening,
featured in Figure 5.3. The lath widths shown in Figure 5.4e range from 60 to 150nm in size.
Instances of TiC precipitation and Mn solute segregation in y-M regions is evident, as shown in
the superimposed EDS map on HAADF images of Figure 5.4e1, e2 and f1 respectively. The Mn
solute segregation, as observed in blocky y-M regions in Figure 5.4f1 within the microstructure,
could explain the significant amount (16 * 3 vol%) of austenite retained in this steel. Long-range
diffusion of Mn is not kinetically possible during the partitioning process, so this solute
segregation is a result of the austenitic annealing performed early on in the Q&P processing. As
well, this gradient in Mn heterogeneity between different phases in the microstructure is thought

to effectively suppress TRIP (Ding et al., 2023).
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Blocky y-M

Figure 5.4 Digital Microscope Images using Behara's etchant of QP1500 heat-treated for 2h at 240°C,
y-M islands are etched white (a) Centralized network of y-M (b) y-M islands at high magnification
within the centre thickness of the steel. FESEM imaging of QP1500 heat-treated for 2h at 240°C (c)
and as-received (d). STEM-HAADF image of highly dislocated, lath-like structure (e) superimposed with
EDS maps of carbon (e:) and Ti (e;). STEM-HAADF image outlining y-M islands (f) superimposed with
an EDS map of Mn (f1)

Several EBSD maps were acquired on an undeformed, cross-sectioned, through-thickness

specimen polished to a mirror finish. Each EBSD map captured on average an area of 1500um?
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and a total of 990 y islands. A considerable variation in y grain size was determined in which a
standard deviation of £0.6um was achieved. A representative EBSD map is shown in Figure 5.5a
and b. In Figure 5.5c, the highest frequency of y island diameter is from 0.39 to 0.45um. A bin
size of 0.06pm was used. Overall, the distribution of y sizes is right-skewed, with the y on
average being smaller than the martensite islands also shown in Figure 5.5c. A similar right-

skewed trend in y grain size was also seen in Park et al. (2019)when investigating this QP1500

steel.
160 (d) .
5io Co-XRD scan points of sample
mounted in cross section
120
100 E
g
‘é. 80 194 Upper Bound: 16.3 + 36
¢ o] .
= oty
174 ;
X I 1 1
d 3516 I T T
g1
20 :15
120 e 2144 Lower Bound: 16.3 - 30
0 = § 134
0.00 0.24 0.48 0.72 0.96 20 W «
Retained y Diameter [um] 121
14
10

2 4 6 8 10
Co-XRD Scan Point

Figure 5.5 EBSD map of QP1500 on an undeformed cross section, through-thickness of the steel with
the superimposed Band Contrast map (a) and without the superimposed Band Contrast map (b),
showing 5.2 vol% y in red, (c) distribution of y size (d). In (d), the y in the undeformed QP1500 steel in
cross section, through-thickness was measured using Co-XRD. The upper and lower bounds is plotted
to 3x the standard deviation of all ten of the y measurement (+30).

A reliable quantification of y was done using Co-XRD, while y quantified using optical microscopy,

EBSD and image analysis tends to be underestimated due to its limited resolution (De et al., 2003;

171



Ph.D. Thesis — Concetta Pelligra; McMaster University — Materials Science & Engineering — 2024

Ding et al., 2023; Jacques et al., 2001; Kickinger et al., 2021; Zhao et al., 2014). Co-XRD was used
as opposed to Copper (Cu) -sourced XRD, (Acoavg = 1.79A versus Aco,Avg = 1.54A), to avoid Fe
fluorescence. Co-XRD scanning was performed on 10 points across the cross-sectioned, through-
thickness of the steel, as shown in Figure 5.5d. An average y content of 16.3 vol% was detected,
with points 1 & 10 showing the lowest y content, likely due to X-ray beam spillage at the
specimen’s edges. Similar results were also achieved from XRD scanning of the polished surface
(normal direction, ND) of this steel. This is the plane imaged during in-situ SEM tensile testing.
The y carbon content was calculated from the y lattice parameter (a (A)) using the combined
equations of Dyson and Holmes (1970) and Ruhl and Cohen (1969) in Equation 5.1. The y carbon
content was calculated to be 0.97 wt%C. A high carbon content within austenite is typical of Q&P

processed steels (Devaraj et al., 2018; Hu et al., 2023).

a(A) =3.572 +0.0012 (wt% Mn) — 0.00157 (wt% Si) + 0.056 (wt% Al) + 0.033 (wt% C) Equation 5.1

The vol% quantified by EBSD mapping (3.9-6.5 vol%) was significantly less than the average y
measured via Co-XRD (16.3 vol%) (Salehiyan et al., 2020). This indicates that there is a large
portion of y tied up as interlath films which can only be detected via XRD and are undetectable
via EBSD scanning or FESEM imaging.

5.8.3 High Energy X-ray Diffraction (HE-XRD)
As shown in Figure 5.6, measurements obtained using HE-XRD show that the y content is reduced

to below 4 vol% by the time the specimen reaches its UTS. The coarser, low carbon y grains are
most likely completely or partially transformed near the beginning of straining, while the smallest
y grains, with a locally lower Ms temperature and higher carbon content, remain untransformed
even at high strains past necking (Liu et al., 2018; Salehiyan et al., 2020; Turteltaub and Suiker,
2006). On the contrary, Xiong et al. (2013) argue that the phases surrounding the metastable y,
whether coarse or fine, low or high carbon, have a greater impact on the steel’s ability to
accommodate the volume expansion associated with the martensitic transformation. However,
the gradual transformation (i.e. break up) of coarser y grains with small changes in displacement
were observed. These are circled in yellow in Appendix C, Figure C 5.1. Figure 5.6a shows the

location of localized von Mises strain (€iocal) DIC measurements computed within the region of HE-
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XRD acquisition. The discrepancy in DIC strain measured using the centralized portion of the
specimen’s gauge (5.1mm x 3.18mm), €av, versus the DIC strain measured accounting only for
the HE-XRD beam impingement area (0.5 mm x 0.5 mm), €local has been noted previously (Abu-
Farha et al., 2018). The facet size X point distance used for this DIC analysis is 0.1 x 0.03mm,
theoretically encompassing ~100 grains within a single facet. Any shifts in the HE-XRD beam
impingement area on the specimen during tensile testing was adjusted for in the DIC strain
computation. Synchronizing HE-XRD y acquisition directly within the specimen’s neck without
precise knowledge of the necking location in a straight-gauged specimen before starting the
tensile test can result in lower strain measurements (Abu-Farha et al., 2018). For this reason,
Figure 5.6b shows the y transformed up to a €jocal Of = 0.2. Furthermore, it is important to note
that the elongations exhibited by the smaller tensile specimen size from these HE-XRD
experiments, as shown in Figure 5.1a, are approximately 2x larger than those calculated with
ASTM sub-size tensile specimens, as documented in Table 5.2. The UE and TE were calculated to
be 19 + 3 % and 27 + 8 % respectively, for these smaller customized dog-bone specimen used in
the HE-XRD experimentation. These measurements are taken from three specimens, and error

bars are calculated using a 95 % Cl.

The TRIP kinetics show a sigmoidal trend, with TRIP being most pronounced past the UTS of the
steel. As shown in Figure 5.6b, = 73 % of y is transformed up to a €jocal Of = 0.2, leaving > 27 % of
y to be transformed during post-uniform elongation. These customized dog-bone specimens
fractured at a &f of = 0.6 similar to the microtensile specimen used in sections 5.6 and 0 for quasi

in-situ FESEM tensile testing and uXCT investigations, respectively.
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Figure 5.6 The DIC local von Mises (€0cal) measurements computed within the region of HE-XRD
acquisition compared to eas from the imaged area (i.e. dog-bone gauge) (a). The y- to-martensite
transformation as a function of €ical (b). HE-XRD was performed simultaneously during tensile testing.
The error bars are to one standard deviation to the fraction of y and €j,ca, measurements of three
specimens.

The reported TRIP kinetics of this ultrahigh strength Q&P steel are different from that observed
by Park et al. (2019) due to the different strain rates of tensile testing used during the HE-XRD
acquisition. An extension rate of 0.15 mm/min was used in this paper while an extension rate
of 1.8 mm/min was used by Park et al. (2019). Figure 5.6b exhibits a slower, more sigmodal
trend in TRIP kinetics, and does not show the serrated flow of this steel published in Park et al.
(2019). A comparison between the two is shown in Appendix B, Figure B 5.1. A sigmoidal trend
is typical of TRIP steels as speculated first by Santacreu et al. (2006) and then again by Ref.
(Beese and Mohr, 2011).

5.8.4 Microstrain Partitioning
A combination of quasi in-situ FESEM tensile testing of etched microtensile specimens, as well as

microstrain mapping using DIC enabled the investigation of microstrain partitioning and 2D
damage evolution in this ultrahigh strength Q&P steel. Figure 5.7a—c shows microstrain maps at
an eag of 0.23, 0.27 and 0.28. This SEM imaging site was closest to the point of fracture and
experienced the highest eay in the material just before fracture, therefore showing the most
severe microstrain partitioning amongst phases. In Figure 5.7c1, the micro-shearing observed in
Figure 5.7a—c (dotted black line) was interrupted as a result of the damage which initiated at the

weakest point/thinnest portion of a blocky y-M island (blue arrows). It is important to note that
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the eavg in Figure 5.7c1 is lower than that of Figure 5.7c (gavg of 0.28 versus 0.26) due to the loss
in correlation/microstrain mapping coverage in Figure 5.7c,. Alternatively, the map in Figure 5.7¢c,
also shows a significant loss in correlation due to extensive TM plastic deformation. However, the
strain localization that was mapped (i.e. red region in Figure 5.7c;) increased the eayg in Figure

5.7c1 compared to that of Figure 5.7c (gavg of 0.30 versus 0.28).

Microstrain mapping with the use of DIC shows strain partitioning between phases, and micro-
shear banding in this Q&P steel. This is said to be a result of the small microstrain contrast
between phases (Ruggles et al., 2016). Mico-shearing in 3G TRIP-assisted steels can suppress void
growth, as shown in the identification of micromechanisms of damage seen in this ultrahigh

strength Q&P steel in Appendix D, Figure D 5.1.
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Figure 5.7 Microstrain maps in the post-uniform elongation regime of QP1500 at an &y 0f 0.23 (a)
0.27 (b) and 0.28 (c). The black dashed curve in (a,b,c) shows evidence of micro-shearing in the steel
until a blocky y-M like is reached and damage initiated (c:) followed by extensive plastic deformation

in the TM region (c,)

5.8.5 Damage Evolution and Fracture
Figure 5.8 shows this steel’s localized neck and the evolution of damage (red pixels) in 3D from

two different perspectives, termed as the Front View and Top View. The Front View 3D

reconstructions are taken parallel to the width of the specimen, while the Top View
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reconstructions are taken perpendicular to the specimen’s width. Here, damage is most

prominent within the final 5 % local true strain (g{.2¢) before fracture, and negligible void

formation is seen before the onset of necking. The €True loc using uXCT 3D reconstructions, as

shown in Figure 5.8, was calculated using the reduction in area, taking into account the change in

width and thickness of the sheets at fracture. The equation used is described in a previous
True

publication (Samei et al., 2019). At higher strains, just before fracture (from g, - =0.62 to 0.66),

damage localizes within micro-shear bands within the neck.
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Figure 5.8 3D reconstructions of a QP1500 fracture surface during post-uniform elongation (red
represents internal voids in the material)

The void volume fraction, void density, and size of the largest voids were quantified to understand
microstructural damage as a function of increasing true strain in Figure 5.9a, b and c, respectively.
Figure 5.9a and b indicate that the void number density and void volume fraction grow gradually
up toa sirorcue of about 0.4, i.e. at the onset of necking. This is followed by a rapid acceleration of
damage, as measured by both parameters. This is due to progressive nucleation and growth of
voids after necking at higher stress triaxialities as described elsewhere (Liu et al., 2018; Pelligra et
al., 2022; Turteltaub and Suiker, 2006). Figure 5.9c shows the 50, 500, and 5000 largest voids.
These were tracked up to fracture as the largest voids are those that contribute most to fracture.
Moreover, counting only the largest voids eliminates effects due to void nucleation and the
growth of small voids above the XCT counting threshold. The average diameter of the 50 largest
voids just before fracture is 5.6um; however, that of the 5000 largest voids is 3.3um. This is in

good agreement with previous findings for an ultrahigh strength DP steel (Samei et al., 2019) in

which the largest 50 voids play an influential role in development of ductile fracture. It is critical
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to recognize that the void density, as shown in Figure 5.9a, which refers to the nucleation rate of
voids (Samei et al., 2020), is seemingly negligible up to an £f"*¢ of 0.12. Due to the limited uXCT
pixel resolution of 0.72um, and the fine Q&P microstructure, many of the nano-scaled voids
remained unidentified. However, we have captured the presence of these nano-scaled voids in
section 5.6 and Figure 5.7 using quasi in-situ FESEM tensile testing. Figure 5.7c and c¢1 show void
diameters ranging from 0.07 to 0.012um. Moreover, in Samei et al’s (2020) comparison of
damage evolution on a range of AHSSs, they found that QP1500 fractures at a e}:,rcue of 0.56 with
a 0.14 void volume fraction, while UFG DP1300 fractures at a &/-*'® 0.39 with a 0.09 void volume
fraction. QP1500 and DP1300 being both ultrahigh strength and UFG steels, show the work
hardening benefits that come from dislocation pile ups at dissimilar phase boundaries, but

QP1500 also has TRIP-assistance which enables its delayed fracture.

It should be noted that, along with different specimen sizes, the method of quantifying strain in
UXCT experiments differs from that of quantifying strain using DIC during quasi in-situ FESEM
tensile testing and HE-XRD experiments. As well, issues in strain computation with DIC can result
in poor mapping coverage at high strains. This makes the coupling of 2D and 3D experimental

datasets complex.
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Figure 5.9 Quantitative analysis of void evolution during uniaxial deformation of QP1500 (a) density,
(b) volume fraction, and mean diameter of the largest voids (c).

As observed in Figure 5.10a, the overall fracture mode is ductile with a prominent macroscopic
cup-and-cone morphology. This is typical of multiphase steels with interlath thin y films (Kokosza
and Pacyna, 2008). Fractography shows high local deformation located within the centre of the
fracture surface as the dimple sizes range from the micro-to nano-scale. The largest dimples are
located at the centre and the smallest along the edges of the fracture surface. This was also seen
in the fracture surface analysis of QP980 (Ruhl and Cohen, 1969) and may be a characteristic
feature of fracture in Q&P steels. Moreover, we can see shear fracture regions located along the
edges of the fracture surface. Previous work suggests that martensitic clusters with high
dislocation densities can hinder crack propagation with shearing (Eckner et al., 2019). This
corroborates well with the uDIC analysis conducted on this steel, in which we highlighted
instances where suppressed void growth/crack propagation by micro-shearing was observed
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(Eckner et al., 2019; Javad Samei et al., 2019). Fractography of the fracture surface qualitatively
correlates well with the 3D reconstruction obtained in uXCT scanning in which a high void

concentration is featured in the centre of the fracture surface.

. Dimples
Cup and Cone

Figure 5.10 FESEM imaging of the Fracture surface: ductile cup-cone fracture with shear lip (a),
fracture cross section (b), white and yellow arrows show |G and interfacial micro-cracks, respectively
(c,d).

Figure 5.10b shows the tensile specimen at fracture in cross section in which we see shear lips
further enforcing its ductile fracture. Micro-cracking refers to cracks which do not directly
propagate to the fracture surface. All regions imaged in Figure 5.10c and d show evidence of
transgranular (TG) and interfacial micro-cracking. Some evidence of MnS stingers was detected
with EDS but these were in low quantities, irregularly dispersed far from the fracture surface,
and therefore do not contribute significantly to the steel’s overall fracture. Figure 5.10c shows

regions of extensive lath elongation parallel to the tensile direction. This may suggest that these
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are not highly carbon-concentrated y-M islands and as a result, show extreme ductility.
Although the fine grain size is expected to hinder crack initiation, coarser microstructures can
delay crack propagation more effectively (Xie et al., 2011). Severe edge cracking during rolling
of the subject QP1500 was investigated by Samei et al. (2019). They observed wide, vertical
crack opening displacement suggesting extensive local plastic flow growing towards the strip’s
centreline and the initiation of oblique cracks through martensite or along phase boundaries.
This is similar to the intergranular cracking (IG) along y/M boundaries shown in Figure 5.10c
and d. TG is most likely due to the co-deforming capability of y-M islands and TM regions such
that there is not a preference of void nucleation to occur at the y-M island (“hard”), TM region

(“soft”) interface.

5.9 Discussion

Table 5.3 compares various mechanical properties of this QP1500 and an UFG DP1300 steel. The
chemical and microstructural details of this vanadium-microalloyed UFG DP steel are given
elsewhere (Samei et al., 2019; Scott et al., 2018, 2017). Microstructurally, the QP1500 steel
contains =80 vol% of martensitic phases (fresh and transformed martensite) and =20 vol% y while
the UFG DP1300 steel contains =50 vol% martensite and =50 vol% (Park et al., 2019; Scott et al.,
2017). Although both the QP1500 and UFG DP1300 have comparable UTS values, the TRIP-
assistance in QP1500 provides a =1.5 times increase in US DoE parameter, UTSXTE, and a =3 times
increase in toughness. The toughness values featured in Table 5.3 were measured using the area
integral trapezoid method under the true stress-strain curves. The UTSXTE product provides a
crude toughness approximation; and underestimates the actual energy required to produce
fracture because the energy absorbed during post-uniform elongation is not captured (Frémeta
et al.,, 2019a). An attempt to address this disparity was introduced by Hance (2016), who

suggested two methods of classifying and rating the formability of AHSSs. The first involves

computing the local versus global Strain Ratio (:—f), i.e. the true strain at fracture over the true
u

uniform strain. steels with a high value of this ratio (>20) exhibit better local formability while
those with a low value (<5) exhibit better global formability. Intermediate values are indicative of

balanced formability. A second approach involves the Formability Index (F.l.), which is the
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geometric mean of €, and &:. As shown in Table 5.3, this QP1500 steel can be classified as having
‘Balanced/Global Formability’, whereas the UFG DP1300 steel can be classified as having better
‘Global formability’ and rated as having overall ‘Fair’ formability (Hance, 2016). There is one
difficulty with the Hance approach. By plotting the ductility data for a range of alloys on a €, vs. &¢
plot with lines of fixed (:’—i) ratios used to suggest different formability regions, it can be inferred
that there is a trade-off between local and global formability (Hance, 2016). However, this is not
always the case. For example, a first generation (1G) TRIP780 steel can attain a high & (=0.7) and
TE (33 %) while also being able to tolerate the greatest amount of voids before fracture in

comparison to various other AHSSs tested in that study (Samei et al., 2020).

Table 5.3 Mechanical Property comparison between QP1500 and DP1300 steels

UTSXTE | Toughness True True Strain & F.l.
(MPa%) | (MJ/m?3) Uniform at Fracture &y £y % &
Strain (&u) (&)
UFG DP1300 14750 409 0.08 0.28 3.5 0.15
QP1500 21560 1323 0.11 0.60 5.5 0.26

In comparing microstrain partitioning of the two steels in Table 5.3 with the use of quasi in-situ
FESEM tensile testing coupled with DIC, it was seen that microstrain partitioning between phases
is significantly less severe in the QP1500 than in the UFG DP1300 steel. To make the microstrain
maps obtained comparable and to compensate for the difference in representative area (i.e.
differences in magnification) captured between both steels, the facet and step sizes were tailored
such that they exhibited the same sizes in microns as shown in Table 5.4. This same methodology
was used previously (Pelligra et al., 2022). The FESEM images acquired for this analysis are those
from Pelligra et al., (2022); however, the uDIC analysis (i.e. with different facet size X point
distance used) was redone for this comparison. The gayg is compared to the local average phase

strain, €phase, (i.€. the average von Mises strain of different phases within the area imaged).
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Table 5.4: Parameters used in the microstrain of Figure 5.11 and Figure 5.12

QP1500 DP1300
Represented Area (um?) 8.0x6.4 15.4x12.3
Resolution (um/pixel) 0.006 0.006
Facet x Step size (pixel) 29x11 31x11
Facet x Step size (Lmxum) 0.18x0.07 0.18x0.07

It is important to recall that the ferrite in this UFG DP1300 contains an abundance of nanoscale
vanadium carbonitrides which provide improved particle-strengthening as described by the
Orowan mechanism (Scott et al., 2018, 2017). As shown in Figure 5.11, there is =2x increase in
the y-M phase strain (€y-m,phase) in the QP1500 steel versus the martensitic phase strain (€m,phase)
in the UFG DP1300 steel throughout all eayg values examined. For example, at an €a=0.20, the
QP1500 steel exhibits a €y-m,phase = 0.15 whereas the UFG DP1300 steel exhibits a €m,phase = 0.08.
Similarly, a =1.5x decrease in phase strain is seen when comparing the softer phases of both
steels, the €mm,phase in the QP1500 steel to the €rphase in the UFG DP1300 steel, at all €ayg strains
examined. This indicates that there is enhanced balanced formability of the QP1500 steel, as
further interfacial energy is required to nucleate a void at the interfaces of its harder/softer
phases. Although, the purpose of vanadium-microalloying is meant to soften martensite and
therefore, reduce the degree of microstrain partitioning between phases in this UFG DP1300
steel, the partitioning heat treatment performed on the QP1500 steel has a greater impact in

reducing the microstrain partitioning between phases.
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Figure 5.11 Microstrain partitioning between different phases in QP1500 and DP1300 (F, TM,y-M, M)

These results corroborate well with the in-situ tensile testing coupled with EBSD experiment
conducted on QP1500, shown in Appendix C, Figure C 5.1, Figure C5.2 and Figure C5.3. The
evolution of GNDs at all three of the displacements featured in Appendix C, Figure C 5.1, Figure
C5.2 and Figure C5.3,are greater in the TM (BCC) regions versus those of the y (FCC) regions. This
suggests that a sufficient amount of carbon partitioned and therefore chemically stabilized the y
from exhibiting early TRIP. Similar to the microstrain partitioning analysis conducted by Kang et
al., (2023), any sparse presence of lower bainite (i.e. ferrite embedded with carbides oriented at
~60° (Hesamodin Talebi et al., 2017)) was grouped with the dense presence of TM (i.e. ferrite
embedded with randomly distributed carbides) for the quantitative microstrain partition analyses

presented in Figure 5.11 and Figure 5.12.

183



Ph.D. Thesis — Concetta Pelligra; McMaster University — Materials Science & Engineering — 2024

[ a0g = 0.05 | £4, = 0.05
| |ap1500 = |UFG DP1300==
w | o017 | o012 |
o 103 | om
N )

00 005 010 015 02 %o  oss 0.10 015 020
Strain Gradient Strain Gradient

fg =015 | _eany =0.15 |

10 1/ QP1500 £ | UFG DP1300S |
0.067 018

Cumulative (%)

a1 o1 3 as
0 Stran Gradiaot

0.0 0.2 04 0.6
Strain Gradient

arp=0.23] tay=023 |
| |ap1500 5| UrG DP1300=S|
n | o082 017
o 095 | o085
; W 10 | 1m0

g
@
B
s
s
3
E
3
o

0.0 0.2 04 0.6 08 1.0 0.0 0.2 0.4 0.6 08 10
Strain Gradient Strain Gradient

.0
0841
0000
0.700
0.600
0.500
0.400
0.300
0.200
0.100
o001

Figure 5.12 Microstrain maps of QP1500 and DP1300 steels at an €az of 0.05 (a,b), 0.15 (c,d), and 0.23
(e,f), respectively. CDF and PDF plots of local von Mises strain in microstrain partitioning amongst
phases in QP1500 and UFG DP1300 at €ayg of 0.05 (g1,2), 0.15 (hy,2), and 0.23 (i1,2)

Interfacial local strain gradient (¢’) measurements have been compared between the QP1500
and DP1300 steels at an eayg of 0.05, 0.15 and 0.23. This novel uDIC-based computational
technique (Pelligra et al., 2022) was used to understand the accumulation of GNDs at dissimilar
phase interfaces. As well, this uDIC-based computational technique is being used as an alternative
means to determining phase strengths without the use of nanoindentation. Nanoindentation is a
surface sensitive technique in which surface roughness (Rodriguez and Gutierrez, 2003) as well
as the submicron grain size of AHSSs weakens the reliability of its results (Li et al., 2020; Srivastava
et al., 2015). Greater than 150 line scans for each € measurement at dissimilar phase interfaces
were collected and summarized using a Cumulative Distribution Function and Probability
Distribution Function, a CDF and PDF, respectively, as shown in Figure 5.12. A lognormal
distribution was used to fit the right-skewed data in the CDF and PDF plots using the Minitab
software. In reference to Figure 5.12g>,h2, and iz, the two parameters presented in the lognormal
distribution, which are fitted to only positive values, represent the median (), otherwise known
as the exponential of the ‘location’, e'°®@n gnd scale/standard deviation (o). It is important to

keep in mind that the mention of €’ here refers to a collection of € measurements at dissimilar
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phase interfaces for the two steels. The CDF plot shows that for an €ay =0.05, the majority of F/M
strain gradients in the UFG DP1300 steel is less severe than the y-M/TM strain gradients in the
QP1500 steel. Specifically, 90 % of €' at F/M interfaces in the DP1300 are lower than those
calculated at the y-M/TM interfaces in the QP1500 steel, as shown in Figure 5.12g; and gz (&’
=0.03 vs. €’ =0.07, respectively). This is consistent with the fact that, in DP steels, the YS increases
with increasing martensite content, and, at the micro-level, the F/M interfaces can act as sources
of dislocation generation even at low strains (Davies, 1979; Fonstein, 2015; Scott et al., 2017). At
an eayg =0.15, strain partitioning between dissimilar phases is overall more pronounced in both
steels and damage is evidently introduced in the UFG DP1300 steel, as highlighted in Figure 5.12d
and f with the white arrows. In the CDF plots, Figure 5.12h; and hy, 90 % of €' are lower in the
QP1500 steel versus that of the UFG DP1300 steel (¢’ =0.19 vs. € =0.24, respectively). On the
other hand, from 99 % of €’ computed, the QP1500 steel exhibits a higher €’ than the UFG DP1300
steel (¢’ =0.49 vs. €’ =0.43, respectively). In Figure 5.12i; and i; at an eay =0.23, when damage is
more severe in the UFG DP1300 steel, 90 % of €' at dissimilar phase interfaces in the QP1500 steel
is ~ 1.6x lower than that of the UFG DP1300 steel (&’ =0.3 vs. €’ =0.49, respectively). As shown in
Figure 5.12h; and iy, the p (i.e. measure of central tendency), shows that the €’ are lower in the
QP1500 than the UFG DP1300 steel at high strains (eag = 0.15 and 0.23), whereas this trend is
reversed at low strains (eay = 0.05). The o, on the other hand, is wider in the QP1500 than the
UFG DP1300 steel in all three eayg strains examined. To attain a high strength, the ductility of the
UFG DP1300 steel is compromised by the more severe inhibition of dislocation motion at
dissimilar phase boundaries. This inevitably results in premature damage nucleation, as shown in
Figure 5.12d and f. This damage nucleation however is not observed in the QP1500 steel, as
shown in Figure 5.12c and e at the same €ay of 0.23, meaning that dislocation motion is not as

severely inhibited across dissimilar phase boundaries (Hu et al., 2023).
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Figure 5.13: The evolution of strain gradient (&’) with increasing average von Mises strain (gayg) for
QP1500 and UFG DP1300.

Overall, it can be deduced that the evolution of € at the dissimilar phase interfaces is slower in
the QP1500 versus the DP1300 with increasing €avg. The graph in Figure 5.13 plots the p of €” as

a function of the eayg featured in Figure 5.12 to show this phenomenon.

5.10 Summary Remarks and Conclusions

This paper thoroughly documents the micromechanisms of damage that lead to fracture in an
ultrahigh strength Q&P steel and explains the advantages that the TRIP effect provides to 3G steel
microstructures by comparing this steel to a DP steel of similar strength and grain size.
Microstructural damage of this Q&P steel was detailed through the use of quasi in-situ FESEM
tensile testing coupled with uDIC and puXCT, whereas TRIP kinetics of this steel were determined

through HE-XRD. The following main contributions can be drawn from the Q&P characterization:

e This ultrahigh strength Q&P steel shows remarkable strength (1.5GPa), sufficient
elongation (TE =14%), and high toughness (1323 MJ/m3) as a result of its large post-
uniform elongation potential (i.e. a high &; of 0.6).

e This steel exhibits continuous yielding (similar to that seen in DP steels) associated with
the accumulation of GNDs at dissimilar phase interfaces, and the generation of mobile
dislocations at these interfaces. A non-smooth work hardening curve with peaks in work

hardening can be attributed to bursts of TRIP in the steel.
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A classical sigmodial trend in TRIP kinetics was observed in this QP1500 steel with 227 %
of the y remaining untransformed up to the start of the post-uniform deformation period.
This steel features a dependence of strain rate on TRIP exhaustion, in which a higher strain
rate promoted faster TRIP kinetics. However, differences in tensile strain rate still resulted
in 227 % (4 vol%) of y untransformed just before post-uniform deformation.

The ability for this steel to retard TRIP to high strains can be explained by the high average
carbon content within the y (0.97 wt% C), the micro-segregation of Mn lowering the local
Ms temperatures for select y particles, and the large, as well as variable, amount of

interlath film y, representing 2—10 vol% in the steel microstructure.

By comparing this Q&P steel to a DP counterpart to further understand the benefits of TRIP-

assistance in 3G steel microstructures, the following conclusions can be made:

This QP1500 steel shows superior crash-resistant properties to the UFG DP1300 steel with
a =1.5x increase in U.S. DoE parameter and =3x increase in toughness, despite containing
a = 30 vol% increase in martensitic (TM and M) phases.

Voids in this QP1500 steel are submicron in size, whether they are pre-existing or nucleate
during deformation and, in some instances, these voids are suppressed from further
growth by micro-shearing as the steel is strained. Specifically, there is = 1.5-2x increase
and decrease of the hard and soft phase strains, y-M and TM, respectively, when
comparing the QP1500 to an UFG DP1300 steel.

The evolution of €’ (i.e. accumulation of GNDs) at dissimilar phase interfaces is slower in
the QP1500 versus the DP1300 with increasing €awg. The €' at the dissimilar phase

interfaces are smaller and grow more slowly in the QP1500 than in the UFG DP1300 steel.

Although, from uniaxial tension tests, this ultrahigh strength Q&P steel shows exceptional crash-

resistant properties, future work needs to be devoted to understanding the behavior of 3G TRIP-

assisted steels when subjected to other modes of deformation/strain paths (i.e. shear, plane-

strain tension, balanced-biaxial tension, etc.). The coupling of advanced characterization

techniques presented in this paper to qualitatively as well as quantitatively understand the role
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of TRIP exhaustion on damage evolution can be extended to TRIP-assisted steels under more

complex straining conditions.
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5.13 Appendices

5.13.1 Appendix A: Work hardening comparison between 3G TRIP-assisted steels
Figure A 5.1 features the continuous yielding and work hardening curves of both the QP1500 and

UFG DP1300 steels. The work hardening curves in Figure A 5.1 were computed using the
procedure outlined section 5.3.2. Both the QP1500 and UFG DP1300 steel were subjected to a
tensile strain rate of 6x10* /s (Zhou, 2018). The continuous yielding of both steels is associated
with their high martensite fraction, and mobile dislocation density which are generated at
dissimilar phase interfaces. Initially, the UFG DP1300 steel has a higher work hardening rate than
the QP1500 steel. This is likely related to gliding of partial dislocations on two independent slip
planes during the y-to-martensite transformation in TRIP-assisted steels. It should be noted that
the local strain gradients (€¢”) shown in Figure 5.12 and Figure 5.13 of the UFG DP1300 and QP1500
steels only accounts for the dislocations piling up at dissimilar phase interfaces, directly
contributing to the €. However, at low strains, the €” in Figure 5.13 is slight larger in the QP1500
steel versus that of the UFG DP1300 steel. On the other hand, the work hardening rate in the UFG
DP1300 is higher than the QP1500 steel as shown in Figure A 5.1. This suggests that there are
other modes of dislocation motion inhibition that strongly influence the hardening of the UFG
DP1300 steel, i.e. the pile up of dislocations at vanadium carbonitrides (Lagneborg et al., 1999;
Pelligra et al., 2022; Pushkareva et al., 2020; Scott et al., 2018, 2017).
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Figure A 5.1:Work hardening Rates of QP1500 and UFG DP1300 steel. Tensile data of UFG DP1300 steel is
from Zhou (2018).
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5.13.2 Appendix B: TRIP kinetics of QP1500
Figure B 5.1 compares the TRIP kinetics of this ultrahigh strength Q&P steel tested at the APS

synchrotron X-ray beam chamber 11-ID-C at two different tensile strain rates (corresponding to
extension rates of 0.15 mm/min in this paper versus 1.8 mm/min in Park et al. (2019)). All other
conditions to which testing was performed in both instances are the same (i.e. voltage of 105 keV,
wavelength of 0.1173 A, detector-to-specimen distance of 1.9 m, etc.). In the present paper as
well as in Park et al. (2019),~17.5-18 vol% of y was captured before starting the tensile test. The
guantification of strain using DIC, however, in both instances may differ. In the experiments
conducted by Park et al. (2019), faster TRIP kinetics at a higher strain rate of the QP1500 steel is
featured. Changes in the strain rate can affect the mechanical stability of austenite as a result of
the adiabatic heating affect (Choi and Jin, 1997; Wu et al., 2018). Nanda et al. (2021) note that
the adiabatic heating of specimens subjected to high strain rate testing resulted in suppressed
TRIP kinetics. This point is, however, contradicted by experimental investigations conducted not
only in this paper, as shown in Figure B 5.1, but also by Choi et al. (2002) and Savic et al. (2020)
who reported an increase in y-to-martensite transformation rate with an increase in strain rate
(from 1073/s to 2.5x10%/s). Savic et al. (2020) rather suggested that at high strain rates, TRIP
exhaustion occurs faster in order to maintain a high strain hardening rate to prevent necking, and
in turn, early failure. The data collected by Park et al. (2019) was fitted using a least squares
algorithm to the rate form, Equation B 5.1, developed by Santacreu et al. (2006) then applied by
Ref. (Beese and Mohr, 2011). Interestingly, despite differences in tensile strain rate, both instances

show > 27 % (4 vol%) of the y untransformed at the start of its post-uniform elongation period.

f = (£9° - f,)nD(De)" & Equation B 5.1
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Figure B 5.1: TRIP Kinetics of QP1500 at 0.15mm/min and 1.8mm/min strain rates

Figure B 5.1 features the TRIP kinetics obtained from QP1500 steel in this paper at a strain rate of
0.15mm/min contrasted to the work of Park et al. (2019) at an extension rate of 1.8mm/min. In Park et
al. (2019) they determined the TRIP kinetics of QP1500 experimentally (Exp #1 in blue dots, Exp #2 in
green squares) and fitted their acquired data to Figure B 5.1, shown in red.

5.13.3 Appendix C: In-situ tensile testing coupled with EBSD
Interrupted tensile tests coupled with EBSD were carried out using microtensile specimens to

investigate the occurrence of TRIP and to capture GND evolution in the material. Figure C 5.1,
Figure C5.2, and Figure C5.3 show the strained microstructure of the subject QP1500 steel at
different levels of displacement, 0, 0.07, and 0.23 mm, respectively. Figure C 5.1, Figure C5.2, and
Figure C5.3 shows EBSD phase maps (a1, b1, c1, d1), quality maps (a2, bz, ¢z, dz2), and the GND
evolution maps in BCC (a3, bs, c3, d3), and FCC (as,bs,cs,ds) obtained using the Aztec Crystal
Software. Zero solutions were cleaned up from the analysis. The EBSD scanning parameters were
maintained consistent to the procedure outlined in section 5.4.2. This investigation methodology
was adapted from a previous study (Salehiyan et al., 2020). Progressive TRIP (i.e. the break up of
y) in initial blocky y islands is highlighted with a yellow circle in Figure C 5.1a;, Figure C5.2b1, and

Figure C5.3c1 with increasing specimen displacement.
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Figure C 5.1: Specimen with 0 mm displacement. EBSD Phase Map with y (FCC) coloured red and TM
(BCC) coloured blue (a1); y superimposed on EBSD Quality Map (az); Distribution of GNDs within the TM
regions (as3); Distribution of GNDs within the y regions (as)

FCC GND Density (x104)
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| 0-25 [25-51|51-76
Figure C5.2: Specimen with 0.07 mm displacement. EBSD Phase Map with y (FCC) coloured red and TM

(BCC) coloured blue (b1); y superimposed on EBSD Quality Map (b>); Distribution of GNDs within the TM
regions (bs); Distribution of GNDs within the y regions (ba)
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Figure C5.3: Specimen with 0.23 mm displacement. EBSD Phase Map with y (FCC) coloured red and TM
(BCC) coloured blue (c1); y superimposed on EBSD Quality Map (c;); Distribution of GNDs within the TM
regions (cs); Distribution of GNDs within the y regions (ca)

5.13.4 Appendix D: Micromechanisms of Damage in QP1500
Microstrain mapping shows co-deformation of y-M islands and TM. It is typical in low strength DP steels

to see micro-cracking of martensite, void formation within ferrite, or interfacial cracking, but the two
phases do not typically co-deform. Yet, recently it has been observed that vanadium nitrocarbides in
ultrahigh strength DP steels selectively precipitate in ferrite, and scarcely in martensite, thereby
enabling improved deformation of martensite. In Figure D 5.1, Site A (the same region shown in Figure
5.7 and Figure 5.12) experiences the highest €ay in the material just before fracture, and therefore

showed more severe microstrain partitioning amongst phases than Site B.
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Figure D 5.1: Micromechanisms of Damage in QP1500

The arrows in Figure D 5.1 highlight the different micro-damage events which develop in the
microstructure with increasing €av. Significant micro-shearing in the microstructure was observed
during quasi in-situ FESEM tensile testing, this is detailed by the dotted white lines shown in Figure D
5.1. The peach arrows in Figure D 5.1 highlight voids which nucleate with increasing eavg, blue arrows
highlight voids or micro-cracks which eventually are suppressed by micro-shearing, and the yellow
arrows highlight voids which grow from surface irregularities or develop from a micro-crack. In Site A
(a1-s), interfacial void nucleation is seen, but its growth in the TM patch is inhibited due to micro-

shearing (the peach arrow points towards a peach ligament which decreases in length from gayg = 0.28
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to 0.30, shown in Site A (as,s)). Site A (b1-s) shows micro-cracking at a narrow portion within the y-M
island initiating at an €ayg = 0.28, and then showing growth and distortion via micro-shearing at an €avg
= 0.30 (peach arrow). As well, Site A (bis) shows micro-cracking to have nucleated at a surface
irregularity/grain boundary then developing into an oval-type shape at an eay = 0.30 (yellow arrow).
Another instance of oval-type void growth motivated by micro-shearing is seen in Site A (ci-s) in which
the void nucleated on a pre-existing surface irregularity. Site B (d1-4) shows micro-shearing suppressing
the growth and distorting the shape of a pre-existing void (indicated by the blue arrow). At Site B (e1-4),
micro-cracking is seen to have nucleated at a surface irregularity/grain boundary, this micro-crack
expands parallel to the tensile direction, but does not grow or propagate (yellow arrow). In Site B (f1-4),
a pre-existing void in a blocky y-M island is compressed from further growth via shear (blue arrow), as
well as there are instances nearby of interfacial void nucleation (yellow arrow), and nucleation of a void
at the y-M and TM boundary (peach arrow at f4). Many instances of micro-shearing and minimal
instances of interfacial cracking were observed, further proving that there is considerable mechanical

compatibility between phases in this material.
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6.1 Abstract

An experimental Medium Mn (med-Mn) steel (0.15C-5.8Mn-1.8AI-0.71Si) with a martensitic
starting microstructure, intercritically annealed at 685°C for 120s, was discovered to have a large
true strain at fracture (& = 0.61) while also meeting established (strength x elongation) targets
(28,809 MPa%), sustained monotonic work hardening and prolonged Transformation Induced
Plasticity (TRIP) kinetics. This was found by varying the intercritical annealing (IA) temperature
within a narrow temperature interval in order to isolate its impact on TRIP kinetics and damage
development on such med-Mn steel. A comprehensive understanding of the microstructural
damage processes leading to fracture is presented using quasi in-situ Scanning Electron
Microscope tensile testing as well as X-ray Computed Microtomography. In addition, we precisely
evaluated the TRIP kinetics of this steel using a combined Digital Image Correlation (DIC) and
synchrotron-sourced High Energy X-ray Diffraction technique. With these methods, we
demonstrate that an abundance of voids nucleate during deformation, but their growth can be
suppressed by prolonging TRIP over a large strain range. Moreover, novel post- processing
techniques to assess DIC acquired data at the microscopic scale have been used to gauge the
severity of strain partitioning amongst phases and strain gradient evolution across dissimilar
phase interfaces, in comparison with two 3G TRIP-assisted steels to one ultrafine grained Dual
Phase steel. Overall, it has been found that, in addition to carefully moderating TRIP kinetics, the
introduction of polygonal ferrite, as is conventional in med-Mn steels, enhances the local forming

properties and damage tolerance in 3G TRIP-assisted microstructures.
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6.2 Introduction

The production of thin, strong and cost-effective ultrahigh strength automotive sheet steels is
being driven by emission regulations needed to achieve carbon neutrality. It is reported that a
10% reduction in vehicle mass can increase its fuel efficiency of Internal Combustion Engine
vehicles (ICEVs) by 6-8% resulting in a 70% decrease in lifetime emissions (AutoSteel, 2011). For
Battery Electric Vehicles (BEVs), the impact of battery weight makes lightweighting even more
important, as this can increase the range of BEVs. An effective means of achieving weight
reduction, while enhancing vehicle crash worthiness, involves the use of Advanced High Strength
steels (AHSSs) in the construction of a vehicle’s Body-in-White (BIW). Thus, 3G AHSSs can be used
to make cost-effective modern vehicles that comply with passenger driving and general safety
standards. These steels show an overall improved ultimate tensile strength (UTS) and total
elongation (TE) in comparison to first generation (1G) AHSSs, while reducing costs compared to
highly alloyed second generation (2G) AHSSs. Multiphase 3G AHSSs utilize the Transformation
Induced Plasticity (TRIP) effect (i.e. the transformation from metastable austenite (y)-to-
martensite) to effectively tailor 3G steel strengths and elongations. Ultimately, the use of TRIP in
AHSSs improves energy absorption potential, hence improving passenger safety in the event of a
car collision, while also providing enhanced steel formability (Fonstein, 2015; Horvath et al.,

2017).

Conventionally, 3G steels, are modestlydefined as those with UTS x TE =24000MPa% as suggested
by Matlock et al. (2012). It is critical to note however, that the use of UTS, TE and their product
offers limited information on the true sheet forming capability of these steels for complex
automotive components (e.g. the strain hardening potential of 3G steels is not captured).
Furthermore, while tensile elongation is a useful measure of ductility when applied to stretching
operations, is does not predict the limits for most complex forming operations, including flanging,
tight-radius bending, edge stretching, etc. (Hance, 2016, 2018). The true strain at fracture (&), as
measured from the reduction in area in a uniaxial tensile test, offers an alternative measure of
ductility that can be correlated with forming operations that involve bending (Datsko & Yang,
1960). In analyzing a series of AHSSs, Hance (2016, 2018) proposed an alternative means of

defining AHSS ductility. He suggested that the steel’s performance should be classified by its
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ability to deform under a concentrated load (local forming potential) versus that of a uniform load
(global forming potential). Alternatively, Frometa et al. (2021), similar to Datsko & Yang (1960),

directly acknowledge the weak correlation between the (UTS x TE) and the reduction in area.

Medium Mn (med-Mn) steels, with 4-10 wt%Mn, undergo a significant amount of y reversion
during intercritical annealing (lA) at temperatures ranging from =675°C to =700°C, whereas
Quench and Partition (Q&P) steels retain y through low temperature partitioning (=400°C) relying
on short-range carbon diffusion. Furthermore, recent publications show the potential of reducing
the energy to manufacture 3G steels with 1-step Q&P processes (Barella et al., 2023; Mola & De
Cooman, 2013). Some suggest that fully exhausting the TRIP effect at low strains or at high strains
would be detrimental to mechanical properties (He et al., 2019). Therefore, optimal TRIP kinetics
needs to be determined such that there is a balance in mechanical properties and minimized
damage. In comparison to Q&P steels, med-Mn steels show greater Continuous Galvanizing Line
(CGL) compatibility, and it has been proven that U.S. DoE targets can be achieved with industrially
capable short annealing times (Bhadhon et al., 2017; Pallisco & McDermid, 2020).

Microstructural characteristics, such as grain size and elemental partitioning, of med-Mn steels is
dependent on its IA parameters and starting microstructure (Pallisco & McDermid, 2020; Patel,
2019). With a martensitic starting microstructure, Cao et al. (2011) was able to achieve variable
UTS x TE values within a broadened 3G mechanical property envelope (24,000-40,000 MPa%)
(Matlock and Speer, 2009). This work resulted in significant changes in TE of 25-40% while keeping
a common UTS = 960MPa. Luo & Dong (2015) then Pallisco & McDermid (2020), compared cold-
rolled and martensitic starting microstructures of med-Mn steels at one |IA temperature of
interest. Both noted an increase in the TE with a martensitic starting microstructure. During the
IA treatment, lath-type y nucleates at lath boundaries in a martensitic starting microstructure,
while equiaxed grains nucleate at recrystallized ferrite boundaries in a cold-rolled starting
microstructure. An abundance of martensite lath boundaries in a martensitic starting
microstructure enables the nucleation of ultra-fine y with a locally reduced M start temperature

(Ms), which enhances its mechanical stability against TRIP (Lee et al., 2012).
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TRIP is heavily dependent on a steel’s Mn content, in which 5-12 wt% Mn content favours a direct
transformation to martensite (Body-Centred-Tetragonal (BCT) structure) (Wong et al., 2016).
Moreover, the y stacking fault energy (SFE) indicates the mechanism by which the y
accommodates strain (i.e. via the activation of TRIP, Twinning-Induced Plasticity (TWIP) or
dislocation glide). In general, a low SFE (<20 mJ/m?) activates the TRIP effect, a medium SFE (20-
40 mJ/m?) activates twinning, and a high SFE (>45 mJ/m?) favours dislocation glide. The local
elemental partitioning during the IA treatment, and the steel’s grain size are additional factors to

defining the SFE of y in these complex steels (Lee & Choi, 2000; Pallisco, 2021)

In general, multiphase materials do not plastically deform in the same manner because the
number of slip systems for dislocation motion is not equal in each phase. Geometrically necessary
dislocations (GNDs), essential to accommodate the strain gradient between hard and soft phases
during deformation, sustains the deformation of the material without it resorting to immediate
damage nucleation. As a result, the work hardening of the multiphase material is improved.
Moreover, the strain gradient can be correlated to a material’s ‘back stress’ or ‘kinematic
hardening’, i.e. the piling up of dislocations at a boundary resulting in more stress required for
new dislocation emission or further motion (Courtney, 2005; Li et al., 2020). The evolution of back
stress/kinematic hardening of med-Mn steel has been estimated by Bhadhon et al. (2022) and
Pallisco & McDermid (2020) using a load-unload-reload testing methodology initially applied to
Dual Phase (DP) steels by Westphal et al. (2010). The localized strengthening in TRIP steels is a
result of GND propagation in surrounding phases during the metastable y-to-martensite
transformation (Jacques, 2004). Intercritically annealing a med-Mn steel with a martensitic
starting microstructure at 665°C resulted in an eventual plateau of the back stress with increasing
true strain. This suggests that a significant amount of y is stable against transformation, and

therefore acts as an obstacle to dislocation motion (Pallisco & McDermid, 2020).

At a microscopic level, through in-situ Transmission Electron Microscopy (TEM) tensile testing, Liu
et al. (2017) observed that local damage accumulation in a TRIP steel is reduced by means of
improved strain compatibility resulting from partial dislocations travelling on two independent
slip planes during the transformation. Examinations at the microscopic scale show that the macro

formability of TRIP steels is improved because of the enhanced micromechanical compatibility
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between phases. This is consistent with the speculation made by Jacques et al. (2001) in which
the volume expansion associated with the transformation of metastable y-to-martensite can be
used to suppress damage. However, only a few investigations have attempted to validate this

concept.

The accumulation of GNDs at phase interfaces has been estimated experimentally by several
researchers with the use of Digital Image Correlation at the microscopic scale (uDIC) on a
heterogeneous micron-grained Cu/nanograined bronze laminate (Huang et al., 2018),ultrahigh
strength DP steels (Pelligra et al., 2022), Q&P steels (Pelligra et al., 2024), as well as high entropy
alloys (Siemens et al., 2023). Pelligra et al. (2022) use in-situ SEM tensile testing coupled with DIC,
a technique first applied by Kang et al. (2005, 2007), to statistically quantify the strain gradient
across dissimilar phase interfaces. Most microstructural evolution models made to date tend to
show a much smoother GND field, than observed in reality (EI-Naaman et al., 2016; Van Beers et
al., 2013; Yalginkaya et al., 2019). Several researchers to date have focussed on identifying the
micromechanisms of damage through in-situ SEM tensile testing on 3G steels, but scarce reports
have been made on the microstrains causing damage and then leading to fracture of med-Mn

steels (Dutta et al., 2019).

Voids in multiphase materials are known to form by particle fracture, particle-matrix debonding,
or form within the matrix near particles. These voids grow with increasing plastic strain and
eventually coalesce (Thomason, 1968). Two-dimensional (2D) observations of damage in relation
to the material’s microstructure, i.e. via post-mortem fractography (Avramovic-Cingara et al.,
2009; Samei, Zhou, et al., 2019) or in-situ tensile testing (Kang et al., 2023; Oh et al., 2024; Pelligra
et al., 2022; Samei et al., 2018; Wang et al., 2017; Yan et al., 2015), is helpful, however, may not
be fully representative of damage evolution within the bulk of the material. Buffiére et al. (1999)
suggested, for example, that voids that may not have coalesced at the surface may have coalesced
within the bulk of the sample. They note a difference in the cracked particles at the surface versus
those in the bulk. Some authors suggest that a greater fraction of cracked particles are to be
expected at the surface as they are relaxed from compressive stresses as compared to the bulk
(Koztowska et al., 2019; Weck, 2007). Other issues with a 2D analysis of damage includes the

potential for sample preparation to eliminate porosity, the full distribution of voids is limited
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through 2D sectioning, and, ultimately, the connectivity of voids is a three-dimensional (3D)
parameter (Salvo et al., 2003). Analysing damage with the use of tomography in 3G steels having
a >1GPa strength has so far been limited (Pelligra et al., 2022; Samei et al., 2020; Samei, Pelligra,
et al., 2019), scarcely reported for TRIP steels, and no such reports have been made for med-Mn

steels.

The damage events leading to fracture are affected by several factors both intrinsic to the
microstructure (e.g. particle size (Nan & Clarke, 1996), particle aspect ratios, etc.), and extrinsic
to the microstructure (e.g. specimen triaxiality (Bao & Wierzbicki, 2004; Toda et al., 2014)). In 3G
steels, another intrinsic factor affecting void nucleation, grown and the overall rate at which
damage evolves is TRIP kinetics (Samei et al., 2020; Sun et al., 2019). Sun et al. (2019) observed
that intercritically annealing an ultra-fine grained (UFG) martensitic, low Al-Si med-Mn steel at
700°C and 750°C resulted in dramatic differences in terms of their void size/area fraction. They
found that intercritically annealing at 700°C resulted in a higher (=2x increase) volume fraction
of y at necking, smaller void size and void area fraction versus the 750°C condition. The authors
proposed that y would be more slowly consumed during necking when intercritically annealing
this steel at 700°C, allowing the volume expansion associated with the martensitic transformation
to oppose void nucleation and growth. The creation of localized compressive stresses associated
with this positive change in volume, decreases the level of stress triaxiality at a damage initiation
site, resulting in a reduced void growth rate and higher true strain to fracture (Hornbogen, 1978).
Another way to look at this is to note that the energy required to initiate damage in martensite is
smaller due to its lower ductility (Hornbogen, 1978). For both IA conditions, however, the
micromechanisms of damage are the same (Sun et al., 2019). This suggests that TRIP has an
influence on the local triaxiality, but not to a point in which the mechanism of fracture changes,
as seen in Bao & Wierzbicki (2004) with different triaxial stress-states imposed using different

specimen designs.

In this paper, we first present the IA temperature for this med-Mn steel, with a martensitic
starting microstructure, which achieves the 3G mechanical targets and also shows optimal
damage tolerance qualities. This is demonstrated through mechanical property testing, along

with extensive microstructural characterization. As well, we present an in-depth analysis of this
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steel’s microstrain gradient evolution and identify micromechanisms leading to fracture of this
med-Mn at its optimal IA condition in comparison with other 3G steels, with and without TRIP-
assistance. This has been accomplished using a novel uDIC computational techniques proposed

by Pelligra et al. (2022) and Siemens et al. (2023).

6.3 Material and Methods

The as-received material is a prototype 3G med-Mn steel sheet with a 1.2 mm thickness. The
thermomechanical processing route is detailed elsewhere (Mehrabi et al.,, 2023; Pallisco &
McDermid, 2020). The chemical composition of this steel is given in Table 6.1 as determined by

plasma optical emission spectroscopy (ICP-OES) and combustion analysis.

Table 6.1: Chemical Composition (wt%)

C Mn Al Si Cr S

0.15 5.78 1.77 0.71 0.04 0.003

6.3.1 Heat Treatments
A predominantly martensitic (80% martensite-20% ferrite) starting microstructure, as determined

using ThermoCalc, was obtained by heating the as-received material to 890°C for 600s, followed
by quenching at -20°C/s to room temperature. A martensitic starting microstructure was chosen
for detailed mechanical investigations based on previous work done by Pallisco & McDermid (2020)
on a comparable med-Mn steel with a slightly higher Si content. By comparison, the increased Si
level resulted in a =75°C drop in the ACs as determined with ThermoCalc. This can also impact SFE
and hence, result in different TRIP kinetics (Dumay et al., 2008). Panels (120 x 200 mm) were heat
treated using the McMaster Galvanizing Simulator (MGS), set to a dew point of -30°C, in order to
mimic annealing and coating trials performed on similar prototype CGL-compatible med-Mn steels
(Bhadhon et al., 2022; Mehrabi et al., 2023; Pallisco & McDermid, 2020; Patel, 2019). The panel
temperature was monitored by a ype K thermocouple (0.5 mm, +3°C) welded to the surface.
Specimens for microstructural analysis or tensile testing were extracted from the uniformly heat-
treated zones as described elsewhere (Bellhouse, 2010; Patel, 2019). Pallisco & McDermid (2020)
had shown that IA at 665°C for 120s of a martensitic starting microstructure resulted in significant

reversion of y which was stabilized up to high strains during tensile testing. As a result, IA was
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performed within a tight temperature interval from 665°C to 710°C at three different IA
temperature conditions (665°C, 685°C, and 710°C). An IA holding time of 120s was chosen to be
compatible with industrial galvanizing capabilities. An overaging treatment at 460°C for 30s was
also incorporated in these heat treatments to mimic the resulting effects on microstructure and

mechanical properties during dipping in the Zn(Al,Fe) bath (Patel, 2019).

6.3.2 Mechanical Properties
Mechanical properties were determined at room temperature through uniaxial tensile testing of

ASTM E8/E8M - 15a standard, sub-size tensile specimens, made by wire Electrical Discharge
Machining (WEDM), and tested parallel to the rolling direction (RD). A 100kN Instron tensile frame

was used with a Imm/min crosshead speed. The true strain at fracture (gf) was calculated using

A . N . . -
g = lnA—o, where A, is the initial cross-sectional area and A¢ is the minimum area at fracture,
f

taking into account thickness variations throughout the fractured surface (ASTM E8M-Standard
Test Methods for Tension Testing of Metallic Materials, 2021; Frémeta et al., 2017; Hance et al.,
2013)

6.3.3 SEM Imaging and EBSD Mapping
To initially characterize the steel, a Field Emission Scanning Electron Microscope (FESEM) was

used to acquire high-resolution images of the steel’s surface after a 2% Nital etch for 15s. To
differentiate between the Body-Centred-Cubic (BCC) and Face-Centred-Cubic (FCC) phases in the
steel, Electron Back-scattered Diffraction (EBSD) mapping was conducted using a JSM-7000
FESEM equipped with Aztec indexing software. Mapping was performed with the specimen
inclined to a 70° tilt and scanned at 20kV, with a probe current of 18mA and step size of 50nm.
EBSD analysis revealed that the y average grain size to be 0.31um with a 3:1 aspect ratio which
does not significantly change with each tested condition. Islands within the microstructure of this
med-Mn steel are referred to as y-M throughout this paper, in which y could have transformed to
martensite during the final quench of this steel or with increased deformation. The matrix phases
rather are referred to as polygonal ferrite-tempered martensite (F-TM), with a grain size of

0.61um, in this paper.
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6.3.4 TEM Analysis
The Focused lon Beam (FIB) lift-out technique was used to extract 0.2-0.3um thick lamellae of

undeformed and strained (0.15 engineering strain) specimens for TEM analysis. Strained
specimens were used to observe GNDs and to provide evidence of TRIP. A Tecnai Osiris TEM with
an X-Field Emission Gun (X-FEG), operating at an acceleration voltage of 200kV was employed
with conventional bright field (BF) and dark field (DF) imaging modes. As well, Scanning
Transmission Electron Microscopy (STEM) was performed using a combination of BF and High-
Angle Annular Dark Field (HAADF) detectors. For elemental mapping of the microstructure,
Energy X-ray Dispersive Spectroscopy (EDS) was used in STEM mode, in which enriched Mn islands
were considered either reverted y or martensite By coupling Selected Area Electron Diffraction
(SAED) with high resolution EDS mapping, one can identify martensite as the regions exhibiting a
BCC pattern, along with a high Mn concentration and presence of nano-twins.

6.3.4.1 Carbide Extraction Replicas

Carbon replica films with extracted second phases and carbides were obtained from freshly
polished and etched undeformed specimen after immersion in a 4% Nital solution. The replicas
were examined in a Talos L120C TEM operating at 120KeV. The carbide area fraction was

determined using ImageJ.

6.3.5 XRD
Tensile tests were interrupted at intervals of 0.05 true strain to determine the TRIP kinetics of this

intercritically annealed med-Mn steel. The gauge section of ASTM-E8 subsize tensile specimens
were cross sectioned, mounted, and ground with a fine grit to remove the any decarburization
preventing accurate y quantification. The y content was determined using a Bruker D8 DISCOVER
diffractometer with a DAVINCI design equipped with Vantec 500 (MiKroGap TM technology) area
detector and Cobalt Sealed Tube Source. The X-ray beam size and exposure time used to measure
the y content is 0.5 mm and 40 min/measurement, respectively. Specimenss were scanned over
a 20 range of 45° to 127°. The collected 2D frames were then integrated with the aid of
DIFFRAC.EVA Version 4.0 software and the percentage of y was calculated with Topas Version 4.2
as done by Salehiyan (2018) in accordance to the ASTM E975-13 standard, using the (111), (200),
and (220) y peaks (ASTM, 2009).
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6.3.6 Tensile Testing and HE-XRD
A more statistically representative, volumetric quantification of y as a function of uniaxial strain

was determined through synchrotron-sourced High Energy X-Ray Diffraction (HE-XRD). These
experiments provide an assessment of the impact IA treatments have on TRIP kinetics in this steel,
while also helping to validate the initial TRIP kinetic assessments made using Cobalt sourced-X-
ray Diffraction (Co-XRD) which only penetrated ~20um below the steel’s surface (Pelligra et al.,
2024). Notonly does HE-XRD provide through thickness measurements, we can also obtain many

more data points over the course of the tensile test.

In-situ tensile testing, using a 13kN load frame, was performed at room temperature in the
synchrotron X-ray beam chamber of the Argonne Photon Source (APS) 11-ID-C beamline using
the parameters outlined by Abu-Farha et al. (2018). Tensile testing was performed at a strain rate
of 0.15mm/min with an applied preload of <100N before commencing each test. A fine white
and black speckle pattern was applied on the customized dog-bone specimens using an Iwata
airbrush for high resolution 2D DIC acquisition. Details ofthe DIC camera parameters used at 11-
ID-C has been presented previously (Pelligra et al., 2024). DIC was used to precisely define the
localized strain within the region of HE-XRD acquisition. HE-XRD measurements were also
acquired on undeformed, customized dog-bone specimen to ensure that y measurements were
independent from slight adjustments to the beam’s impingement angle. The HE-XRD experiments
conducted here use the conventional straight-gauged, customized dog-bone specimen design,

applied first by others (Abu-Farha et al., 2018; Li et al., 2020; Park et al., 2019).

6.3.7 In-situ FESEM Tensile Testing
Microstrain partitioning amongst y-M and F-TM phases as well as the dynamic evolution of

damage in this med-Mn steel in its 685°C IA condition was carried out using quasi static in-situ
FESEM tensile testing. Hourglass microtensile specimens were used to centralize deformation
and damage (Salehiyan, 2018; Salehiyan et al., 2020; Zhou, 2018). A manual in-house built tensile
stage was utilized for in-situ FESEM tensile testing, while etched images were acquired at a
focused location as a function of increasing tensile strain to obtain high-resolution uDIC maps
(Kang et al., 2005, 2007). Microstrain partitioning amongst y-M and F-TM phases as well as the

strain gradient across dissimilar phase interfaces is visualized and quantified from FESEM images
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processed using GOM Correlate 2018 software (gom, 2016). The facet size and point distance
(distance between facet centres) in the GOM software was chosen to provide sufficient micro-
detail and mapping coverage particularly at high average von Mises strains (€av). Microstrain
mapping with von Mises Strain is said to directly correlate to the density of GNDs (Dutta et al.,
2019). Further information on optimizing the facet size and point distance to achieve the average
in-grain strain resolution in AHSSs was previously described (Pelligra et al., 2022).

6.3.8 uXCT

A Bruker Skyscan1172 X-ray Computed microtomography (uXCT) system equipped with a 100kV
X-ray source and an Al/Cu filter was used to quantify damage by void nucleation and growth in
the 665°C, 685°C, and 710°C IA conditions. uXCT scans was performed on fractured hourglass
microtensile specimens with the same geometry of those used for in-situ FESEM tensile testing,
as described above. With XCT systems that reply completely on geometric magnification, the
specimen needs to be placed on a rotating stage close to the source to achieve a high resolution
of 0.9um/pixel or 0.73um3/voxel. Specimens were rotated 360° with a 2D projection obtained
every 0.25° rotation to collect a total of 1440 images. The commercial Skyscan 1172 software
packages, NRecon, CTan and CTVol, were used to reconstruct the 2D projections into a 3D model

to observe and quantify internal voids and dimples (voids at the surface).

6.4 Results

6.4.1 Mechanical Properties
At all IA temperatures tested, the tensile strength is above 1GPa as shown in the mechanical

properties chart, Table 6.2. Only modest changes in mechanical properties were observed when
increasing the IA temperature by 20°C from 665°C to 685°C, except for the post-uniform
elongation (PUE) which essentially doubles. Both conditions successfully achieve 3G generalized
UTS x TE mechanical targets of 25,392 and 28,809MPa% respectively. The sensitivity of the
mechanical properties of med-Mn steels to IA temperature has been noted by several researchers
(Arlazarov et al., 2012; Bhadhon et al., 2017, 2022; Pallisco, 2021; Pallisco et al., 2017; Patel,
2019). Increasing the IA temperature further to 710°C results in significant changes to the
mechanical properties. For example, UTS x TE is reduced to 21,104 MPa%, similar to that of an

ultrahigh strength Q&P steel recently investigated (Pelligra et al., 2024). Yet, Pallisco & McDermid
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(2020) found that the highest UTS x TE was achieved when their med-Mn steel with a martensitic
starting microstructure was subjected to an IA treatment of 710°C for 120s (27,800MPa%). This
fact further enforces the vital role alloying elements (such as; Si) play in the manipulating the Ms,

and hence the stability of reverted y, on the mechanical properties of 3G steels (Hofmann et al.,

2006).
Table 6.2 Mechanical Tensile Properties

IA Temperature 665°C 685°C 710°C
;'::‘ate Tensile Strength (UTS) in 11844132 1067487 13194150
Yield Strength (YS) in MPa 862159 862164 6534303
Total Elongation (TE) 0.231+0.01 0.274+0.05 0.161+0.03
Uniform Elongation (UE) 0.224+0.01 0.23+0.05 0.14%+0.05
Post-Uniform Elongation (PUE) 0.018 + 0.01 0.043+0.003 0.012+0.02
True Strain at Fracture (&) 0.5710.07 0.611£0.03 0.40 + 0.03
UTS x TE (MPa x %) 25,392 28,809 21,104

A 95% Confidence Interval (Cl) was calculated based on triplicate measurements.

Engineering stress-strain curves (Figure 6.1a) provide a clearer sense of the impact of IA temperature
on tensile behaviour. One clearly sees that there is a peak in the ductility at the intermediate IA
temperature of 685°C. Sharp increases in the work hardening rate can be noted in Figure 6.1b. These
are linked to the activation of plasticity enhancing mechanisms such as the TRIP and/or TWIP effects
at a true strain of <0.05, close to the yield point elongation as shown in the stress-strain curves of
Figure 6.1a. The 665°C and 710°C conditions follow a parabolic trend in work hardening whereas work

hardening trend in the 685°C condition is monotonic/linear up to the UTS.
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Figure 6.1:Engineering Stress-Strain (a) and Work hardening (b) Curves of the three IA conditions of
interest in this paper — 665°C,685°C, and 710°C.

6.4.2 Microstructural Characterization
The undeformed microstructure of this steel consists of polygonal ferrite as well as both blocky-

and lath-type y-M. Packets of blocky- and lath-type y-M are seen in Figure 6.2a and b. Globular
carbides inside blocky-type y-M are a result of tempering and y decomposition (Talebi et al.,
2018). This general microstructure as a function of starting microstructure is consistent with the
observations of other researchers (Arlazarov et al., 2012; Luo & Dong, 2015; Shi et al., 2010) and did
not change drastically with the modest changes in the |IA treatment featured in this paper. This
finding was critical in order to isolate the impact that IA has on TRIP kinetics and its role on

damage development in med-Mn steels.

Examples of prior y packets consisting of blocks with embedded lath-type y-M of differing
orientations are outlined in orange (Toji et al., 2014) in Figure 6.2a and b. Examples of polygonal
ferrite are also labelled throughout Figure 6.2. Carbon depletion is clearly evident in the
microstructure as shown in Figure 6.2c; of lath-type y-M regions whereas a C-enriched blocky-
type y-M region is shown in Figure 6.2c1,2, consistent with Xiong et al. (2013). They argued that a
local C-enrichment within y does not have a notable effect on supressing TRIP. Rather they found
that the phases surrounding the metastable y, whether coarse or fine, low or high in carbon, have
a greater impact on the steel’s ability to accommodate the volume expansion associated with the
martensitic transformation (Xiong et al., 2013). Mn solute segregation, either complete or partial,

within the microstructure could explain the significant amount of reverted y (=30 vol%) in this
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steel. Complete Mn segregation is more likely a result of the martensitic annealing step whereas
partial Mn segregation is likely a result of the subsequent IA treatments. This gradient in Mn
heterogeneity amongst phases is thought to effectively suppress TRIP (Ding et al., 2023) as a result
of differing local Ms temperatures of the y. STEM mode imaging coupled with EDS has been used
to demonstrate the micro-segregation of Mn within the structure, as shown in Figure 6.2c3. Here
regions with a high Mn content are considered block- or lath-type y-M whereas low Mn packet-
sized regions are considered ferrite within the microstructure. The SAED patterns and
corresponding dark field (DF) images presented in Figure 6.3c, dB as well as in Appendix A. Figure
A 6.1 (eB-C,fB-C) and Figure A 6.2 (c-dA, c-dB), validate the presence of ferrite, y and martensite
in low Mn and high Mn rich regions, respectively. Dislocations in the polygonal ferrite were
observed and likely due to the final quenching process, as shown in Figure 6.2d,4. TiC
precipitates, seen in Figure 6.2c4,ds, act as pinning sites for these dislocations, providing a micro-

strengthening mechanism.

Mehrabi et al. (2023) determined, using ThermoCalc, the cementite dissolution temperature of a
med-Mn steel containing 1.1 wt%Si to be =650°C. They found that a martensitic starting
microstructure resulted in very few carbide particles which suggests that the carbon remains
supersaturated within the martensite. A significant number of carbides were present after an IA
treatment at 665°C of this med-Mn steel with a martensitic starting microstructure. On the other
hand, in the 685°C IA condition, these carbides quickly dissolved. The same goes for the 710°C IA
condition. The area fraction of carbides decreases by =5x, from 0.001 to 0.0002, with a 20°C
increase in IA temperature, from 665°C to 685°C. The remaining particles at these higher IA
temperatures are nanoscale and enriched in Ti. The dissolution of these particles is much slower
as they are formed at high temperatures, and their dissolution rate is controlled by Ti rather than

carbon diffusion.
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F

C-depleted

Figure 6.2: Representative SEM image of the undeformed med-Mn steel microstructure with a
martensitic starting microstructure subjected to an IA treatment 685°C held for 120s (a). Packets
consisting of blocky- and lath-type y-M are outlined in the SEM image (a) and EBSD map (b). High

magnification STEM images coupled with EDS of a blocky- and lath-type y-M packet (c1.4). High

magnification STEM images coupled with EDS of polygonal ferrite grains (di.3). Dislocations within a
ferrite grain are shown in (d;.4).

Although the presence of polygonal ferrite as well as both blocky- and lath-type y-M did not
significantly differ with modest IA temperature changes, EDS mapping in representative regions

of these TEM foils showed differences in local Mn content with changes in IA treatment.

SAED indexing was performed to visualize the ultra-fine (=70nm) lath-type y, y-M and martensite
in this steel. Figure 6.3 shows SAED indexed patterns performed on the 685°C IA condition. The
results for the other conditions are shown in Appendix A. Before SAED indexing, EDS was used to

preliminarily target lath-type y or y-M (Mn-enriched) versus polygonal ferrite (Mn-weak) areas.
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Only with SAED indexing coupled with EDS mapping was it then possible to distinguish between
martensite and y within the steel. The reverted y shows an FCC diffraction pattern while the
martensite shows a BCT pattern with SAED indexing. Figure 6.3b offers a higher magnification BF
TEM image of the red-squared-area in Figure 6.3a. The SAED pattern, obtained from the green
encircled region in the BF image of Figure 6.3b shows the [0 1 1]y zone axis in Figure 6.3c. The
DF image from spot A which belongs to the (111) FCC reflection shows elongated y grains, in
Figure 6.3dA. The DF image from spot B corresponding to the to the (1 1 0) BCC reflection, is not
part of the major diffraction pattern indexed by zone axis [0 1 1]y. As a result, this DF image shows
an elongated y grain with some partial transformation to martensite (y-M), in Figure 6.3dB.
Therefore, this justifies that Mn enrichment serves as an indicator to the y or martensite phase.
On the other hand, the region low in Mn, is polygonal ferrite, in Figure 6.3dB. Moreover, the DF
image, specifically streaks in region C, shows evidence of planar defects (i.e. nano-twins) within
they, in Figure 6.3dc. High resolution evidence, as opposed to a bulk GND estimation traditionally
done with lattice distortions from EBSD (Ruggles & Fullwood, 2013) of strain contours is shown in

Figure 6.3e and f respectively.
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Figure 6.3: Representative EDS map of the undeformed martensitic annealed med-Mn steel
microstructure subjected to an IA treatment 685°C held for 120s to target Mn-enriched and -weak
regions (a). BF image (b) of the red-squared region from the EDS map in (a). SAED pattern (c) from green
encircled region of BF image in (b), is indexed by the [0 1 1]y zone axis. Dark field images from spots A, B
and streak C, are labelled as dA, dB, dC respectively. Strain Contours representing the evolution of GNDs
arein (e) and (f) which are also high magnification images from yellow-squared region in (b).

6.4.2.1 Characterization of the Reverted y
A primary, reliable quantification of y and an understanding of TRIP kinetics as a function of IA

treatment was done using Co-XRD on cross-sectioned, intermittently strained tensile specimens,
as shown in Figure 6.4. When y is quantified using either optical microscopy or EBSD, it tends to

be underestimated due to limited resolution (De et al., 2003; Ding et al., 2023; Jacques et al.,
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2009; Kickinger et al., 2021; Zhao et al., 2014). Thus, the difference between the y detected by
XRD and that detected by EBSD represents the amount of the reverted y tied up as thin films. We
have measured y for all three IA conditions using EBSD (14-26%) and Co-XRD (29-38%), as shown

in Figure 6.4. This indicates that ®10-15% of the reverted y is in the form of thin interlath films.
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Figure 6.4: y Volume Fraction and the faction y that has transformed, as a function of True Strain,
detected using Co-XRD.

The y Fraction Transformed was calculated as was done by Pallisco & McDermid (2020).

6.4.2.2 TRIP Kinetics
Consistent with the Co-XRD results described in Figure 6.4, data from the HE-XRD experiments

show that the 685°C IA condition results in the slowest transformation kinetics. The initial y from
the HE-XRD data is 32+1, 36%3, and 38+2 vol% of the 665°C, 685°C and 710°C |A conditions,
respectively. This is comparable to the initial y measured using Co-XRD as shown in Figure 6.4a,
with the 685°C IA condition showing the most variability between the two techniques — =29
versus =36vol%. This indicates that there is a heightened heterogeneous distribution of y through
the thickness of the 685°C IA condition. Zhang et al. (2021) also found improved peak mechanical
properties in a med-Mn steel intercritically annealed at an intermediate temperature. They
attributed the increase in heterogeneity within the microstructure at such IA temperature to the
increase high back stress strengthening (i.e. the accommodation of strain gradients via GNDs
causing long-range back stresses (Wu et al., 2015)). Figure 6.5a and b shows the y fraction

transformed as a function of von Mises equivalent strain quantified within the precise location
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(0.5 x 0.5 mm?) of the HE-XRD data acquisition. Figure 6.5b contains shaded regions to signify the
95% confidence limits on the amount of y fraction transformed. Appendix B contains a more in-
depth analysis of this data which shows the mechanical stability of y described by a decay factor
k. For this med-Mn steel intercritically annealed at 665°C, 685°C and 710°C, the k-values are 4.9,

3.7, and 5.3, respectively. The most stable y (i.e. lowest k-value) was attained in the 685°C IA

condition.
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Figure 6.5:The TRIP kinetics of this med-Mn steel subjected to IA treatments of 665°C, 685°C,710°Cand
held for 120s (a). Figure 6.5b is the same as that of (a) with the addition of shaded regions showing the
95% Cl span of y variability of every tested IA treatment with increasing von Mises strain.

The carbon content of y was calculated from the austenite lattice parameter using the combined
equations of Ruhl & Cohen (1969) and Dyson & Holmes (1970). This was determined to be 0.62-
0.58wt%C using HE-XRD. Since the 685°C IA condition features the greatest variability in initial y
content and in TRIP kinetics (as indicated by the 95% Cl error in Figure 6.5b), the carbon content

within the y is also expected to have the highest variability for this condition.

6.4.3 Damage Evolution and Fracture in 3D
Once damage is introduced at high strains, microstrain correlation is less likely to be captured via

DIC. As a result, this 2D investigation of damage has been supplemented with 3D damage
evolution characterization using uXCT. A uXCT-generated 3D reconstruction of a fractured sample
is shown in Figure 6.6a. The analysis of fractured specimens using uXCT enables damage evolution
to be quantified as a function of local true strain (Samei et al., 2018; Zhou, 2018). The void area

fraction data shown in Figure 6.6b indicates that samples tested in the 665°C and 710°C IA
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conditions sustain the highest fraction of closed voids up to fracture. (Note that closed voids are
those which are not connected with the surface and are therefore fully enclosed in the material).
In contrast, specimens tested at the 685°C IA condition achieve the highest local true strain and
accumulate the least amount of closed voids up to fracture. For all three steel conditions tested
the void area fraction increases exponentially with strain. It is important to note, however, that
due to the uXCT pixel resolution of 0.9um, and this steel’s fine microstructure, many nano-scaled
voids remained unidentified until a local true strain of =0.6. We have captured the presence of
these nano-scaled voids using quasi in-situ FESEM tensile testing, as detailed in section 6.4.3.1,
where voids with diameters of =0.02-0.6 um in size were identified. The closed void area fraction
in Figure 6.6b was used to understand the steel’s ability to accumulate voids (i.e. characterizing
its damage tolerance) before fracturing. This is based on a per cross-section slice analysis — which
analyzes void nucleation and growth as a 2D parameter considering the total area of one cross-
sectional slice. The void density, on the other hand, is another 2D parameter which accounts for
the number of voids per area of slice cross-section. For the 685°C IA condition, at a local true
strain =0.4, we see an increase in the void density despite the constant void area fraction, as
shown in Figure 6.6b and c, respectively. This suggests that void nucleation (i.e. increase in void
density) is happening at a much faster rate than void coalescence. This inflection-type increase in
void density was also seen in a microalloyed 3G DP steel (Zhou, 2018). Additionally, this provides
evidence of voids being suppressed from further growth, therefore not increasing in void area
fraction, as a result of the local compressive stresses imposed by the transformation from y-to-
martensite. This is consistent with the speculation made by Sun et al. (2019) in which at lower IA
temperatures (700°C versus 750°C), the delay in y transformation during necking opposes void
growth and coalescence. The 685°C IA condition contains the highest void density, and lowest
void area fraction at fracture, indicating that, although the most damage is to be observed in the
685°C IA condition, these voids coalesce at the slowest rate, and therefore allows this condition

to attain the highest local true strain at fracture.

It is helpful to examine the largest 100 voids, those which contribute most to fracture. All three
treatments achieve the same mean in volume equivalent void diameter, but there is a 6x increase

in void diameter size variation (from +0.1 to £0.6um) in the 685°C IA condition. This further
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reinforces the fact that void growth/coalescence is slow and/or supressed in this condition, and

that a large portion of these voids remain small at fracture.
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Figure 6.6: A 3D reconstruction produced from multiple cross-sectional slices in a uXCT scan (a) Void
Area Fraction as a function of local true strain (b) Void Density as a function of local true strain (c)
Cumulative Distribution Plot (CDF) of Void Diameter of the largest 100 voids (d) of the 665C, 685C and
710°C IA conditions.

Moreover, it is important to note that the specimens used in these tests have the same hourglass
geometry of those used for quasi in-situ SEM tensile tests, therefore enabling high local true

fracture strains to occur.

6.4.3.1 uDIC
Microstrain mapping coverage with the use of in-situ SEM tensile testing of etched microtensile

samples is limited once strains are high. Nonetheless, this technique can be used to examine the

micromechanisms of damage in 2D. Figure 6.7 shows the damage evolution of the steel in relation

228



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

to the microstructure up to fracture. The SEM imaging location used for Figure 6.7 was captured
within the neck of the steel and is very close to the point of facture. This site achieved the highest

€avg and exhibited the most severe strain localization of the steel.

(Az)- €avg ~0.10

-

-

Figure 6.7: Micromechanisms of Damage of the 685°C IA condition. Blue arrows represent void
nucleation + growth in ferrite, red arrows represent y-M cracking and yellow arrows represents
interfacial cracking.

Damage for the 685°C IA condition does not become evident until an average strain of about 0.28,
as shown in Figure 6.7 (A3 and B3). Two instances of y-M/ferrite interfacial decohesion are shown
in Figure 6.7A1.5, each of which initiates at eag =0.28. After nucleating, these voids propagate in
shear within the ferrite with increasing strain and not directly along the y-M/ferrite interface, as
shown in Figure 6.7As3.5. We also see martensite island cracking transverse to the loading direction

as shown in Figure 6.7B1.s5 for a y-M island. This is similar to the observations made in a vanadium
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microalloyed ultrahigh strength DP steel (Pelligra et al., 2022), although in that work martensite
cracking initiates at a considerably lower strain of about €ayg=0.11. In Figure 6.7B3.4, at €az<0.28,
a void nucleates and grows initially perpendicular within ferrite, but eventually becomes engulfed
by micro-shearing of the overall microstructure, as shown in Figure 6.7Bs. The y-M crack, which
nucleated at eag~0.28, (Figure 6.7Bs3), also becomes engulfed by micro-shearing as shown in
Figure 6.7Bs. Micro-shear banding in TRIP-assisted steels can be explained by the relatively small
mechanical strength difference between phases (Ruggles et al., 2016).

6.4.3.2  Fractured Specimens and EDS analysis

Macroscopically, this med-Mn steel shows cup-cone type ductile fracture with delamination
cracks, parallel to the loading direction, ranging from microns (=400um in Figure 6.8aB) to
millimetres in length (=1.28mm in Figure 6.8a and aA). This was consistent for all three IA
conditions tested. The appearance of this fracture surface is comparable to what was seen in a
med-Mn steel with a similar & by Sun et al. (2019). Choi et al. (2017) found that specimens with
an increased PUE also resulted in increased in delamination crack lengths, and were, as a result,
not deemed harmful to ductility. A significant number of dimples were observed surrounding or
arresting delamination cracks (Liu et al., 2018) as shown in Figure 6.8aC. Inclusions, that were
present in fracture cross-sections for all three conditions, were analysed using EDS. Figure 6.8b
shows the EDS analysis conducted for the 685°C IA condition at various locations, showing that

these are primarily MnS inclusions. That for the other conditions are provided in the Appendix C.
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Shear lip

Figure 6.8: Ductile Cup-Cone fracture surface of this med-Mn steel at its 685°C IA condition (a). Evidence
of delamination cracks (aA) centreline microcracks (aB) and fine dimples surrounding delamination
cracks (aC) of this fracture surface. Cross-section of the fracture surface (b) provides evidence of
stringers/inclusions closest to the centre of the fracture Figure 6.8bA;.; and is further detailed using EDS
(bAgs). Stringers/inclusions embedded particles Figure 6.8 (bB1.,, and bCy.,) and EDS mapping of these
regions Figure 6.8 (bA4.s, and bGC;).

These inclusions most likely formed during desulfurization or deoxidation in the steelmaking
process (Fruehan, 1978). Typically, inclusions are thought to act as void nucleation sites in ductile
fracture. Although in most instances this is true, it is key to note the morphology of the inclusion.
Figure 6.8bB1,2-4 which shows a S-containing inclusion elongated into stingers during rolling. It has
embedded Al-containing inclusions with rounded edges within it (Figure 6.8bBs). Even though
some decohesion of the inclusion/steel interface can be seen in Figure 6.8bB;.3 these voids do
not seem to affect material ductility, as this decohesion does not propagate to the fracture
surface. If these inclusions were cuboid in nature, as shown in the Appendix C, Figure C 6.1 (aAs-
5), the decohesion and propagation of microcracks is more likely. It is probable that inclusion/steel
interface decohesion can initiate at low strains (Choi et al., 2017) but grows very little with
increasing strain. The MnS stingers in Figure 6.8b do not contribute directly to fracture but can

explain why the steel in the 685°C IA condition has a large void density and low void area fraction
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long before fracture occurs, as noted in section 6.4.3. Figure 6.8bC; shows another instance of a

S-containing stinger with embedded particles.

6.5 Discussion

For the first time, our study shows that, by carefully managing TRIP kinetics through modest
adjustments of IA of med-Mn steels, it is possible to utilize the y-to-martensite volume expansion
to suppress damage. This is critical for improving the local forming potential of med-Mn steels
with their ability to delay necking through TRIP. The key highlights from the extensive
characterization conducted on this med-Mn steel is summarized in section 6.5.1, whereas in
section 6.5.2 and 6.5.3 this med-Mn at its deemed optimal IA condition is compared to other 3G
steels with and without TRIP-assistance currently under critical investigation. This was done to
evaluate the severity of microstrain partitioning of this med-Mn condition and its ability to

maintain large strain gradients which is a necessary requirement for local forming.

6.5.1 Summary of an intercritically annealed med-Mn steel
We have shown that the mechanical properties of a med-Mn steel can vary considerably as one

modifies the |IA conditions over a modest range of temperature from 665°C to 710°C. This occurs
without significant variation in microstructure as noted in section 6.4.2. Within this range, an
intermediate |IA temperature of 685°C provides the optimal condition in that it achieves the
highest UTS x TE (28,809MPa%), PUE (0.04)/&f (0.61) and extends TRIP to high strains, which in
turn, explains this condition’s sustained monotonic work hardening. With the use of uXCT, our
work shows that this med-Mn steel at its 685°C IA condition showed the largest void density, but
the lowest void area fraction at fracture. This ultimately proves that void nucleation is promoted
at this condition, but that growth, as a result of the local compressive stresses imposed by the
transformation from y-to-martensite, is suppressed even more so than the other two IA
temperatures considered. Sources of void nucleation at the 685°C IA condition were y-M cracking,
which initiate at ultrahigh strains (i.e. €ayg = 0.48 in Figure 6.6Bs), and within ferrite. Furthermore,
micro-shearing, featured in microstructures with plastic phase compatibility, engulfed void
nucleation within the ferrite. For such reasons, this med-Mn intercritically annealed at 685°C was

chosen to compare to other 3G steels, in sections 6.5.2 and 6.5.3.
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Moreover, it is important to note that through this research we have experimentally proven that
the temperature of optimal TRIP behavior is influenced by the Si content in med-Mn steels. The
peakUTS x TE of this med-Mn steel was achieved after IA at 685°C which is 25°C lower than the
temperature of which peakUTS x TE properties achieved by Pallisco & McDermid (2020) on a very
similar med-Mn steel with only a ~0.3wt% increase in Si. This provides evidence that further work
needs to be devoted to understanding the role that Si has on retained austenite stability in med-

Mn steels.

6.5.2 Med-Mn steel compared to other 3G Steels
In this section we compare the results on the current med-Mn steel intercritically annealed at

685°C for 120s with another TRIP-assisted, ultrahigh strength 3G steel, in this case QP1500, and
with a 3G DP steel without TRIP-assistance, an ultrafine-grained (UFG) DP1300 steel. All three
steels have a fine grain size, on average, < 1um. The chemical and microstructural details of the
QP1500 and UFG DP1300 steels have been thoroughly investigated and are reported elsewhere
(Pelligra et al., 2022; Samei et al., 2020; Samei, Pelligra, et al., 2019; Zhou, 2018). Table 6.3

compares various mechanical properties of these 3G steels.

Table 6.3: Mechanical Property Comparison between med-Mn, QP1500 and UFG DP1300

UTS TE UTSXTE | Toughness True True Strain | &f F.l.
(MPa) (MPa%) | (MJ/m?3) Uniform | at Fracture | &, £, * &f
Strain (&) (&)
med-Mn 1067 | 0.27 | 28,809 893 0.21 0.61 2.9 0.36
UFG DP1300 1475 | 0.10 | 14,750 409 0.08 0.28 3.5 0.15
QP1500 1540 | 0.14 | 21,560 1323 0.11 0.60 5.5 0.26

Of these steels only the med-Mn steel closely achieves the proposed 3G mechanical target
property envelope (AutoSteel, 2011; Matlock & Speer, 2009). This med-Mn steel shows a =3x
increase in elongation in comparison to the UFG DP1300 and QP1500 steels compensated by a
400-500 MPa decrease in strength. Despite having significantly different microstructures, the
QP1500 and UFG DP1300 steels have similar strengths and true uniform elongations (eu),
~1500MPa and =0.1 respectively. They do differ, however, in terms of & and toughness, as

detailed elsewhere (Pelligra et al., 2024). The toughness values quoted in Table 6.3 refer to the
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total area under the true stress-strain curves, as measured using the integral trapezoid method.
The UTS x TE product also provides a rough approximation to the toughness; however, it
underestimates the actual energy required to produce fracture because the energy absorbed
during PUE is significant (Frometa et al., 2019). The QP1500 steel achieves the highest toughness,
while the UFG DP1300 achieves the lowest, and the med-Mn steel shows a toughness ~2x greater
than that of the UFG DP1300 steel. Interestingly, the med-Mn steel has a similar & to that of the
QP1500 steel, yet there is a =2x increase in g, i.e. a two-fold delay in the onset of necking, of the
med-Mn steel in comparison to the QP1500 steel, 0.21 vs 0.11. As shown inAppendix B, Figure B
6.1, these steels show similar TRIP kinetics, however the amount of y in the med-Mn steel is
increased by about ~2x compared to the QP1500 steel. Moreover, the shape changes associated
with the transformation of y-to-martensite are more easily accommodated by the surrounding
polygonal ferrite in the med-Mn steel. The easy identification of GNDs in ferrite as shown in Figure
6.3 supports this. Ultimately, this difference in g, explains the variation in their & /e, formability

ratios and formability indices (F.I.).

The & / €, strain ratio is used to predict whether an AHSS is more suited for local forming (i.e.
forming instances in which large strain gradients are imposed, such as in bending) or global
forming operations (i.e. forming instances in which a large portion of the material is deformed to
similar strains, such as deep drawing). The F.l., on the other hand, is an intermediate value
between the &, and & which rates the overall formability, considering both local and global
potential of AHSSs (Hance et al., 2013). The &/ €, strain ratio is less than 5 for the med-Mn steel
suggesting that this material performs better in global versus local forming operations. The UFG
DP1300 steel is also better suited to global forming operations, whereas the QP1500 steel shows
marginally better local formability than the other two steels. Despite the fact that the med-Mn
steel has a lower & / g, strain ratio, it achieves the best F.I. rating of ‘Very Good’ whereas the
QP1500 and UFG DP1300 steels achieve only ‘Good’ and ‘Fair’ F.I. ratings respectively.

6.5.2.1 Microstrain Partitioning

The severity of microstrain partitioning of this med-Mn condition can be evaluated by comparing
it to QP1500 and UFG DP1300 steels. To compensate for the different sizes captured during SEM

imaging for microstrain mapping, the square facet and step sizes were adjusted such that they
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exhibited the same sizes in microns, as shown in Table 6.4 for these three steels,. This same
methodology was used previously (Pelligra et al., 2024).. The eayg is compared to the local average

phase strains for each component, €phase, (i.€. the average von Mises strain of different phases

within the area imaged).

Table 6.4 Parameters of the microstrain calculations in GOM Correlate

med-Mn UFG DP1300 QP1500
Represented Area (um?) 8.1x6.4 15.4x12.3 8.0x6.4
Resolution (um/pixel) 0.008 0.006 0.006
Facet x Step size (pixel) 29x9 31x11 29x11
Facet x Step size (umxum) 0.2x0.07 0.2x0.07 0.2x0.07

The choice in facet size (0.2um x 0.2um) and point distance (0.07um) was made to obtain a virtual strain
gauge of 0.14um. This enabled the average in-grain strain to be resolved. A set of 3x3 facet squares,
0.46 um x 0.46um, is less than the average ferrite grain size (0.61um) of this med-Mn steel. This DIC

post-processing methodology is described in detail by Pelligra et al. (2022, 2024).

In Figure 6.9a, we compare the microstrain partitioning between the hard and the soft phases in
each of the three steels. In the case of the two 3G TRIP-assisted steels of interest, this involves
the island (y-M) and matrix ferritic and/or TM phases. Both the med-Mn steel and QP1500 steel
show improved microstrain (i.e. reduced) partitioning behavior compared to the UFG DP1300
steel because of the improved plastic compatibility between island and matrix phases. With
increasing deformation, the strain that can be accommodated by the y-M constituents in the
med-Mn steel and QP1500 steels are similar. This is likely related to the fact that both steels show
similar rates of TRIP exhaustion, as described in Appendix B, Figure B 6.1. As is expected, the
polygonal ferrite-tempered martensite (F-TM) in the med-Mn steel is slightly more deformable
than the TM in the QP1500 steel. Out of the two 3G TRIP-assisted steels, only in the med-Mn steel
is the impact of ferrite apparent. For example, at an eayg = 0.3, the €rmphase = 0.32, while the &r.
T™m,phase = 0.36. It is important to note that although the strain partitioning between contrasting
phases in the med-Mn steel is greater than that of the QP1500 steel, both achieve the same

fracture strain.
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Figure 6.9: The microstrain partitioning between 3G steels by evaluating the Average von Mises strain
versus the Average Phase von Mises strain in (a) and the SPIR in (b)

Another method to quantify the degree of microstrain partitioning uses the strain partitioning
intensity ratio (SPIR), as shown in Equation 6.1, originally developed by Siemens et al. (2023),and

shown in Figure 6.9b.

matrix,phase Equation 6.1: The Strain Partitioning Intensity

€
SPIR = .
€island,phase Ratio (SPIR) formula

For these steels, SPIR is based on the strain ratio between the matrix phase and the island phase.
An SPIR value of one suggests that these phases co-deform equally, whereas a SPIR> 1 suggests
that the matrix phase accommodates more strain than the island phase. In this instance, the med-
Mn steel and QP1500 steel, both have a SPIR = 1-1.75. As deformation proceeds, the SPIR
decreases in the med-Mn steel at a similar rate to the increase in SPIR of the QP1500 steel. This
suggests that the matrix phases (i.e. F-TM) gradually accommodates more or less strain than the
island phase(s) (i.e. y-M) with increasing deformation in the QP1500 and med-Mn steel,
respectively. Yet, in both instances, the steels exhibit a significant amount of co-deformation. The
UFG DP1300 steel shows a roughly two-fold increase in SPIR compared to the med-Mn and
QP1500 steel, indicating that the matrix (i.e. ferrite) accommodates most of the strain in this alloy
with limited deformation of the island phase (i.e. martensite). The increase in SPIR of this steel
can be fitted to a power law with an eventual flattening out of the SPIR at higher strains.
Ultimately, an intermediate degree of microstrain partitioning between the matrix and island

phase(s) is shown in the med-Mn steel compared to the QP1500 and UFG DP1300 steels.

236



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

6.5.2.2 Local Strain Gradients
Similar to our previous work, Pelligra et al. (2024), the local strain gradients (&’) across interphase

boundaries were fitted to a 2-parameter lognormal distribution, in which only positive values are
used. Figure 6.10a shows these distributions along with their medians (i) and standard deviations
(o). It is important to recall that the mention of €’ here refers to a collection of € measurements

at dissimilar phase interfaces for these steels.
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Figure 6.10: Strain Gradient Comparison between 3G steels, fitted to lognormal distributions (a). The
median of the cumulative €’ values from (a) are plotted as a function of €ay in (b). Microstrain maps of
the med-Mn, QP1500 and UFG DP1300 steels at an eag = 0.24 (c-e). Pink encircled areas in the med-Mn
and QP1500 steel in Figure 6.10c and d, signify microstructural evolution which caused poor DIC
coverage. On the other hand, yellow encircled areas in the UFG DP1300 steel, in Figure 6.10e, shows
instances of damage.

The evolution of the median strain gradient (&;,) with increasing ey is greater in the UFG DP1300
than the QP1500 steel. The med-Mn steel, on the other hand, shows an intermediate rate of &,
evolution with increasing eagas shown in Figure 6.10 b. This is likely due to the fact that the med-
Mn steel has more phases than the QP1500, and therefore more variability in its local strain
gradient. Interestingly, despite both being 3G TRIP-assisted steels with similar TRIP kinetics, the

&y of the med-Mn steel peaks at a eag = 0.24 and then drops, whereas for the QP1500 steel the
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&€y continues to increase. Multiple studies have indicated that martensite formed via displacive
shear can induce a high proportion of screw dislocations (~18%) (Hatem & Zikry, 2011; He et al.,
2017; Sandvik & Wayman, 1983). These dislocations are able to move easily through the
polygonal ferrite in the med-Mn steel, whereas they are more likely to be pinned by carbides in

the TM of the QP1500 steel therefore, increasing dislocation accumulation.

Figure 6.10 (c-e) compares the microstrain maps of the respective steels at an eag = 0.24. At this
point, damage in the form of martensite cracking (mode I), martensite shearing (mode Il) and
interfacial cracking is seen in the UFG DP1300 steel (Pelligra et al., 2022). This is due to the fact
that the UFG DP1300 steel inhibits dislocation motion (i.e. the increasing strain gradient cannot
be maintained) even more than the two 3G TRIP assisted steels, eventually resulting in damage

nucleation, as shown in Figure 6.10e.

The 3G TRIP-assisted steels, on the other hand, show a significant amount of strain variation in
their microstrain maps without any evidence of damage at this high eag = 0.24. In this instance,
dislocation motion is not being as severely inhibited in the 3G TRIP-assisted steels (i.e. the €” are
lowered and can be maintained). Additionally, it is important to note that there are instances that
show uncorrelated regions in their microstrain maps. Aside from damage nucleation, this could
be a result of surface topography evolution, slip steps, grain rotations, phase transformations,
etc., which cause a large difference in grey scale value, leading to poor DIC correlation in those
spots (Oh et al., 2021). The med-Mn steel shows more uncorrelated regions than in the QP1500
steel, as shown in Figure 6.10c and d, respectively. This is consistent with the fact that the F-TM
in the med-Mn steel is overall more deformable than the TM in the QP1500 steel, as graphed in

Figure 6.9.

6.5.3 Summary of this med-Mn steel compared to other 3G steels
The benefits in TRIP-assistance, as well as the severity of microstrain partitioning in the med-Mn

steel has been evaluated by comparing it to another 3G TRIP-assisted steel, QP1500 and 3G non-
TRIP-assisted steel, an UFG DP1300 steel. The following conclusions can be made from this

comparative study:
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e Despite achieving neither the largest strength nor toughness, the significant
concentration (30 vol%) of y and the presence of polygonal ferrite in the med-Mn steel
enables it to achieve the highest €,, and the best F.I. rating, while also being the only one
of these steels that sits within the generalized 3G UTS x TEmechanical target envelope.

e Both the med-Mn steel and QP1500 steel achieve the same €5, even though the severity
of strain partitioning between dissimilar phases is greater in the med-Mn steel. This is due
to the presence of polygonal ferrite within the med-Mn steel microstructure, which is
more deformable than the TM within the QP1500 steel.

e The med-Mn steel shows an intermediate rate of €, evolution with increasing avg. At high
strains, the UFG DP1300 steel microstructure shows martensite cracking/shearing and
interfacial cracking as a result of not being able to maintain the high strain gradient. On
the other hand, at this high strain, there is still a significant amount of strain variation in
both TRIP-assisted steels. For these steels, the € are not as high and dislocation motion
is more easily accommodated than in the DP steel. More uncorrelated regions are present
in the med-Mn steel versus the QP1500 steel, further suggesting that the polygonal ferrite
in the med-Mn steel is deforming to a greater extent than the TM in the QP1500 steel.
Furthermore, the decrease in &, at a eag > 0.18 of the med-Mn steel, highlights the ability
for dislocations to move easily through the ferrite, whereas their path of motion is

hindered by the TM carbides of the QP1500 steel.

6.6 Concluding Remarks and Future Considerations

To conclude, in this paper we have demonstrated that significant variations in mechanical
properties can be obtained when intercritically annealing a med-Mn steel (0.15C-5.8Mn-1.8Al-
0.71Si) with a martensitic starting microstructure over a tight temperature range of 665°C to
710°C. The novelty of this work arises from the narrow temperature interval we have chosen to
vary our |IA experiments in the attempt to isolate the impact that IA temperature has on TRIP
kinetics and its role on damage development in med-Mn steels. We have demonstrated that an
intermediate IA 685°C condition held for 120s, led to a large true strain at fracture (g = 0.61)
while also meeting 3G mechanical targets (28,809 MPa%) and sustained monotonic work

hardening as a result of its prolonged TRIP during straining. We have also demonstrated that,
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despite void nucleation being promoted at this IA 685°C condition, its growth is most effectively
suppressed by the local compression resulting from the continuous y-to-martensite
transformation during straining. Ultimately, this provides evidence that in slowing down TRIP,
the rate of damage accumulation is reduced, which enhances the local formability of such 3G
steels.

In addition, we have provided a thorough comparison between two TRIP-assisted steels and a
non-TRIP-assisted steel (UFG DP1300) to deduce the contribution of TRIP to 3G microstructures,
with ferrite (med-Mn steel) and without (QP1500 steel). With the use of a new post uDIC data
processing technique, we have been able to show that TRIP provides an advantage in 3G steels
by exhibiting on average lower strain gradients at dissimilar phase interfaces with increasing
average strain. Furthermore, the dislocation motion arising from the local strain gradient evolving
at dissimilar phase interfaces is more easily accommodated in the med-Mn steel as a result of it
containing polygonal ferrite, whereas the TM carbides within the QP1500 steel impede
dislocation motion. This explains the heightened macro local forming capacity of this med-Mn
steel compared to the QP1500 steel.

Although we have extensively documented the ability for TRIP, when carefully managed, to
suppress damage in 3G med-Mn steel microstructures, the rate of TRIP can vary substantially
with more complex straining conditions. Extensive studies have been performed to understand
TRIP kinetics as a function of strain rate, deformation mode, etc. on austenitic stainless steels
(AUSs), but no studies have been similarly conducted on 3G TRIP-assisted steels. Moreover, the
concepts learned in studying the effect that complex straining has on TRIP in AUSs is not
completely transferrable to 3G TRIP steels as they can possess much wider stacking fault range.
We therefore suggest future research be devoted to understanding the local forming behavior of
3G TRIP-assisted steels when subjected to more complex straining conditions, such as shear,
plane-strain tension, balanced-biaxial tension, etc. The microscopic techniques we have
presented here to investigate microstrain partitioning amongst phases, strain gradient evolution
and damage development can also be applied to evaluating the effect that TRIP has on damage

in 3G steels deformed at comparable complex conditions to automotive forming applications.
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6.9 Appendices

6.9.1 Appendix A: TEM Analysis of med-Mn in its 665°C and 710°C IA conditions
Similar to the TEM analysis performed in section 6.4.2.1, before SAED indexing, EDS was used to

preliminarily target lath-type y or y-M (Mn-enriched) versus polygonal ferrite (Mn-weak) areas.
Figure A 6.1 refers to the TEM analysis performed on this 665°C IA condition. The EDS map in
Figure A 6.1a is a representative area of the med-Mn 665°C IA condition’s microstructure. Grains

A-C labelled in Figure A 6.1a were chosen for further SAED indexing and DF imaging.
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Figure A 6.1: Representative EDS map of this med-Mn in the 665°C IA condition to target Mn-enriched
and -poor regions (a). Grains A-C were chosen for further analysis. High magnification BF TEM image (b)
and EDS map (c) is of the red-squared region in the EDS map in(a). The BF image, SAED pattern and DF
image, (dA, eA, fA), respectively is of Grain A with the indexed [0 1 1]y zone axis. The BF image, SAED
pattern and DF image, (dB, eB, fB), respectively is of Grain B with the indexed [0 1 1] BCT zone axis. The
BF image, SAED pattern and DF image, (dC, eC, fC), respectively is of Grain C with the indexed [0 1 1] BCC
zone axis.

Figure A 6.1b and c, is a high magnification STEM image and EDS map, respectively, of the red-
squared-area in Figure A 6.1a. The Moire Effect present at y-M/F grain boundaries in Figure A 6.1b
could indicate the presence of GNDs whereas Figure A 6.1c confirms the local segregation of Mn
at dissimilar phases and observed Ti precipitates. Grain A from Figure A 6.1a and dA, is Mn-
enriched. The SAED pattern in Figure A 6.1eA is obtained from the encircled region in the BF image

of Figure A 6.1dA, with a [0 1 1]y zone axis. The DF image from spot A belongs to the (200) FCC
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reflection and shows block-like y. Grain B from Figure A 6.1a and dB, is also Mn-enriched. The
SAED pattern, in Figure A 6.1eB, is obtained from the encircled region in the BF image of Figure A
6.1dB, with a [011]BCT zone axis which represents martensite. The DF image from Spot B which
belongs to the (0 1 1) BCT reflection shows a y island which has very slightly transformed to
martensite (i.e. bright regions pointed out in the DF image in Figure A 6.1fB. The y grains, in Figure
A 6.1 fA and fB, are globular with £95-100nm in equivalent diameter. On the other hand, Grain C
pointed out in Figure A 6.1a and then again in Figure A 6.1dC is low in Mn. The SAED pattern in
Figure A 6.1eC is obtained from the encircled region in the BF image of Figure A 6.1dC, with a [0
1 1] BCC zone axis. The DF image in Figure A 6.1fC from Spot C which belongs to the (2 0 0) BCC

reflection illustrates that the ferrite.
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Figure A 6.2: Representative EDS map of the med-Mn in the 710°C IA condition to target Mn-enriched
and -poor regions (a). Grain A, B, and red-squared region C labelled in (a) were chosen for further SAED
indexing and DF imaging. The BF image, SAED pattern and DF image, (bA, cA, dA), respectively is of Grain
A with indexed [0 0 1] BCC Zone axis. The BF image, SAED pattern and DF image, (bB, cB, dB),
respectively is of Grain B with indexed [1 1 1] BCT Zone axis. The BF image, SAED pattern and DF images,
(bC, cC, dC and dD), respectively is of the red-squared region C. Figure A 2cC shows the presence of
multiple phases, identified and indexed [0 1 3] BCC (in yellow) and [1 2 3]y Zone axis (in green).

Figure A 6.2 refers to the TEM analysis performed on this med-Mn in the 710°C IA condition. The

EDS map in Figure A 6.2a is a representative area of the 710°C IA treatment’s microstructure.
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Grain A, Grain B, and red-squared region C labelled in Figure A 6.2a were chosen for further SAED
indexing and DF imaging. Grain A, as shown in the EDS map of Figure A 6.2a, is partially Mn-
enriched. The SAED pattern in Figure A 6.2cA is obtained from the encircled region in the BF image
of Figure A 6.2bA, and shows the [0 0 1] BCC zone axis. The DF image in Figure A 6.2dA is formed
using the (1 1 0) BCC reflection by selecting Spot A in the SAED pattern. The section of the grain
low in Mn is the ferrite while the Mn-enriched section of the grain is the y which has completely
transformed into martensite. This is different than the 685°C and 665°C IA conditions in which
only nanoscale martensitic islands were featured at a 0.05 strain. On the other hand, Grain B, as
indicated in Figure A 6.2a, is completely Mn-enriched.SAED pattern in Figure A 6.2cB, obtained
from the encircled region in the BF image of Figure A 6.2bB, and shows the [1 1 1] BCT zone axis.
The DF image from spot B belongs to the (0 1 1)BCT reflection, representing martensite, in Figure
A 6.2dB. The BF image in Figure A 6.2bC is the red-squared region in Figure A 6.2a in which GNDs
were observed along the boundaries of a polygonal ferrite grain. The SAED pattern in Figure A 6.2
cC from two grains encircled in green in the BF image of Figure A 6.2bC, contains multiple phases
which has been identified as [0 1 3]BCC (in yellow) and [1 2 3]y zone axis (in green). The DF image
from spot C belongs to the (2 0 0)BCC reflection is illustrated in Figure A 6.2dC. Similar to what
was observed in Figure A 6.2 (b-dA), the grain low in Mn is ferrite while the Mn-enriched grain is
transformed martensite. In addition, sheaves of y, ®30nm in width, were observed in the DF

image by using spot D, (1 1 1) FCC reflection from the [1 2 3]y zone axis.

Ultimately, compared to the TEM analysis conducted on this med-Mn steel at its 665°C, as shown
in Figure A 6.1 and its 685°C IA condition, in Figure 6.3, the presence of y was less apparent. This
is consistent with the Co-XRD analysis, in section 6.4.2.1, in which at a 0.15 strain, there’s only
~10% of untransformed y available to be detected in this med-Mn steel when subjected to IA at
710°C. Whereas there is =®20% and =40% of untransformed y available to be detected in this
med-Mn steel subjected to IA at 665°C and 685°C, respectively. Furthermore, it should be noted
that >50% of a transformed martensite block indexed in Figure A 6.2 (b-dA) and (b-dC) were
adjacent to ferrite grains which is likely due to the fact that ferrite can easily accommodate the

volume expansion associated with TRIP.
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6.9.2 Appendix B: HE-XRD Analysis and the Mechanical Stability of y

Figure B 6.1: a shows the y fraction transformed as a function of von Mises strain within the 0.5 x

0.5 mm? area of HE-XRD acquisition including the 95% Cl error bars. Figure B 6.1: b is showing the

mechanical stability of y, as defined by the slope in Equation B 6.1 (i.e.; k-value). This k-value is

inversely proportional to the mechanical stability of y (Bai et al., 2020; Shi et al., 2010; Sugimoto

et al., 1992). As described in section 6.4.2.2, this med-Mn at the 685°C IA condition (i.e. k-value

of 3.7) results in the highest y stability.
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Figure B 6.1: The TRIP kinetics of this med-Mn steel subjected to IA treatments of 665°C, 685°C and
710°C held for 120s with error bars included (a). The mechanical stability of y defined by the k-
value/slope (b). The TRIP kinetics of the QP1500 steel is added for comparison to this med-Mn steel (c).
Figure B 6.1d shows shaded regions to signify the y fraction transformed within a 95% ClI.
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Vy = Vy o exp(—ke) Equation B 6.1: The Mechanical Stability of y

Figure B 6.1c shows the TRIP kinetics of the QP1500 steel in relation to this med-Mn steel
intercritically annealed from 665°C-710°C. Figure B 6.1d, again features the TRIP kinetics of the
QP1500 steel, with the addition of shaded regions to signify the y fraction transformed within a
95% Cl.

6.9.3 Appendix C: Cross Sectioned Fracture Surfaces of med-Mn at the 665°C and 710°C IA

conditions
EDS analysis was performed on a cross sectioned fracture surface of the med-Mn at the 665°C

and 710°C IA conditions, similar to what was described in section 6.4.3.2. The Al (or combined
Al,Mn,Si)-containing inclusions seen in the 685°C IA condition, as featured in Figure 6.7 bBs and
in the 710°C IA condition in Figure C 6.1: bA13 and Figure C 6.1: bB1.5 are spherical in shape (i.e.
have rounded edges) and the inclusion/steel interface decohesion seen does not propagate at
fracture. Whereas, in the instance of the 665°C IA condition, micro-cracks are present at the
corners (i.e. high local stress concentrators) of cuboid inclusions as shown in Figure C 6.1: aA1.s.
These cuboid inclusions were likely highly, rigid TiN particles which have formed during
solidification (Hutten et al., 2021) and eliminated during polishing, with traces of Al, Mn and Si. It
is possible that the voids which have nucleated because of micro-shear bands intersecting one
another with increased deformation are shown in the 665°C IA condition in Figure C6.1: aB1.4 and
aCi4. In the 710°C IA condition, Figure C 6.1: bCi4 features a centreline microcrack with

embedded Al,Mn- containing particles.

259



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

. (aA4) ==
:

() (aB,)

i

Centre- —
line crack

Shear lip

10 um

Figure C 6.1: EDS performed on cross sectioned fracture surfaces of the 665°C (a) and 710°C (b) IA
conditions, respectively. Evidence of micro-cracking at cuboid inclusion corners Figure C 6.1(aA1-s) and
void formation from the intersection of micro-shear bands Figure C 6.1(aB1.4) and (aCi-4). An inclusion
with rounded edges is featured in Figure C 6.1(bA13) and (bBis) whereas a centreline micro-crack with

embedded particles is featured in Figure C 6.1bCj.4.
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7 Effect of Triaxiality on Microstrain Partitioning, Transformation
Induced Plasticity, and the Evolution of Damage in a Third

Generation Medium Mn Advanced High Strength Steel
Concetta Pelligra?, Jidong Kang? and David S. Wilkinson?
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7.1 Abstract

For the first time, the impact that an increased state of stress triaxiality has on Transformation
Induced Plasticity (TRIP) kinetics, microstrain partitioning and damage evolution in a third
generation (3G) Medium Mn (med-Mn) steel is presented. This investigation was carried out using
unnotched, misaligned, shallowly and severely notched tensile geometries which enabled a range
of stress triaxialities, from 0.33 to 0.89, to be tested. TRIP kinetics for these different tensile
geometries was delineated with the use of High Energy X-ray Diffraction, in which the fastest and
slowest transformation of austenite to martensite was experienced by the severely and
misaligned notched specimens, respectively. Microscopically, the compatibility between phases
and dynamic evolution of damage in two dimension was obtained through the use of quasi in-
situ Scanning Electron Microscope tensile tests coupled with Electron Backscatter Diffraction
(EBSD) and microscale Digital Image Correlation (uDIC). A unique electropolishing micro-speckle
patterning methodology to enable the combined ability for sufficient EBSD phase indexing and
UDIC is introduced through this study. Overall, the polygonal ferrite and tempered martensitic
regions within the med-Mn steel microstructure were considerably more sensitive to changes in
the steel’s global stress-state compared to the initial austenite/eventually transformed
martensitic regions. In terms of the bulk evolution of damage, a similar void area fraction just
before fracture for the unnotched and notched specimens was revealed using X-ray Computed
Microtomography. This is indicative of a critical void size that once reached triggers an exponential
raise in coalescence and then fracture. Ultimately, this work encourages the further development
of experimental and software techniques to understand the complex interplay of TRIP, microstrain
partitioning, and damage evolution in 3G TRIP-assisted steels under diverse strain path

conditions.

261



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

7.2 Introduction

It is well known that the introduction of lean-alloyed Advanced High Strength steels (AHSSs) in a
vehicle’s Body-in-White (BIW) is an effective means of reducing a vehicle’s weight and improving
its kinetic energy absorption in the event of a car crash (Bouaziz et al., 2013). A lesser-known fact
is that the importance of producing lightweight vehicles is heightened by the increased vehicle
weight in Battery Electric Vehicles (BEVs). A potential of 30-40% in weight reduction in a vehicle’s
BIW with the use of 3G AHSSs (i.e. with strengths that fall within the 1100-1500 MPa range) has
been previously predicted (De Cooman et al., 2012). In addition, the materials which constitute
BEVs must show supreme crashworthiness in protecting the battery during a crash. Yet, the stress
triaxiality that is experienced by an automotive component when impacted depends on its
position in the BIW and the equivalent plastic strain it experiences during the crash (Findley et
al., n.d.). This cannot be explicitly characterized by an AHSS’ position on the banana diagram, in
which the material is characterized by its total elongation (TE) and ultimate tensile strength (UTS).
For instance, the TE enables one to predict forming behavior during stretching operations but
does not adequately capture its behavior during more complex forming operations that involve
bending or shear. TE can vary substantially based on the specimen design, strain path, stress-
state, etc. (De Moor et al., 2010; Hance, 2016; Jacques et al., 2007; Larour et al., 2017; Lian et al.,
2021; Park et al., 2019).

More than this however, a lot of damage modelling to date is conventionally validated using
uniaxial tensile testing, and hence, limited to predicting a material’s response when subjected to
concentrated loading (Briinig et al., 2008; Polatidis et al., 2020). In a traditional tensile test of a
ductile metal, stress is first dominated in one direction, but once necking occurs all three principal
stresses affect the metal’s deformation to fracture. As a result, the stress triaxiality, defined as the
ratio of the mean stress (om) to the equivalent von Mises stress (owm), not only affects the
material’s deformation behavior but also has a complex relationship with fracture. Bao and
Wierzbicki (2004) found that for sample designs with high (0-0.4) and low (0.4-0.95) stress
triaxialities, the equivalent strain to fracture increases or decreases parabolically, respectively.
Notched specimens were used to understand the alloy’s mode of fracture at high triaxialities. To

understand fracture behavior at lower stress triaxialities, they tested misaligned-notch-type
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specimens with either pure shear or combined shear-tension deformation and achieved
triaxialities of 0-0.15. It is worth mentioning that at these lower triaxialities, the om is very small
in comparison to the oyw. A plate with a circular hole was used in that study to achieve the
classical uniaxial tension state with a triaxiality of 0.33. With this specimen design, Bao and
Wierzbicki (2004) were able to deduce that the transition from shear dominated fracture to one
dominated by void growth occurs in a triaxiality range of 0.33-0.4 but is material dependent.
Wang et al. (2014) rather argue that the hole tension test is a suitable alternative to the hole
expansion test (HET), allowing void evolution to be a result of the complex stress-state near the
vicinity of the hole’s edge. Scott (2018) was able to use a hole tension geometry to mimic stresses
experienced during stretch flanging and observe damage in-plane with the use of tomography.
Using Finite Element Modelling (FEM), Williams et al. (2022) determined the triaxiality at the edge
of the hole during loading of a HET to be 0.33 on a Dual Phase (DP) steel of 980MPa UTS, DP980,

whereas further away from the hole edge the stress triaxiality was > 0.5.

To counteract this, there is also ~3% volume expansion associated with the transformation from
austenite to martensite in Transformation Induced Plasticity (TRIP)-assisted steels which is said to
cancel a portion of the triaxial stress, thereby reducing the local stress intensity of the material,
suppressing damage evolution and inhibiting brittle type fracture (Jacques et al., 2001; Parker and
Zackay, 1973; Samei et al., 2020; Withers, 2015). Moreover, multiphase microstructures along
with TRIP-assistance in AHSSs has been critical being within the broadened third generation (3G)
mechanical targets, 36000MPa% <UTSXxTE=40000MPa% (Matlock and Speer, 2009). This is based
on the United States Department of Energy’s (U.S. DoE’s) specific mechanical targets of 1200MPa
x 30%, and 1500MPa x 25% for 3G steels. Such steels are made using the quench and partitioning
technique (Speer et al., 2003), or intercritical annealing (IA) (Gibbs et al., 2011), as is the case with
Medium Mn (med-Mn) steels, to stabilize austenite with a high concentration of carbon and/or
manganese. Specifically, med-Mn steels, with manganese contents ranging from 4-10%, can
revert a significant amount of austenite through IA (~*675-700°C). In comparison to quench and
partition (Q&P) steels, med-Mn steels show greater continuous galvanizing line (CGL)

compatibility and can also achieve 3G mechanical targets with industrially capable short
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annealing times (Bhadhon et al., 2017; Pallisco et al., 2017). Furthermore, the properties of med-

Mn steels are highly tunable through their starting microstructure and |A parameters.

In general, TRIP is accompanied by both a volume and distortion shape change. The volume
change associated with TRIP is a function of the om, whereas the distortion shape change is a
function of shear stresses on habit planes. The equivalent von Mises strain is a measure of
plasticity accounting for normal and shear stresses. Olson and Cohen (1975) were the first to
propose a relationship between TRIP and the equivalent plastic strain using an austenitic stainless
steel (AUS). Eventually their model was modified to understand the effect of strain rate (Tomita
and Iwamoto, 1995) and stress triaxiality (Stringfellow et al., 1992) on phase transformations.
Stringfellow et al. (1992), with data supplied by Young (1988), found that TRIP kinetics are a
monotonic function of triaxiality, in which more austenite is transformed under uniaxial tension
versus uniaxial compression, from a high to low triaxiality comparatively. Demania (1995)
however, noted that at room temperature (20°C) the austenite transformed under uniaxial
tension was similar to that under plane strain, even though the plane strain condition has a higher
stress triaxiality. Beese and Mohr (2011), as well as Polatidis et al. (2020) provided evidence to
show that there is not a monotonic relationship between TRIP and stress triaxiality. Instead, they
argued that an influence of the Lode Parameter needs to be accounted for. On the contrary,
Mansourinejad and Ketabchi (2017), note that it is possible to assess the effect of stress triaxiality
on TRIP without considering the Lode parameter. This is also supported by Yang et al. (2021) in
their study of a 5wt%Mn med-Mn steel subjected to different strain states. Moreover, Beese and
Mohr (2011) attribute experimental differences in the TRIP-triaxiality relationship seen in the
literature to experimental inconsistencies (i.e. possible buckling in compression, effect of
specimen preparation on the martensite detected, specimen geometry, etc.). With that being
said, another important aspect to note is that most studies to date has been focused on
understanding the role triaxiality has on TRIP kinetics in AUSs (Jacques et al., 2007), which in
general posses a much narrower stacking fault energy (SFE) range compared to low-alloyed TRIP-
assisted AHSSs. Only a few reports have been made to understand the TRIP-triaxiality
relationship of TRIP-assisted AHSSs (Polatidis et al., 2020), and even less related on 3G steels, such

as med-Mn steels (Lian et al., 2021; Wu et al.,, 2018; Yang et al.,, 2021). Similar to the
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contradictions in the literature on the TRIP-triaxiality relationship in AUSs, Lian et al. (2021) noted
that the deformation mode (i.e. uniaxial tension versus equibiaxial tension) did not impactTRIP
kinetics in a 7wt%Mn med-Mn steel, whereas Wu et al. (2018) as well as Yang et al. (2021) both
report that TRIP kinetics was faster under uniaxial tension then equibiaxial tension in a 10wt%Mn

and 4wt%Mn med-Mn steel, respectively.

Moreover, the microscopic events (i.e. strain partitioning amongst phases, void nucleation, etc.)
leading to fracture is affected by several factors. Some of these are intrinsic to the microstructure,
including particle sizes (Nan and Clarke, 1996), and particle aspect ratios, while others are
extrinsic to the microstructure, including specimen design-induced triaxiality (Bao and Wierzbicki,
2004; Landron et al., 2011; Toda et al., 2014). In 3G steels, another intrinsic factor governing void
nucleation, growth and the overall rate at which damage evolves is TRIP kinetics (Samei et al.,
2020; Sun et al., 2019). Although in-situ high-energy X-ray or neutron diffraction studies have
been successful on providing an abundance of crystallographic/phase transformation data on
AHSSs as they are being deformed (Abu-Farha et al., 2018; Hu et al., 2017; Jacques et al., 2007,
Park et al., 2019; Polatidis et al., 2020), the ability to correlate microstrain partitioning to
microstructural evolution (i.e. grain orientations, misorientations, phase transformations,
estimates on the evolution of geometrically necessary dislocations (GNDs) etc.) can only be
achieved with the combined use of high resolution Electron Backscatter Diffraction (EBSD)
mapping, Scanning Electron Microscope (SEM) imaging and Digital Image Correlation (DIC) during
in-situ testing in a defined microscopic area of interest. The ultimate challenge that arises in
combining in-situ SEM tensile testing with micro-Digital Image Correlation (uDIC) and EBSD is in
choosing a micro-speckle patterning technique that is compatible with both imaging/mapping
modalities. A wide variation in greyscale values in SEM acquired images generally enables
complete DIC mapping coverage, whereas EBSD is best performed on smooth surfaces and a
narrow distribution in greyscale (Zhang et al., 2020). That being said, sophisticated micro-speckle
patterning techniques has been recently ventured by several in the attempt to process SEM
images using uDIC on areas previously subjected to EBSD mapping. The drop casting colloidal
silica micro-speckle patterning technique, for instance, has been deemed a successful method of

combining in-situ SEM tensile testing with uDIC and EBSD of 3G steel microstructures (Dutta et

265



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

al.,, 2019; Wang et al., 2017; Yan et al., 2015). This is likely due to the fact that colloidal silica
results in weak beam scattering providing the sufficient contrast needed for successful uDIC
mapping and has minimal interference during EBSD mapping. Zhang et al. (2020), on the other
hand, proposed a 2-step electropolishing methodology in which they electropolished their
material until a smooth surface for EBSD mapping was achieved, then re-electropolished their
material at high voltages to enable ‘pitting decoration’. This allowed a wider variation in greyscale
necessary for uDIC processing of SEM acquired images. In this paper, similar to Zhang et al. (2020),
we apply an electropolishing micro-speckle patterning methodology, in which we electropolished
our AHSS only once with optimal parameters such that the variation in greyscale was maximized
for high resolution EBSD and sufficient for uDIC mapping. Other novel micro-speckle patterning
techniques that have been attempted in order to combine uDIC on SEM and EBSD acquired areas
of AHSSs include physical vapour deposition (PVD) of InSn (Hoefnagels et al., 2019) and gold
remodelling (Yin et al., 2023).

It is critical to note, however, that the evolution of damage cannot be explained solely by two-
dimensional (2D) examinations as is possible with in-situ SEM testing, or cross-sectioned fracture
surfaces (Buffiére et al., 1999; Mummery and Derby, 1994; Stiénon et al., 2009; Vijayan et al.,
2020; Weck, 2007). Studies available in the literature using x-ray microcomputed tomography
(UXCT) to characterize void nucleation and damage in 3D are so far limited to lower strength steels
(Fabregue et al., 2015, 2013; Landron et al., 2013; Maire et al., 2012; Toda et al., 2017, 2016),
welded high strength steels (Vijayan et al., 2020), or bearing (1C-1.5Cr) steels (Stiénon et al.,
2009). Furthermore, very few studies have been dedicated to characterizing damage in 3D of
TRIP-assisted steels (Kumar et al., 2023; Samei et al., 2020; Schoell et al., 2022; Toda et al., 2022),
with little to no work devoted to understanding damage evolution in 3G TRIP-assisted steels
(Samei et al., 2020) or steels subjected to different states of stress (Kumar et al., 2023; Lorthios
et al., 2010; Pelligra et al., 2022). For example, in the recent work of Kumar et al. (2023),
synchrotron-based XCT studies were used to compare the evolution of damage in two, heavily
strained, C-Mn sheet steel specimens with differing triaxialities - a Compact Tension (CT) and
Single Edge Notched Tensile (SENT) specimen with maximum triaxialities of 2.8, and 1.8

respectively. Kumar et al. (2023) detected larger voids and a higher void volume at fracture in the
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CT specimen. It was concluded that at a high stress triaxiality voids grow substantially and
coalesce through impingement, whereas at a low stress triaxiality, coalescence of voids occurs
through a secondary void nucleation or void sheeting (Morgeneyer et al., 2008; Tanguy et al.,
2005). Furthermore, using uXCT, Samei et al. (2020) was able to show that grain refinement, TRIP
and decreased mechanical heterogeneity amongst phases can all be used to suppress damage

and increase the local true strain to fracture (gf/®

7.3 Material and Heat Treatment

The as-received material of study is a prototype third generation (3G) Medium Mn steel with a 1.2
mm thickness with a 0.15C-5.78Mn-0.71Si-1.77Al-0.04Cr-0.003S composition (Pelligra et al.,
2024a, in draft). The thermomechanical processing route and IA treatments were conducted using
McMaster’s Galvanizing Simulator (MGS) as described elsewhere on comparable med-Mn steels
(Mehrabi et al., 2023; Pallisco and McDermid, 2020). Specimens for testing were extracted from
the uniformly heat-treated zones of the intercritically annealed material as detailed by Bellhouse
(2010) and Patel (2019). The mechanical properties, determined using ASTM-E8 subsize, tensile
specimens, and a thorough microstructural characterization of this med-Mn steel, has been

published previously (Pelligra et al., 2024a,in draft).

In short, we have already shown that the mechanical properties of this med-Mn steel, with a
martensitic (80% martensite-20% ferrite) starting microstructure, varies considerably as one
modifies IA over a modest range of temperature from 665°C to 710°C with a 120s holding time
(Pelligra et al., 2024a,in draft). Moreover, we have shown that an IA temperature of 685°C provides
the optimal mechanical properties, by fitting within the general3G mechanical target envelope
(28,809MPa%), achieving a large true strain at fracture (& = 0.61) and by extending TRIP to high
strains. Moreover, damage evolution studies with the use of X-ray microtomography (uXCT)
conducted at the 685°C IA condition showed the largest void density, but lowest void area fraction
at fracture compared to the other two IA temperatures considered. This indicates that although
void nucleation is promoted at this 685°C IA condition, its subsequent growth, as a result of the

local compressive stresses imposed by the continual transformation of the reverted austenite (y)-
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to-martensite, is effectively suppressed. As a result, this med-Mn steel and IA condition was chosen

to understand the role that different stress states have on damage evolution and TRIP kinetics.

7.4 Methods

7.4.1 Tensile testing, HE-XRD, and DIC
The volumetric quantification and mechanical stability of y as a function of uniaxial strain was

determined through High Energy X-Ray Diffraction (HE-XRD). This technique, adapted and applied
by several authors (Abu-Farha et al., 2018; Hu et al., 2017; Park et al., 2019), offers ample points
to delineate a steel’s TRIP kinetics. HE-XRD experiments were conducted at room temperature
using a 13kN tensile load frame system at the Argonne Photon Source (APS) in beamline 11-ID-C.
The synchrotron X-ray beam chamber was set at 105keV and 0.1173A4. These experiments were
performed using wire-Electrical-Discharge Machining (WEDM)-prepared, tensile specimens
customized to the APS tensile frame, as shown in Figure 7.1a. The experimental set-up and DIC
post-processing parameters are presented elsewhere(Pelligra et al., 2024b). DIC post-processing
was applied to define the localized strain within the 0.5x0.5 mm? region of HE-XRD acquisition.
Any specimen slippage during tensile testing resulting in a shift of the HE-XRD 0.5 x 0.5 mm?

acquisition window was accounted for during DIC post-processing and strain quantification.

Traditionally, tensile testing conducted at the APS 11-ID-C beamline, featuring a combined HE-
XRD and DIC coupled set-up, has been performed on ‘unnotched and straight gauged’ specimens
(Abu-Farha et al., 2018; Hu et al., 2017; Li et al., 2020; Park et al., 2019), as shown in Figure 7.1a.
Limited HE-XRD studies have been conducted on TRIP steels at different stress states (Park et al.,
2019; Wu et al., 2018). In this paper, we designed and varied the notch geometry within the gauge
length of such customized tensile specimens to understand the impact that a variation in stress-
state has on TRIP kinetics in this steel intercritically annealed at 685°C. Shallowly notched,
severely notched and misaligned notches, Figure 7.1b,c and d, respectively, were wEDM
machined from the conventional unnotched/straight-gauged section of these customized dog-
bone tensile specimens. After fracture, these specimens were preserved for fractography, further

discussed in section 7.5.3.
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Figure 7.1:Unnotched (a), misaligned (b), shallowly (c) and severely (d) notched specimen designs used
for HE-XRD experimentation at APS' 11-ID-C.

In comparing the shallowly to the severely notched specimen designs shown in Figure 7.1c and
d, there is an increase in acuity in the notch such that the radius of curvature (p) is reduced in the
severely notched specimens. Using the principles introduced by Inglis (1913), the p for the
shallowly notched and severely notched specimens can be approximated as ~0.31 mm and ~0.26
mm, respectively. The radii of the misaligned notches specimens, shown in Figure 7.1b, were
made to be semi-circular, such that, in theory, its stress concentration factor is ~3 (Fischer-Cripps,
2007). In this case, the asymmetric positioning of the notches should have a more predominant
effect on this specimen’s deformation.

7.4.2 Numerical Calculation of Triaxiality
ABAQUS/CAE 6.14 FEM software was used to assess the global triaxiality within the center of the

notch of the tensile specimens in Figure 7.1. An implicit model was chosen for the 3D simulation
and run just up to the point of fracture. This was done in order to avoid large computational costs.
Isotropic hardening with elastic constants of steel, E = 210 GPa and v = 0.3, was used in our FEM
analysis. The true stress-plastic strain past yielding inputs were taken from experimental uniaxial
tensile testing data, presented previously (Pelligra et al., 2024a, in draft), fitted to a Voce-Linear
hardening model using the Curve Fitting App in MATLAB. This was run until an R? value of 0.99
was achieved (Pelligra et al., 2022). Eight-node, linear brick, continuum elements (C3D8R) with

reduced integration and hourglass control was used for the unnotched and notched specimen
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design simulations. Material Property outputs from the ABAQUS finite element simulation were
extracted from the centroid of elements. Mesh sizes were set to being ~3.5x the average grain
size of ferrite and ~5x the grain size of y within the notched region vicinity in order to obtain a
broadened ‘past grain-level’ indication of stresses, including triaxiality (i.e. global triaxiality)
(Pelligra et al., 2022). The average ferrite and y grain size was determined using EBSD mapping,

detailed in (Pelligra et al., 2024a,in draft).

Due to symmetry, 1/4™ of the unnotched, shallowly, and severely notched tensile geometries
were segmented in order to determine the average stress triaxiality in the absolute centre of the
specimens, as illustrated in Figure 7.2a. Due to the asymmetry of the misaligned notched tensile
geometry, this FEM model was segmented through the specimen’s thickness (X-Z plane). In this
instance, the average stress triaxiality was captured from the centre of the diagonal path from
the apex of one notch to that of the other, as shown in Figure 7.2b. The average triaxialities
obtained from the unnotched, misaligned, shallowly, and severely notched specimens are 0.33,
0.38, 0.64, and 0.88, respectively, as tabulated in Appendix A, Table A 7.1. It is important to note
the misaligned notched geometry used in this paper is geared towards that of combined notched
shear-tension-type deformation. As a result of the misaligned notched tensile geometry used, the
average stress triaxiality was in between that of the unnotched and shallowly notched specimens.
This misaligned notched design, although still providing a shear-type fracture, achieved a higher
triaxiality, as shown in Figure 7.2a1, than of that tested by Bao and Wierzbicki (2004) and Briinig

et al. (2008) in which they used specimens designs whose stress triaxialities achieved 0-0.15.

For the symmetric, 1/4™ segmented, unnotched, shallowly, and severely notched FEM models, a
path from the specimen’s edge/notch apex to its centre was defined in order to capture the
specimen’s variation in stress triaxiality, om, and ouwm as the specimens were strained accordingly,
as shown in Figure 7.2 (c) — (e). On the other hand, the variation in stress triaxiality, om, and owm
in the misaligned notched specimens, in Figure 7.2c1, d1 and e; respectively, was determined
along the diagonal distance between notch apices of the model’s % segmentation. As a note, the
diagonal distance between the notch apices in the misaligned notched specimens increases in

length with increased deformation, whereas in the shallowly and severely notched specimens,

270



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

the distance between notch apices decreases with increasing deformation due to necking, as

shown in Figure 7.2 (c) - (e).
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Figure 7.2: ABAQUS FEM simulations of 1/4™ segmented unnotched and notched specimen geometries,
with a defined path from the notch's apex to the specimen's centre (a). ABAQUS simulations of the 1/2
segmented misaligned notches specimen, with diagonal path defined between the apices of the
specimen’s notches (b). The variation in stress triaxiality (c) mean stress (d) and von Mises stress (e) in
the defined path (as shown in Figure 2a) of the unnotched, shallowly notched and severely notched
specimens. The variation in mean stress (di) and von Mises stress (e;) in the diagonal defined path (as
shown in Figure 2b) between the misaligned notches specimen’s apices.

271



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

As can be seenin Figure 7.2d and d1, om is initially higher in the misaligned, shallowly, and severely
notched tensile geometries compared the unnotched tensile specimen design. The higher initial
om in these geometries is due to shape effects introduced by the notches. The om in the shallowly
and severely notched FEM models increases towards the centre of these specimens (Figure 7.2d).
The oum slightly decreases in the shallowly notched specimen FEM model as illustrated in Figure
7.2e. On the contrary, the severely notched tensile geometry featured in Figure 7.2e shows a
slight increase in oym stress up to <0.03 mm away from the notch which eventually plateaus. The
mean and von Mises stresses remain constant from the specimen’s edge to centre of the straight-
gauged specimen FEM model in Figure 7.2d and e, respectively. As a result, the stress triaxiality
plot in Figure 7.2c shows that both the om and oum evenly contribute to the stress triaxiality of the
unnotched tensile geometry, as in accordance with Patel and Cohen (1953). On the other hand,
the om has a more dominating effect on stress triaxiality in the other geometries. The variation in
owm from the notch apex to the specimen’s centre of the shallowly notched specimens plays more
of a contributing role to reducing stress triaxiality towards the centre of this tensile geometry. A

minor reduction in stress triaxiality at ~0.7-0.8 mm from the notch can be observed in Figure 7.2c.

Unlike the shallowly and severely notched tensile geometries, the variation in om from the apex
of one notch to the other is asymmetric for the misalighed notched FEM model, as shown in
Figure 7.2d1. Some symmetry, with a difference of ~23MPa, however, in von Mises stresses across
this diagonal path between notch apices can be observed, as shown in Figure 7.2e1. In comparing
Figure 7.2d1 and ej, an intermediate om, and minimum oyw is achieved, respectively, at the centre
of the diagonal path between the notch apices of the misaligned notches specimen design.
Overall, it should be noted that the fluctuations in om is significantly more predominant, within a
span of ~500MPa (Figure 7.2d,d1), over the oym, within a span of ~100MPa (Figure 7.2e,e1) from

the notched specimens.

Furthermore, for in-situ SEM tensile testing coupled with uDIC experiments and uXCT studies,
detailed in sections 7.5.2 and 7.5.3, respectively, notches were wEDM prepared in the gauge of
traditional hourglass microtensile used elsewhere (Salehiyan et al., 2020; Samei et al., 2019;
Siemens et al., 2023; Zhou, 2018). FEM simulations were also carried on such geometries in order

confirm that similar average triaxialities were being tested as the notched specimens used for HE-
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XRD experiments. Appendix A, Table A 7.1 compares the average stress triaxiality determined in
the centre of the HE-XRD and in-situ SEM tensile testing specimens.

7.4.3 uDIC Procedure
Microstrain measurements amongst the initial y- transformed martensite (y-M) and ferrite-

tempered martensite (F-TM) phases as well as the dynamic evolution of damage was performed
using quasi in-situ SEM tensile testing. As previously noted in section 7.4.2, hourglass microtensile
specimens are conventionally used to centralize deformation and damage. A manual in-house
built tensile stage was utilized for in-situ SEM tensile testing to allow the working distance to be
decreased (to 10 mm) for improved resolution, as shown in Figure 7.3d. SEM images were
obtained using a high-resolution Field Emission Gun (FEG) SEM. These images acquired at a
focused location as a function of tensile strain were coupled with DIC to obtain high-resolution
microstrain maps (Kang et al., 2007, 2005). Imaging was performed within the centre of the
sample, or at the centre of notches, to purposefully avoid any potential (=25um deep) Heat
Affected Zone (HAZ) that may have developed during wEDM (Choudhary et al., 2010). It is well
known that the spatial resolution and the range of local strain that can be measured with DIC is
dictated by the grey scale variation arising from a particular speckle pattern. In the present paper,
microtensile specimens were electropolished at 18V in a 10% perchloric-methanol solution,
cooled to -20°C using liquid nitrogen before EBSD acquisition. EBSD mapping was performed on
microtensile specimens to track the initial y at the surface before beginning the quasi in-situ SEM
tensile tests (Step 1 in Figure 7.3a and b). After EBSD scanning, to remove the electron beam (e-
beam) deposition from the area of interest as a result of long-time EBSD acquisition, the sample’s
surface was subjected to gentle surface milling using a ZEISS NVision 40 dual-beam gallium (Ga)-
sourced Focused lon Beam (FIB) at 30kV and 40pA (Step 2 in Figure 7.3c). This was done to prevent
subsequent SEM imaging of hydrocarbon cracking rather than microstructural deformation
during in-situ SEM tensile testing. It is important to note that at low currents, Ga-ion implantation
is negligible. In order to isolate the area of interest for SEM imaging during in-situ tensile testing,
FIB fiducials (such as FIB perimeter milling, as shown in Figure 7.3c) a considerable distance away
from the EBSD scanned area can also be applied. Once ion-milled, the area of interest shows

sufficient grey scale variation on the surface for microstrain mapping at grain level resolution, as
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shown in Step 3 in Figure 7.3d, similar in appearance to that of the etching technique used for
uDIC (Kang et al.,, 2005; Pelligra et al., 2022; Tang et al., 2021). We have adapted the
electropolishing method of micro-speckle patterning, modified from the work of Zhang et al.
(2020), with the goal to first differentiate between Body-Centred-Cubic (BCC) and Face-Centred-
Cubic (FCC) phases via EBSD on the specimen’s surface (Step 1 in Figure 7.3b) and then enable
the quantification of strain partitioning between the initial y and eventually transformed
martensite, and F-TM phases via uDIC (Step 3 in Figure 7.3e). However, in order to verify that
microstructural damage events were unrelated to FIB milling or e-beam deposition artifacts,
additional unnotched and notched hourglass specimens were 1% Nital etched for in-situ SEM
tensile testing coupled with uDIC, as has been done by several authors (Kang et al., 2007, 2005;

Pelligra et al., 2022; Tang et al., 2021). These results are shown in Appendix C, Figure C 7.1.

FIB fiducial
e-beam deposition markings
post-EBSD acquisition

Aol

T
(a) D oa i

Electropolish +
EBSD Mapping

In-situ SEM tensile
testing

— Pole Piece

Specimen

D ——
Tensile Direction

Figure 7.3: Flow diagram of the steps (from 1 to 4) used to micro-speckle pattern microtensile specimens
with an electropolishing-based technique to enable EBSD acquisition and puDIC post- processing of SEM
images. Figure 1.3 (d) was adapted from Zhou (2018)

Microstrain partitioning is visualized and quantified from SEM images using the commercially

available ARAMIS DIC software, GOM Correlate 2018 (gom, 2016). The software assigns facets

274



Ph.D. Thesis — C. Pelligra; McMaster University — Materials Science & Engineering — 2024

with a set of unique grayscale intensities from a reference image and tracks the displacement of
the facet in the deformed states to compute strain. A facet comprising a wide variation of grey
levels rather than a pixel with one grey level is used for convenient tracking in subsequent images.
The facet size and point distance (distance between facet centres) were chosen to provide
sufficient micro-detail and mapping coverage particularly at high strains. When the computation
size is three, the virtual gauge length corresponds to two times the step size. In other words, in
the local field of 3x3 facets, the strain is regarded to be uniform (Pelligra et al., 2022). The facet
and step sizes used to resolve the average ‘in-grain strain’ for this analysis is tabulated in the
Appendix B, Table B 7.1. The von Mises equivalent strain was computed with the assumption that
deformation takes place at constant volume. The average von Mises strain is calculated within the
imaged area during in-situ SEM tensile testing and is termed as €ayg in this paper. Details of using
the eag from an imaged area compared to other uDIC post-processing techniques have been
described elsewhere (Pelligra et al., 2022). Overall, microstrain mapping with von Mises Strain is

said to directly correlate to the density of GNDs (Dutta et al., 2019).

7.4.4 pXCT Procedure
WUXCT was performed on fractured unnotched, shallowly and severely notched specimens from in-

situ SEM tensile tests. This was done to quantify the development of microstructural damage
including void and micro-cracks during deformation in three-dimension (3D). A desktop Bruker
Skyscan1172 XCT equipped with a 100kV X-ray source and an Al/Cu filter was used. Due to the
fact that this desktop XCT model relies on geometric magnification, fractured specimens were
placed on a rotating stage closest to the source to achieve a high resolution of 0.9um/pixel or
0.73um3/voxel. The sample was rotated 360° with a 2D projection obtained every 0.25° rotation
to collect a total of 1400 images. The commercial Skyscan 1172 software package, NRecon, CTan
and CTVol, was used to reconstruct the 2D projections into a 3D model to observe and quantify
internal voids and dimples (voids at the surface). The enhanced symmetry (i.e. ~1mm width, and
~1mm thickness) associated with hourglass microtensile specimens enabled efficient XCT
reconstruction. To mitigate the effects uXCT artifacts can have on the quantification of damage

evolution, only objects with a minimum volume of 14.6pum?3 were considered in the analysis.

7.5 Results and Discussion
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7.5.1 TRIP Kinetics of Unnotched and Notched Specimens
The von Mises equivalent DIC strain maps of the notched specimens just before fracture are

shown in Figure 7.4 (a) to (c). The white boxed areas in Figure 7.4 (a) to (c) highlight the
approximate regions used for HE-XRD acquisition. Minute shifts in the 0.5 x 0.5 mm? HE-XRD
acquisition window from specimen slippage during tensile testing, were accounted for during DIC
post-processing (Pelligra et al., 2024b). The y fraction transformed as a function of von Mises
equivalent strain quantified via DIC within the precise location (0.5 x 0.5 mm?) of HE-XRD data
acquisition is featured in Figure 7.4d. The shaded regions in Figure 7.4 signifies the 95%
confidence limits on the amount of y fraction transformed were calculated from the results of
three specimens of each tensile geometry. The rate of TRIP exhaustion is fastest for the severely
then shallowly notched specimens, whereas the slowest rate of TRIP exhaustion is found in the
misaligned notched specimens. This is in accordance with Pyshmintsev et al.'s (2002) work in
which they showed that plastic deformation of the austenite via dislocation glide is favoured over
TRIP during shear loading. On the other hand, by increasing the om, as is the case with the
shallowly and severely notched specimens, the volume expansion associated with the y-to-
martensite transformation is easily accommodated. It can be noted from Figure 7.4, that the
greatest variability in TRIP kinetics (i.e. shaded region featured on each curve in Figure 7.4), was
obtained for the misaligned notched specimens. This is likely due to dynamic variation in omacross
the diagonal path between notch apices, as shown in Figure 7.2d1 and e1. Any minute shifts in the
0.5 x 0.5 mm? HE-XRD acquisition window during tensile testing, could have led to the significant

variability in TRIP kinetics within the misaligned notched region.
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Figure 7.4: The TRIP kinetics of this med-Mn steel at different tensile stress-states — unnotched,
misaligned, shallowly, and severely notched specimens. The shaded regions in Figure 7.4 show the 95%

confidence interval (Cl) span of y fraction transformed for every tensile stress-state tested with
increasing von Mises strain.

7.5.2 Microstrain Partitioning of Unnotched and Notched tensile Specimens
The microstrain partitioning of the y-M and F-TM regions of the unnotched and notched

specimens has been evaluated in 2D using in-situ SEM tensile testing coupled with uDIC. The
electropolishing micro-speckle patterning methodology outlined in section 7.4.3 was used for this
analysis, in which an EBSD map was conducted before in-situ SEM tensile testing to distinguish
between FCC (y) and BCC (F-TM) phases. The von Mises strain graphed in Figure 7.5i refers to the

average strain computed over the entire SEM imaged area (g5,5) Whereas the average phase
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strain refers to the strain accommodated by the different y-M and F-TM regions within the SEM

imaged area. This is termed as €;_y phase aNd €r_TM phase respectively.
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Figure 7.5: Microstrain partitioning between y-M and F-TM phases of unnotched and notched specimens
of this med-Mn steel at its 685°C IA condition. Figure 7.5a, d, e, and f are EBSD phase maps, with the
initial y coloured red, superimposed by the electropolished SEM image and Band Contrast map. Figure
7.5¢, d, g, and h are uDIC maps of each tensile geometry strained to an gag = 0.15+0.02. Outlined yellow
regions in uDIC maps show the location of the initial y experiencing local strains (€cal) < 0.08 and
outlined white regions in uDIC maps show the location of the initial y experiencing €iocal = 0.15. Figure
7.5i plots the microstrain partitioning quantified between y-M and F-TM phases for each tensile
geometry. 95% Cl Error bars were computed from triplicate measurements for each tensile geometry
tested.
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The volume fraction of initial austenite captured in the unnotched, misaligned and shallowly
notched specimens during in-situ SEM tensile testing is 22+4%. This is within the representative
range expected from the EBSD analysis conducted on unnotched specimens at this IA condition
in(Pelligra et al., 20244, in draft), 14-26 vol%. In addition, due to the discrepancy in initial y volume
fraction obtained from EBSD versus X-ray Diffraction experiments, (Pelligra et al., 20244, in draft)
has speculated that ®10-15% of the reverted y is in the form of thin interlath films, not resolvable
via SEM. Moreover, it is critical to note that the differentiation between ferrite and TM of this
med-Mn at its 685°C |IA condition is virtually impossible for the resolution used for in-situ SEM
tensile testing. The area fraction of carbides within the TM is low (2x10%) for this IA condition,
and the Ti-enriched nanoscale carbides have been previously identified with a Transmission
Electron Microscope (TEM)(Pelligra et al., 20244, in draft). The initial y volume fraction changes
in the severely notched specimens, achieving a volume fraction of ~9%, as shown in Figure 7.5f.
It is reasonable to assume that during wEDM machining of such tight radii notches in microtensile
specimens, a significant proportion of weakly Mn or C enriched y would have transformed to
martensite. Black, unindexed regions within the band contrast overlayed on the phase map in
Figure 7.5f, shows instances of transformed martensite in the microstructure. Specifically, partial
block y transformations can be noted, as shown in Figure 7.5f1.3. This has been reported by several

others in TRIP steels (Pelligra et al., 2024b; Polatidis et al., 2020; Salehiyan et al., 2020).

The unnotched specimen with an initial triaxiality of 0.33, shows the least strain partitioning
between y-M and F-TM phases at all strains tested. As can be seen in Figure 7.5a and c, and
graphed in Figure 7.5i. At an eag = 0.14, austenite grains (coloured in red in Figure 7.5a),
specifically those ranging from 0.6-0.7um in size (outlined in white in Figure 7.5c) experienced
high local strains, €ocal = 0.15. On the other hand, austenite grains less than 0.6um in size

exhibited little to no deformation, reaching an €jocal < 0.08, as outlined in yellow in Figure 7.5c.

With anincremental increase in triaxiality, 0.36, achieved with misaligned notch tensile geometry,
the y islands that experienced the highest €jocal Strains were not confined to those >0.6um in size,
as seemed to be the case with the unnotched specimens. Islands of y <0.4um in size experienced
high €jocal Strains (= 0.15) in the misaligned notched specimen, as pointed out by the black arrows

in Figure 7.5b. For the shallowly notched specimen, with a = 2x increase in triaxiality compared
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to the unnotched specimen (Appendix A, Table A 7.1),at an eayg = 0.18, most y islands showed
little to no deformation, achieving a max €iocal ® 0.08, as shown in Figure 7.5g. Lastly, most y
islands featured in the severely notched specimen, with an = 2.5x increase in triaxiality from the
unnotched specimen featured little to no deformation (max €iocal = 0.08), as shown in Figure 7.5h.
Similar to the misaligned notched specimen in Figure 7.5d, the shallowly and severely notched
specimens showed that y islands which experienced the highest €ocal Strains were not limited to
those >0.6um in size (Figure 7.5g and h, respectively). This indicates that neither the increased
presence of shear stresses as a result of the misaligned notched tensile geometry, nor the y size,
whether greater or less than a diameter of 0.6um, controls the €l strains that can be

experienced by y islands.

Quantitatively, as can be seen in Figure 7.5i, at an eag = 0.25, that there is a ~1.7x increase in
microstrain partitioning between phases in the misaligned notched compared to the unnotched
specimen, whereas a ~2.5x increase in microstrain partitioning between phases was observed in
the shallowly notched compared to the unnotched specimen. Ultimately, Figure 7.5i shows that
the F-TM phases is more affected by the changes in triaxiality with notched specimens, in
comparison to the y-M phases. For example, at a €avg = 0.14, the phase strain accommodated by
the y-M is €,_ phase = 0.1 whereas the phase strain accommodated by the F-TM is €g_ry phase
= 0.15 in the severely notched specimen. As a result, from this analysis, we can report that the
ability for y to deform is governed by the chemical stability (i.e. degree of Mn enrichment) and
the ability for its locally surrounding phases to accommodate its shape/volume changes during
with increased deformation (Xiong et al., 2013) and not changes in global triaxiality. On the other
hand, changes in triaxiality influences the microstrain partitioning between phases in this med-

Mn steel, since F-TM phases are sensitive to these modifications.

7.5.3 uXCT of Unnotched and Notched tensile Specimens
The presence of significant plastic deformation and/or catastrophic damage events at high strains

makes microstrain correlation less likely to be captured using quasi in-situ SEM tensile testing
coupled with uDIC. As a result, and in addition to providing bulk measurements of damage, 2D
uDIC investigations have been supplemented with 3D uXCT analyses. Scanning of fractured

unnotched, shallowly and severely notched specimens using uXCT enables damage evolution to
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be quantified as a function of local true strain (g1"'®), using a reconstructed cross sectional

analysis (Samei et al., 2018; Zhou, 2018). Damage evolution as a function of £1T0r(}‘ecould not be
computed from a fractured misaligned notched specimen due to its slant-type fracture.
Furthermore, as a result of the intensive shear fracture these misaligned notched specimens
experienced, no voids were capturable via uXCT. This is consistent with the work of Lorthios et al.
(2010) who documented suppressed void growth in tensile testing of a ‘butterfly-gauge’ specimen
geometry which also produced a slant-type fracture. Furthermore, the computation of various 2D
damage evolution properties, such as the void area fraction, void density and average void size
has been explained elsewhere (Landron et al., 2011; Maire et al., 2008; Samei et al., 2019; Zhou,
2018). To limit the notch effect on the &1Y® calculation of shallowly and severely notched

specimens, only a volume of ~400 um below the fracture surface was considered (Pelligra et al.,

2022).

The effect of increased stress triaxialities on TRIP kinetics and damage was conducted using the
685°C IA condition of this med-Mn steel, not only because of it achieved prolonged TRIP kinetics
in comparison to the other IA conditions tested (Pelligra et al., 2024a), but also for its damage
evolution properties. Unnotched specimens at this IA condition, in comparison to the others
tested previously (Pelligra et al., 2024a) showed the largest void density (i.e. significant void
nucleation), but lowest void area fraction (i.e. least void coalescence/growth) just before fracture.
This is consistent with the speculation made by Sun et al. (2019) in which the local compressive
stresses imposed by the transformation from y-to-martensite during necking opposes void

growth and coalescence.

The closed void area fraction (i.e. a measure of void growth/coalescence of void just before
fracture) for the unnotched, shallowly and severely notched specimens is demonstrated in Figure
7.6a. Damage evolution is fastest for the severely notched specimen, Figure 7.6a. Many nano-
scaled voids remained unidentified until a £ of ~0.4-0.6 due to the limited uXCT pixel
resolution of 0.9um, and this steel’s fine microstructure. We have captured the presence of these

nano-scaled voids, with diameters of =0.02-0.6um, using quasi in-situ SEM tensile testing of
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unnotched specimens in (Pelligra et al., 20244, in draft) and notched specimens in Appendix C,

Figure C 7.1.

As well, it should be noted that damage indeed occurs catastrophically in this material, such that
most damage events were detected within the final 10% of strain as shown in Figure 7.6. This
trend in damage evolution is comparable to that presented by Landron et al. (2011) on unnotched

and notched DP tensile specimens, in which they too fitted their data to exponential curves.

Interestingly, all tensile specimen geometries tested, reach a closed void area fraction of
0.07+0.01 just before fracture. This suggests that within a stress triaxiality range of 0.33-0.89,
there is a critical void size within this med-Mn TRIP microstructure that once reached activates
an exponential rise in void coalescence/growth and leads to fracture. This critical void size is
reached earliest for the severely notched specimens. Moreover, a 0.07+0.01 void area fraction
just before fracture is similar to that reached by unnotched 3G DP steel tensile specimens
examined in Zhou (2018). However, in that work, due to the ultrahigh strength of their steel
(=1300MPa) and its corresponding =50% martensitic microstructure, thefracture strain is

significantly lower (0.25-0.4) compared to this steel of study.

In addition, the void density (i.e. a measure of void nucleation) just before final fracture, featured
in Figure 7.6b shows is a =t3c0 sigmoidal trend with strain for all three tensile specimen
geometries. This inflection-type increase in void density in Figure 7.6b, was also captured by

Samei et al. (2019). First, the density of voids rises at an increasing rate up to an inflection point

True

of g,c

= 0.50+0.06, then continues to rise but at a decreasing rate up to fracture. Past this
inflection point, the transformation from y-to-martensite, or the local intensive regions of micro-
shearing as shown in the Appendix C, Figure C 7.1, is likely the reason for a reduction in void
nucleation rate (Jacques et al., 2001; Parker and Zackay, 1973; Samei et al., 2020). Furthermore,
this corroborates well with the uDIC maps presented in Appendix C, Figure C 7.1 in which the
shallowly and severely notched specimens, showed, no evidence of micro-cracking up until a eawg
=0.16. Blocky y or martensite island cracking was also not observed despite the increased stress

triaxiality with introduced the notches at different radii and showed little to no deformation, as

shown in Appendix C, Figure C 7.1 outlined in black. This is synchronous to the observation made
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in section 7.5.2 in which most austenitic islands in the severely notched specimen reached only a

max €local=0.08 at high eavg values.

From the study carried out by Landron et al. (2011) using synchrotron-based tomography, void
nucleation should be accelerated with increased stress triaxiality introduced by notched
specimens. Yet, in this material, the fact that there is only a =30 difference in the density of voids
with increasing strain indicates that micro-shearing and rapid TRIP kinetics work together to

suppress void nucleation at higher stress triaxialities.

It is important to note that although fluctuations in void density, as pointed out in Figure 7.6b
with black arrows, could be the result of experimental or thresholding error involved with uXCT
dataset post-processing, these minute decreases in void density could be the result of localized
TRIP supressing void nucleation, growth or coalescence. Detailed, highly resolved, synchrotron-
sourced tomography studies would be required to validate this theory, in which similar
experiments have been performed by others (Schoell et al., 2022; Toda et al., 2022; Withers,
2015).

The average void area was computed by dividing the area fraction of voids by the number of voids
per cross-sectional reconstructed slice (Samei et al., 2019; Zhou, 2018), as shown in Figure 7.6d.
In turn, with the assumption that each void is circular (rR?), the average void diameter for all

voids (Figure 7.6e).
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Figure 7.6: XCT analysis of the void volume fraction (a), void density (b), average void area (c) and

average void size (d) as a function of &/

“€ for fractured unnotched, shallowly and severely notched

specimens. Figure 7.6d is the average void size, assuming each void is circular, and Figure 7.6e considers
the 50 largest of these average void diameters as a function of 517;,”“3. Figure 7.6f is the 50 largest volume

Cc

equivalent void diameters, assuming each void grows to be spherical.
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Furthermore, it is helpful to examine the largest voids, such as the 50 and 100 largest voids, to
negate the effect of void nucleation (Maire et al., 2012) and to determine the impact that the
introduced notches have on void growth in this steel subjected to different levels of triaxiality.
The 50 average largest void diameters and 50 largest void diameters per tensile geometry is
shown in Figure 7.6e and f, respectively. The benefit of segregating the 50 average largest voids
from the full void population, obtained through the cross-sectional analysis performed in Figure
7.6e, enables one to define the strains at which coalescence occurs. On the other hand, Figure
7.6f shows the ‘outliers’ within the average largest voids in Figure 7.6e which grow to contribute
most to the fracture process. Presented in Figure 7.6f is a histogram of the 50 largest voids, which
have volume equivalent void diameters >1.5um. As noted in section 7.4.4, after post-processing,

only objects with a minimum volume of 14.6um3 were considered in the analysis, and therefore,
assuming each void grew spherically (gTER3), only voids >1.5um in volume equivalent diameter
can be accounted for. Consistent with the graph in Figure 7.6e, most voids which contribute to
fracture are 1.9 um for the unnotched specimen, and 1.8 um for the shallowly as well as severely

notched specimens. This reduction in void size computed with increased stress triaxiality using

UXCT has been noted previously (Pelligra et al., 2022).

7.5.4 Damage Evolution and Fracture of Unnotched and Notched Specimens
In general, cup-cone-type ductile fracture was observed in the unnotched, shallowly and severely

notched specimens. The misaligned notched specimen, rather, shows slant-type fracture. As per
Bao and Wierzbicki (2004), this indicates that facture in the unnotched, shallowly and severely
notched specimen occurred as a result of void formation and coalescence. On the other hand,
the slant-type fracture is a result of shear stresses introduced by the misaligned notches. This
slant-type fracture happened despite having a triaxiality similar to that of the unnotched
specimens, as shown in Figure 7.2c, and tabulated in Appendix A, Table A 7.1. The unnotched
sample showed significant necking suggesting that this med-Mn steel fractures in a ductile
manner, even though quasi cleavage cracks are present throughout its fracture surface, as pointed
out in Figure 7.7a, a1z and azs. Dimples on the fracture surface range from ~1.5um to ultrafine
sizes, as pointed out specifically in Figure 7.7a2s. Longitudinal, delamination cracks are present in

the unnotched, shallowly notched and severely notched specimen, but are longest in the
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unnotched specimen (~1100 um), as shown in Figure 7.7a. These delamination cracks can be
arrested by densely ultra-fine dimpled regions at the centre of the fracture surface, as observed
elsewhere (Liu et al., 2018). It is said that these dimpled regions can alleviate some of stress at
the crack tip and slows crack propagation (Liu et al., 2018). For the unnotched specimen, however,
a central delamination crack was apparent (Figure 7.7a1a), which is not the case for the shallowly
or severely notched specimens’ fracture surfaces (Figure 7.8a and b, respectively). For the
misaligned notched specimen’s fracture surface, no delamination cracks are apparent as shown
in Figure 7.7b and bi. This is due to the fact that there was not enough time for these cracks to
form before the brittle-slant-type fracture occurred. Elongated and structure-less dimples were
also observed on fractured surfaces by Pyshmintsev et al. (2002) in which the low normal-to-
shear stress (high hydrostatic pressure) results in austenite dislocation glide rather than TRIP. This

can explain the large amount of necking exhibited by the despite its slant-type fracture.

Inclusion

Quasi-cleavage

for HE-XRD experiments. For the unnotched specimens, Figure 7.7a; and a; points out the sides of the
fracture surface with delamination cracks and central fractured region, respectively. In Figure 7.7b, and
b1 no delamination cracking and only dimples are apparent.

In the case of the shallowly notched specimen, deep delamination cracks, ranging ~250-500um
in length, are successfully being arrested by densely dimpled regions within the centre as shown

in Figure 7.8a and ai. Figure 7.8a;, shows a micro-crack, likely from a cracked inclusion, which has
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been arrested from propagating as a result of the high density of surrounding ultrafine dimples.
For both the unnotched, shallowly and severely notched specimens’ fracture surfaces, regions of
guasi-cleavage are present (Figure 7.8a1). On the other hand, the severely notched specimens,
deep delamination cracks (~200 um in length) are less frequent, as shown in Figure 7.8b. Most
micro-cracks in these specimens are shallow and visible quasi-cleavage regions of fracture are

apparent (Figure 7.8b).

Figure 7.8: Fracture surfaces of the shallowly notched (a) and severely specimens (b) used for HE-XRD
experiments. For the shallowly notched specimens, Figure 7.8a; points out regions of quasi-cleavage
fracture, and dimples throughout the fracture surface. Figure 7.8b; and b, focuses on the central

fractured region of the shallowly notched specimens, as fewer and shorter delamination cracks at the
fracture surface’s sides were present in this instance.

7.6 Summary Remarks and Future Considerations

In this paper, we extend upon the previous work conducted on unnotched samples of a med-Mn
steel (Pelligra et al., 20244, in draft), to understand the impact that variations in stress triaxiality,
within the 0.33-0.89 range, has on TRIP kinetics, microstrain partitioning and damage evolution.
Variations in stress triaxiality were achieved with the introduction of notches in tensile specimens.

A highly resolved quantification of the y as a function of strain was captured with the use of
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synchrotron-sourced HE-XRD in which the fastest rate of TRIP exhaustion was exhibited by the
severely notched specimens while the slowest was featured by the misaligned notched
specimens. This is likely the result of the increased om in the severely notched specimens easily
accommodating the volume expansion associated with TRIP, while the variation in om within the
central region of the misaligned notched tensile geometry is likely suppressing TRIP and instead

encouraging plastic deformation.

Microstrain partitioning amongst phases was successfully evaluated with the use of in-situ SEM
tensile testing coupled with EBSD and uDIC on electropolished micro-speckled specimens while
a reliable 3D quantification of damage was obtained with the use uXCT. Our uDIC analyses on
unnotched and notched specimens revealed that changes in stress triaxiality within the 0.33-0.89
range has a stronger effect on F-TM versus y-M phases. This suggests that, despite the increase
in global stress triaxiality, the ability for y to deform/TRIP is supremely governed by its chemical
stability and the ability for its locally surrounding phases to accommodate its shape/volume

changes.

Furthermore, the uXCT data collected on all tensile specimen geometries showed a 0.07+0.01
closed void area fraction just before fracture. This ultimately suggests that once a void grows to
a particular size, coalescence starts and proceeds at an exponential rate up until fracture. On the
other hand, the void nucleation rate/evolution of void density is relatively similar (=+30) for all
tensile geometries tested. More importantly, the evolution of void density is sigmoidal in nature
in which after an inflection point of strain is reached, the rate of void nucleation is reduced. The
additional compressive stresses imposed by the y-to-martensite transformation could be

suppressing voids from nucleating even with an increased state of stress triaxiality.

To conclude, this work documents the impact a 0.33-0.98 change in stress triaxiality has on the
TRIP kinetics, microstrain partitioning, and damage evolution in a med-Mn microstructure. We,
however, recommend that further work be devoted to understanding the dynamic behavior of
these three material characteristics under more complex/non-tensile/low stress triaxiality
straining conditions (i.e. compression/rolling, intensive shear, etc.). Along with this, as noted by

Pelligra et al. (2024b), the use of different specimen sizes as wellmethods of quantifying strain in
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the multiple experimental techniques used in the present paper makes the coupling of 2D and 3D
experimental datasets non-trivial. That being said, further software/instrumental developments
need to be made such that consistency in specimen design and the methods of quantifying strain

between experimental techniques is applied.
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7.9 Appendices

7.9.1 Appendix A: Central Global Triaxiality of HE-XRD experiment & In-situ SEM tensile testing

Specimens

Table A 7.1:Global Triaxiality within the centre of specimens used for HE-XRD and in-situ SEM tensile

7.9.2

testing experiments

Geometry Centre Triaxiality for | Centre Triaxiality for
APS Specimens in situ Specimens
Unnotched 0.33 0.34
Misaligned Notched 0.38 0.36
Shallowly Notched 0.79 0.74
Severely Notched 0.89 0.84

Appendix B: Parameters used for uDIC Post-Processing

Table B 7.1: Facet X Step size used for uDIC post-processing from SEM images acquired during in-situ

tensile testing of unnotched, misaligned, shallowly and severely notched specimens

Misaligned Shallowly Severely
Unnotched Notched Notched Notched
Represented Area (um?) 12x8 22x11 23x15 23x16
Resolution (um/pixel) 0.008 0.009 0.009 0.009
Facet x Step size (pixel) 27x9 23x7 23x7 23x7
Facet x Step size 0.21x0.07 | 0.21x0.07 | 0.21x0.06 | 0.20x0.06
(Lmxpm)
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7.9.3 Appendix C: Micromechanisms of damage of Shallowly and Severely Notched Specimens

‘ Shallowly Notched ’ Severely Notched ‘

3av3 Suiseasou

Interfacial Mic il P i void
Legend: REE —F 2 [ ] 2 e 3
‘ 8 cracking in shear in ferrite nucleation/micro-cracking

Loading Direction

Figure C 7.1: uDIC maps from 1% nital etched surfaces of shallowly (Figure C 7.1 a,c,e,g) and severely
(Figure C 7.1b,d,f,h) notched specimens. Micromechanisms of damage captured in the shallowly (Figure
C 7.1cy,e1,81) and severely (Figure C 7.1d4,f1,h1.2) notched specimens. Instances of micro-shearing in
ferrite is highlighted by the white circles and arrows in Figure C 7.1(cy,e1,81, hi-2). Instances of interfacial
cracking engulfed by micro-shearing was featured in the severely notched specimens and highlighted by
yellow circles and arrows in Figure C 7.1(d1,f1,h1). Void nucleation/micro-cracking perpendicular to the
loading direction is highlighted by blue circles and arrows Figure C 7.1(g1,h1-2).

As mentioned in section 7.4.3, to verify that microstructural damage events observed through 2D SEM

imaging were unrelated to potential artifacts produced during FIB milling or e-beam deposition from

long-time EBSD acquisition, additional unnotched and notched hourglass specimens were etched with

1% nital for in-situ SEM tensile testing coupled with uDIC. Both sites selected for uDIC processing,

experiences the highest eayg in the material just before fracture, and therefore exhibits the most severe
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microstrain partitioning amongst phases. As shown in Figure C 7.1: (c-g1, hi-2) (orange circles), a
significant amount of micro-shearing can be seen, which suggests plastic compatibility and co-
deformation of phases, as featured in other TRIP-assisted steels (Pelligra et al., 2024b; Ruggles et al.,

2016).

Similar to the speculations made by Pelligra et al. (2024b) on an ultrahigh strength Q&P steel, micro-
cracks, as shown outlined in white in Figure C 7.1: (c-h1), were suppressed from further growth by
intensive micro-shearing within the microstructure. The key difference between this med-Mn steel and
the Q&P steel investigated by Park et al. (2019) and Pelligra et al. (2024b), despite having very similar
true strains to fracture, as shown in (Pelligra et al., 20244, in draft) is the presence of polygonal ferrite,
which was introduced in the microstructure during annealing. The white circles and arrows in Figure C
7.1:c1, e1, g1, h12 highlight instances of micro-shearing within the ferrite, as also captured previously in

ultrahigh strength DP steels (Tasan et al., 2014)

With a 2.4-2.7x increase in stress triaxiality from the unnotched to shallowly/severely notched
specimens in Figure C 7.1:, damage events were observed to accumulate in this material at a a2 0.17,
with very limited void growth up to a gaw > 0.29. On the contrary, void growth was easily captured in
the unnotched stress-state of this med-Mn steel at eavg = 0.45-0.48, as shown in (Pelligra et al., 2024a,
in draft). Ultrafine micro-cracks perpendicular to the loading direction were not observed until a gag >
0.29 was approached (blue circles and arrows in Figure C 7.1:g1, hi-2). Unlike the shallowly notched
specimen, the severely notched specimen showed instances of interfacial cracking which initiated at
eavg = 0.17 (yellow circles and arrows in Figure C 7.1:d1, f1,h1) and were suppressed from any extreme

lateral growth up to a of eaz = 0.29.
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8 Global Discussion
This Chapter links the key findings from Chapters 3-7 in which | have detailed the careful

investigations carried out on the microstrain partitioning, local strain gradient developments,
Transformation Induced Plasticity (TRIP) kinetics and damage evolution behaviors of three
Advanced High Strength Steel (AHSS) alloys. The micromechanical and TRIP kinetic studies
described in Chapters 4-7, were initially motivated by the damage development study conducted
using X-ray microtomography (UXCT) on a series of first generation (1G) and third generation (3G)
AHSSs, described in Chapter 3. The last publication of this sandwich thesis, Chapter 7, is focused
on the effect that changes in stress-state has on microstrain partitioning, TRIP kinetics, and

damage development in 3G steels.

8.1 Mechanical Property Development and TRIP kinetics

8.1.1 |Intercritical Annealing of a Med-Mn steel
Chapter 6 specifically focuses on the intercritical annealing (I1A) of a Medium-Mn (med-Mn) steel

(0.15C-5.8Mn-1.8Al-0.71Si) with a martensitic-based (80% martensite-20% ferrite) starting
microstructure over a tight temperature range of 665°C to 710°C. It was seen that with only ~20-
25°Cinterval increases in IA temperature, considerable variations in mechanical properties, work
hardening, and TRIP kinetics were achieved, without significant changes made to the steel’s
physical microstructure. This enabled us to isolate the role that TRIP kinetics has on microstrain
partitioning and damage development in this med-Mn steel. Peak properties, meeting 3G UTS x
TE mechanical targets, were attained at an intermediate 685°C IA temperature (shown in Table

8.1), as also been achieved by Zhang et al. (2021).

In Chapter 6, the use of Cobalt-sourced X-ray Diffraction (Co-XRD) to acquire phase information
on cross-sectioned, strain interrupted tensile specimens was used to initially estimate the trend
in TRIP exhaustion of this med-Mn steel. It should be noted however, that in using this technique,
x-rays only penetrate ~20um below the steel’s surface (i.e. 2% of this 1mm thick steel). We were
later able to take advantage of combining the use of high energy x-rays with tensile testing to
capture crystallographic information throughout the steel’s 1mm thickness while also collecting
ample data points to delineate the steel’s TRIP kinetics. As shown in Chapters 5 and 6, in most

cases, the initial austenite (y) (vol%) detected in Co-XRD and High Energy X-ray Diffraction (HE-
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XRD) experiments were comparable. Table 8.2 summarizes the initial y content detected in both
3G TRIP-assisted steels using Co-XRD and HE-XRD. Section 6.4.2.2 of Chapter 6 states that similar
initial y content was detected for the 665°C, and 710°C IA conditions, 321, and 382 vol%,
respectively, using Co-XRD and HE-XRD. On the other hand, the 685°C IA condition showed the
most variability between the two techniques — =29 versus =36 vol%. This indicates that there is
a heightened heterogeneous distribution of y from the surface to throughout the thickness of the
685°C IA condition. This is important as it provides another mode of dislocation-strengthening in
the steel (Zhang et al., 2021) and has assisted this steel at its 685°C IA condition to achieve peak

properties.

Chapter 6 notes that there is little difference in microstructural appearance (i.e. average Y,
martensite or ferrite grain sizes) when intercritically annealing this med-Mn from 665 to 710°C.
There are and can be, however, differences between IA conditions in terms of their y volume
fraction and chemical heterogeneity. Insignificant changes to the steel’s microstructural
appearance when subjected to minor IA is to be expected since y grain morphology is controlled
predominately by its starting microstructure. A martensitic-based starting microstructure
promotes y nucleation at martensite lath boundaries (Gouné et al., 2012; Mehrabi et al., 2023).
An uneven distribution of secondary phases and Mn heterogeneity has been proven to effectively
suppress TRIP and improve the damage tolerance of AHSSs (Ding et al., 2023; Salehiyan et al.,
2020; Yang et al., 2024). For example, this explains the ability for the 1G TRIP-assisted steel,
TRIP780, discussed in Chapter 3 to contain the greatest amount of damage and achieve the
highest true strain at fracture despite having a heterogeneous distribution of phases (i.e. a

banded-type network of coarse y as noted in Chapter 5).

Ultimately, researchers have gone to significant lengths to introduce microstructural
heterogeneity to improve the strength-ductility balance of materials. Microstructural
heterogeneity causes long range back stresses (Wu et al., 2015) which thereby act as additional
barriers to dislocation motion. Some of the approaches that have been made to introduce
heterogeneity in steel microstructures have included: using complex manufacturing techniques
(i.e. severe plastic deformation (SPD), sliding friction treatments (Wang et al., 2020), torsion

procedures (Wei et al., 2014)), fast heating/cooling (Liu, Dai, et al., 2020; Liu, Li, et al., 2020)
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and/or, in specific to med-Mn steels, heavy Al/Si alloying to promote the formation of &-ferrite
and a bimodal grain size distribution (Choi et al., 2017; Sarkar et al., 2017). Although not currently
feasible for most industrial production lines, a fast-heating rate can inherit the chemical
heterogeneity as a result of the ‘kinetic mismatch’ between the slow diffusion of Mn and rapid
formation of austenite (Liu, Dai, et al., 2020; Liu, Li, et al., 2020). Furthermore, it has been proven
on many materials that bimodal grain size distribution (Kang and Yoon, 2023; Nakai et al., 2023;
Sabzi et al., 2016) can retain the ductility from coarser grains, and strength achieved with fine
grains simultaneously. Another approach, more simplistic in nature, to introduce microstructural
or chemical heterogeneity is through intercritical annealing. Gradients in Mn heterogeneity
amongst phases are thought to effectively suppress TRIP (Ding et al., 2023; Yang et al., 2024) as a
result of altering the local martensite start, Ms, temperatures of the y. Williams et al. (2022) and
Zhang et al. (2021) used intercritical annealing to encourage a heterogeneous distribution of Mn
in a vanadium-microalloyed DP steel, and a med-Mn steel respectively. In effect, Williams et al.
(2022) found that only a 10°C increase in 1A temperature (from 800°C to 810°C) was necessary to
increase the Hole Expansion Ratio (HER) performance from 27 to 37% in their vanadium-
microalloyed DP steel. Furthermore, the heterogeneous distribution of Mn promoted through a
10°C increase in IA did not increase the strength of the vanadium-microalloyed DP steel, as was
also demonstrated by this med-Mn steel when increasing the IA temperature from 665°C to
685°C. Zhang et al. (2021), on the other hand, who also achieved peak properties when
intercritically annealing a med-Mn steel at an intermediate temperature (680°C), detected a
heterogeneous distribution of Mn throughout this condition over a wide area. Recently, Yang et
al. (2024) reported the ability to maintain Mn heterogeneity throughout a med-Mn
microstructure through the use of slower heating rates (5°C/s). This is comparable to the heating
rates applied to intercritical annealing trials conducted on this med-Mn steel (15°C/s, and 5°C/s)

(Mehrabi et al., 2023; Pallisco & McDermid, 2020).

8.1.2 3G AHSSs with and without TRIP kinetics
Table 8.1 well as Chapter 6 presents a side-by-side mechanical property assessment on the three

3G AHSS steel candidates for the automotive industry presented in this thesis —an UFG DP1300
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steel, an ultrahigh strength QP1500 steel and a CGL-compatible med-Mn steel at its optimal 685°C

IA condition.

Table 8.1: Mechanical Properties of an UFG DP1300, a QP1500 and a med-Mn steel intercritically
annealed at 685°C.

uTsS YS UE TE UTSXTE Toughness
(MPa) (MPa) (MPa%) (MJ/m3)
med-Mn
1067 2 2 27 2
(685°C) 06 86 0.23 0 8,809 893
UFG
DP1300 1475 839 0.08 0.10 14,750 409
QP1500 1540 1290 0.10 0.14 21,560 1323

The mechanical properties of these steels were obtained from Chapters 3-6.
The med-Mn steel in Table 8.1 at its 685°C |IA condition achieves the generalized 3G mechanical
property envelope (UTS x TE > 24,000 MPa%) as suggested by De Moor et al. (2010). This mostly
is the result of a ®3x increase in tensile elongation in comparison to the UFG DP1300 and QP1500
steels. Despite the vast differences in microstructures of the UFG DP1300 and QP1500 steels,
both attain similar UTS and total elongation values (Table 8.1), with larger differences in their true
strains at fracture, and computed toughness. On the other hand, the med-Mn steel exhibited a
similar true strain at fracture to that of the QP1500 steel, yet a two-fold delay in the onset of
necking. In comparison to the QP1500 steel, ductility in the med-Mn steel is not only enhanced
by the contribution of y islands which TRIP preferentially in the loading direction, but more so by
the presence of the soft, polygonal ferrite. Moreover, it should be noted that an increase or
decrease of ~20-25°C in IA temperature of this med-Mn resulted in a ~1.1-1.3x decrease in UTS x

TE as shown in Table 6.2, of Chapter 6.
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Figure 8.1: Work Hardening Curves of the med-Mn steel at its 685°C IA condition and QP1500 steel
(a),TRIP kinetics captured using HE-XRD of both 3G TRIP-assisted steels of interest (b).

In the work hardening curves of Figure 8.1a, one can see dramatic fluctuations in work hardening
past a strain of 0.08 in the med-Mn at its 685°C IA condition after a plateau in work hardening.
This is linked to the activation of plasticity enhancing mechanisms such as TRIP and/or Twinning
Induced Plasticity (TWIP) (Bhadhon et al., 2022; Pallisco and McDermid, 2020). Also pointed out
in Figure 8.1 from the HE-XRD data and despite its fitted curve, TRIP is occurring initially (strain
<0.05) faster in the QP1500 material than the med-Mn steel at its 685°C IA condition. As a note,
the work hardening curves presented in Figure 8.1a have been subjected to a lower degree of
smoothing than those presented in Figure 5.3 in Chapter 5 and Figure 6.1 in Chapter 6. This was
purposefully done to uncover the differences in work hardening fluctuations, and hence localized
occurrences of TRIP/TWIP between the med-Mn and QP1500 steel. To confirm, the same degree
of smoothing using adjacent-averaging, which takes the user-defined number of data points
around each point and replaces it with a new average value, was applied for comparison in the
work hardening curves of Figure 8.1a. Nonetheless, at a true strain of 0.05, the initial spikes in
work hardening was observed by the QP1500 steel but not seen in the med-Mn steel,
corroborating well with the fact that this steel exhibits a significantly higher yield strength than
the med-Mn steel (shown in Table 8.1). Microstructurally, this indicates that a martensitic matrix
with retained y islands saturated with carbon (0.97 wt%C) in the QP1500 steel helps to improve

its yield strength, and thereby increases its anti-intrusion applicability in automotive components.
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As mentioned in Chapter 2, the buckling force experienced by a vehicle’s B-pillar during a crash,
is strongly dependent on the materials’ yield strength (Bouaziz et al., 2013). Furthermore, out of
all three steels of study in this thesis, this QP1500 steel features the highest UTS and toughness,
which in turn also makes this steel an ideal candidate in the construction of a vehicle’s crash box
(Bouaziz et al., 2013). Industrial problems arise with the manufacturing of Q&P steels, as a result
of the >0.5wt% Si leading to casting and reactive wetting/galvanizing issues. On the contrary, the
ability to easily customize a med-Mn steel’s UTS x TE (30-70 GPa) (Hu et al., 2017; Suh and Kim,
2017; Yang et al., 2021) through IA, and tailor its thermal mechanical processing to be compatible
with continuous galvanizing lines (CGLs) and continuous annealing lines (CALs) (Bhadhon et al.,
2023; De Moor et al., 2011; Lee et al., 2011; Pallisco and McDermid, 2023) makes this steel

attractive for commercialization.

Microscopically, there are several strengthening mechanisms at play during the deformation of
the 3G AHSSs presented in this thesis. All three 3G steels have on average a fine to ultrafine grain
(UFG) size < 1um, and as such, it can be presumed that the contribution from grain refinement
has to strengthening is similar for all three steels. Interstitial carbon and precipitation
strengthening are important contributors to the strength of this UFG DP1300 and QP1500 steel,
as shown in the chemical composition Table 3.1 in Chapter 3. Precipitation strengthening comes
from vanadium carbonitrides within the ferrite of the UFG DP1300 steel, and epsilon carbides
within the tempered martensite (TM) of the QP1500 steel (Celada-Casero et al., 2022;
Pushkareva et al., 2020; Scott et al., 2017). The effect of increased vanadium-microalloying on
strengthening of this UFG DP1300 steel is modelled in Chapter 4, section 4.6.1. Little carbide
strengthening is exhibited by this med-Mn steel because carbides quickly dissolve when
subjected to IA at 685°C. As stated in Chapter 6, section 6.4.2, TEM carbide extraction replicas
revealed that the area fraction of carbides decreases by =5x, from 0.001 to 0.0002, with a 20°C
increase in IA temperature, from 665°C to 685°C. However, Mn in solid solution is the greatest
contributor to strengthening in the med-Mn steel, whereas Si in solid solution is the greatest

contributor to strengthening in the QP1500 steel.
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Table 8.2: Microstructural Properties of an UFG DP1300, a QP1500 and a med-Mn steel intercritically
annealed at 685°C.

Y Y Y, Yy-M F, M and/or
Phases Content | Content— | Carboniny and/or M ™
— Co-XRD HE-XRD (wt%C) Grain Size Grain Size
(vol%) (vol%) (nm) (nm)
'?:gd;\é')" ™, By, y-M | 29.0 36.0 0.60 ~0.45 ~0.67
UFG DP1300 M, F - - - - ~1.60
QP1500 ™, y, y-M 16.3 17.5 0.97 ~0.42 ~1.00

The y, y-M and/or M grain size of the ultrahigh strength Q&P steel in Table 8.2, is stated Chapter 5
(0.42pum). It should be noted that a different heat of this material used by Park et al. (2019) showed a
0.6pm average y size. The ferrite grain size of the UFG DP1300 steel was obtained from Chapter 4. The y,
y-M and/or M as well as tempered martensite/ferrite grain size is ~0.45um, and ~0.67pum, respectively,
as stated in Chapter 6.

As stated by Spenger et al. (2008), another form of strengthening unique to DP and TRIP steels is
the generation of Geometrically Necessary Dislocations (GNDs) alongside Statistically Stored
Dislocations (SSDs) to accommodate strain gradients which can simply arise frm local
crystallographic misorientations between grains and the interaction of contrasting phases during
deformation. As a result, the dislocation accumulation is quicker at dissimilar phase interfaces
(i.e. F/M), rather than at the interface of two similarly deforming phases (Tang et al., 2021).
Chapters 4-6 describe a unique post uDIC data processing technique created in this thesis to
capture the local strain gradient at dissimilar phase interfaces of the subject 3G steels when

subjected to uniaxial tension. This is also further discussed in section 8.2 of this Chapter.

Moreover, the production of mobile dislocations from local y-to-martensite transformations
(Hatem and Zikry, 2011; Sandvik and Wayman, 1983; Wang et al., 2023) provides TRIP-assisted
steels with a dynamic mode of dislocation/composite-based strengthening. Interestingly, the
med-Mn steel at its 710°C IA condition featured a comparable UTS x TE to the QP1500 steel, as
shown in Table 6.3 (of Chapter 6) and Table 8.1 above, respectively. Chapter 6, Figure B 6.1 shows
this QP1500 steel to exhibit a slower rate of TRIP exhaustion than the med-Mn steel at its 710°C
IA condition. This suggests that a quick rate of TRIP exhaustion, along with Mn solid solution
strengthening, plays a strong role in obtaining the ultrahigh strength (~1319MPa) in this steel’s
710°C IA condition. Evidence of a >50% transformation of martensite blocks adjacent to ferritic

grains was observed with Energy X-ray Dispersive Spectroscopy (EDS) mapping, coupled with
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Selected Area Electron Diffraction (SAED) indexing and dark field/bright field (DF/BF) imaging

shown in Chapter 6, Figure A 6.2 captured at this lightly strained 710°C IA condition.

Nonetheless, both the med-Mn steel at its 685°C IA condition and QP1500 steel show somewhat
similar rates in TRIP exhaustion up to a true strain of 0.17 (i.e. during yielding, taking into account
the customized dog-bone geometry mentioned in Chapter 5), shown in Figure 8.1b. A slightly
slower rate of TRIP exhaustion was exhibited by the QP1500 steel. However, after a true strain of
0.17, the rate of TRIP exhaustion decreases more significantly for the med-Mn steel at its 685°C
IA condition. At necking, both steels manage to retain =27% of their initial y content. Furthermore,
partial transformations within block-like y islands were also observed for both steels, via EBSD in
the QP1500 steel, Figure C 5.1-Figure C5.3 in Chapter 5, and via Transmission Electron Microscopy
(TEM) in the med-Mn steel, Figure 6.3, Figure A 6.1 in Chapter 6. The partial transformation of
block-like y is in accordance with the observations of others (Salehiyan et al., 2020; Toda et al.,

2022; Zhang et al., 2021) who also observed delayed TRIP kinetics.

Ultimately, the way in which a microstructure delays TRIP continues to be controversial in the
literature, and this contradiction is presented with the determination of TRIP kinetics in the med-
Mn steel at its 685°C IA condition, and the QP1500 steel presented here. Tirumalasetty et al.
(2012) discussed that, during deformation, y adjacent to a ferrite grain has the ability to rotate
before transforming, whereas constrained y grains with a lath-type martensitic matrix have
limited rotating potential. The high local stress imposed onto an austenitic grain being
constrained by its surrounding drives the martensitic transformation, whereas the more uniform
stress field of a somewhat unconstrained austenitic grain, enables its rotation before a martensitic
transformation. In agreement with this, Courtney (2005) notes that larger grains (as is the case
with polygonal ferrite) provides a ‘shielding effect’ to suppress the transformation from occurring.
This explains why a heterogeneous grain structure, featuring both coarse and fine grains, enables
an improvement in ductility without a compromise in strength (Choi et al., 2017; Sabzi et al., 2016;
Sarkar et al., 2017). Moreover, it should be considered that if the orientation of ferrite grains
adjacent to an austenitic one is different, there is an increased effect of the local stress triaxiality
within the austenitic region promoting its early transformation to martensite (Sidhoum et al.,

2018).
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On the other hand, the heavily martensitic QP1500 steel also shows an efficient 3G
microstructure in delaying TRIP kinetics while attaining an ultrahigh strength and retaining a
proportion of y (~5 vol%) after necking. It can be argued that the lath-like retained y suppresses
TRIP due to the plastic constraints imposed by its martensitic surrounding (Bhadhon et al., 2022;
Sarkar et al., 2004). As well, the lath-like y is easily chemically stabilized due to the shorter
diffusion distance that carbon and Mn have to travel from the surrounding martensite (Luo and
Dong, 2015; McDermid et al., 2011). In other words, through this comparative study, it we have
shown that neither a completely martensitic matrix microstructure nor a microstructure with >20
vol% of initial y is necessary to suppress TRIP with the intent of attaining a high true strain a

fracture (sf).

8.2 The Effect of TRIP on microstrain partitioning and Damage Development

In Chapter 4, conventional post uDIC data processing techniques used to quantify the microstrain
partitioning between phases are compared to a novel one. These post uDIC data processing
techniques were used to understand the microscopic role that vanadium-microalloying plays on
the local forming properties/damage tolerance of unnotched and notched V-free and V-added
DP1300 steels (Chapter 4). For all in-situ SEM tensile tests coupled with uDIC presented in
Chapters 4-7, the facet and step sizes were adjusted such that a local field, of minimum 3x3 facets,
reached a size to resolve the average ‘in-grain strain’ of the steel of interest. It is important to
note that the micro-speckle patterning technique, and hence the variation in greyscale attained,
ultimately governs the suitable facet and step sizes for uDIC processing. Furthermore, to compare
the uDIC results between the three 3G steels presented in this thesis, as shown in Chapter 5 and
6, it was ensured that the facet and step sizes were tailored such that they exhibited the same

sizes in microns.

Of particular interest from this work was in using uDIC to capture the microstrain gradient
produced (i.e. the pile-up of GNDs), at the interface of dissimilar phases, with increased
deformation. The quantification of this microstrain gradient is more critical in finer steel
microstructures in which it cannot fully develop (Samei et al., 2019) and opens for opportunities

in dislocation interaction modelling at the submicron scale, as done previously (Carvalho Resende
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et al., 2013). This technique can also enable adequate calculation of the density of GNDs at

dissimilar interfaces, as presented by Bayley et al. (2006) and Li et al. (2017).

In Chapter 4, the steps to compute the microstrain gradient at dissimilar phase interfaces are
described. The von Mises local strain (€Local) at a sub-micron scale was determined by performing
short line scans across an abundance of dissimilar phase interfaces within an area of interest
(Figure 8.2a and b). Then the slope for each short line scan was calculated (Figure 8.2c) and

summarized using CDFs and PDFs (Figure 8.2d and e).

| [ = F/M Line Scan1
ond « F/M Line Scan2
e Ay -
‘® 0124 o 4~ F/M Line Scan3
- iy
& o S <
@ -,
‘g 008 Y e
= 006 e
s a
004 % =
9 oo0iq o Maa
0024 (b) —

Line Scan Length

o Emax = 0.137
0144 o -
\ -
£ 0124 50% Threshold
g 0.10 (x, etz
7 )
B o0e
@ N
0.06 a
E NN
. A~ A
g 0044 = = Az — ( c)
il €min = 0.038
0 1 2 3 4 S
Line Scan Length
—————— 15
s r £avg = 0.11 | £4,5 = 0.103
V-added = | V-free = =3
Shape (B) 1.83 1.53
g ® Scale (1) 0.065 0.19
2 z 209 209
& 2
3 3
2 =)
3 5]
d e e
(d) | PP (e)
04 06 08 00.0 02 04 06 08
Strain Gradient Strain Gradient

Figure 8.2: uDIC short line scans to determine the microstrain at dissimilar phase interfaces, Method 3
(a) (b) variation of microstrain along the 3 sample lines in (a), and (c) determination of slope/microstrain
gradient. Image copied from Chapter 4, Figure 4.4 and Figure 4.8.

To some degree, this can be used as an alternative means of determining the strengths of

dissimilar phases within a microstructure as is typically attempted via nanoindentation.
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Nanoindentation is a surface sensitive technique in which the interfacial surface roughness
between two grains/phases can obscure the correct interpretation of the data (Rodriguez and

Gutierrez, 2003). This is even more critical when the material has an UFG size.

Overall, the strain gradient, uDIC post-processing technique, introduced in Chapter 4, provides a
novel approach to comparing the local forming potential of fine-grained (FG) microstructures with
statistical confidence. Specifically, to the UFG DP steel of study, this approach showed that
vanadium-microalloying improves the microcompatibility between ferrite and martensite directly
at the interface, regardless of the stress triaxiality imposed through a notched specimen design.
A greater variability in the microstrain gradient across F/M interfaces in its V-free counterpart

explains its earlier €. This is shown in Figure 8.2d and e.

Although selective strengthening of ferrite though microalloying can be used to reduce the
potency of interfacial decohesion at dissimilar phase interfaces, several authors ((Pushkareva et
al. (2013), Scott et al. (2018) and Williams et al. (2022)) have stated that a more efficient means
of doing so is with tempering. With that being said, the microstrain maps at an average von Mises
strain (€av) in the UFG DP1300 steel and the two 3G steels of interest subjected to tempering -
QP1500 and med-Mn steel - are compared in Figure 8.3 (a)-(c). Evidence of micro-
cracking/damage (circled in yellow) was only exhibited by DP material. Overall improved
microstrain partitioning behavior between dissimilar phases is seen in the QP1500 and med-Mn
steel compared to the UFG DP1300 steel, Figure 8.3d. This can be quantitatively assessed using
the microstrain partitioning DIC post-processing techniques that were described in Chapter 4 on
3G DP steels, later applied in Chapters 5 and 6 to the QP1500 and med-Mn steel, respectively.
Furthermore, the deforming potential of initial austenite-transformed martensite (y-M)
constituents in the med-Mn and QP1500 steels are comparable, while the polygonal ferrite in the

med-Mn steel is slightly more deformable than the TM in the QP1500 steel.

In tandem to the statement made on micromechanisms which suppress TRIP in section 8.1.1, the
impact that GNDs have on local TRIP kinetics is also contradictory in the literature. Liu et al. (2017)
reported that GNDs ahead of a phase interface reduce the nucleation barrier for martensite

formation, thereby accommodating more of the transformation, whereas others (Hu & Luo, 2019;
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Wau et al., 2016) argued that a large number of GNDs in y can pin its phase boundaries, therefore
reducing its potential to transform. Such studies however require the use of TEM on limited
regions of interest. Only with the approach of computing the strains at targeted dissimilar phase
interfaces using uDIC, it is possible to understand the local contribution of GNDs to strength and
damage development at a larger scale compared to that obtainable via TEM. Figure 8.3 shows the
median strain gradient (gy), determined by fitting the collection of strain gradients (g’)
measurements to a lognormal distribution, with increasing €av. The high strain gradient featured
by the UFG DP1300 is explained by the severe inhibition of dislocation motion, enabling its
ultrahigh strength, but also resulting in its premature damage nucleation as the high strain
gradients cannot be easily maintained (Figure 8.3a). The lowest strain gradient exhibited by the
QP1500 suggests that the evolution of € at dissimilar phases with increasing eavg is much slower.
The med-Mn steel rather shows an intermediate, more variable increasing trend in strain gradient
which could be a cause of the greater heterogeneity in phases, texture within the microstructure,

or the result of localized TRIP kinetics/work hardening.
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Figure 8.3: Microstrain maps of the UFG DP1300, QP1500 and med-Mn steel of study at an ea = 0.24 (a-
c). Regions of micro-cracking are circled in yellow and regions of poor DIC correlation is circled in pink in
Figure 8.3 (a-c). A comparison of the microstrain partitioning between dissimilar phases in each of the
3G steels of study is shown in Figure 8.3d. Figure 8.3e shows the median strain gradient plotted as a
function of eayg,

Damage development was characterized both in 2D with in-situ SEM tensile testing, and 3D with
UXCT. Differences noticed in the amount of damage accumulated in 2D versus 3D has been
speculated elsewhere (Buffiere et al., 1999; Lorthios et al., 2010; Mummery and Derby, 1994;
Weck, 2007). Chapter 3 shows that the UFG DP1300 steel with a finer ferritic microstructure,
nucleated overall finer voids. These finer voids did not come from F/M interfacial cracking, as
vanadium precipitation in the ferrite reduced the potency of interfacial decohesion. Moreover,
the rate of damage evolution of the QP1500 steel compared to that of the UFG DP1300 steel is
reduced, which is highly influenced by the local compressive stresses mitigating void nucleation
and growth via TRIP (Sun et al., 2019). Particular focus needs to be placed on the 3G ferrite-
containing QP980 steel presented in Chapter 3, Figure 3.2 which, besides the 1G TRIP-assisted
steel, can tolerate a significant amount of damage before full fracture. Similar to the phase

heterogeneity exhibited by the 1G TRIP-assisted steel, mentioned in section 5.9 of Chapter 5, and
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this med-Mn steel at its 685°C IA condition, a difference in ferrite detected at the surface versus
within the bulk was also captured — 40 versus 29vol% (Salehiyan et al., 2020). Out of all 3G steels
tested in Chapter 3, the presence of ferrite in the QP980 microstructure enabled the largest mean

void diameter just before fracture (Figure 3.2d, Chapter 3).

It is important to note that there are key differences in the quantifying damage using uXCT on
post-mortem specimens (i.e. of a ductile fractured specimens), as done in Chapters 6 and 7,
versus performing interrupted uniaxial tensile tests, as done in Chapters 3 and 5. The benefit of
coupling interrupted uniaxial tensile testing with uXCT is in the ability to track the void growth
and coalescence of the largest voids, which is responsible for full fracture (Maire et al., 2012). For
instance, the Rice and Tracey (1969) void growth model was applied in Chapter 3 to indicate early

on in this thesis that TRIP-assistance suppresses void growth Figure 3.3.

8.3 The Behavior of a med-Mn steel at different stress states

Notched and unnotched specimens of this med-Mn steel at its 685°C IA condition were used to
investigate the effect that an increased stress-state has on microstrain partitioning, TRIP
exhaustion, and damage development behaviors. Figure 8.4a, (c) to (e) shows the severely,
shallowly, misaligned and unnotched tensile specimens discussed in Chapter 7 to understand the
effect an increase in stress triaxiality, from 0.33 to 0.89, has on the microstructural and damage
response of a 3G TRIP-assisted steel. This study was specifically carried out on this med-Mn steel
at its 685°C IA condition, not only for its prolonged TRIP kinetics compared to the other conditions
tested in Chapter 6, but also for its ability to reduce the amount of void growth/coalescence

before fracture (i.e. lowest void area fraction) (Figure 6.6, Chapter 6).

As noted by Patel & Cohen (1953), resolved shear stresses on a habit plane work in favour of
activating the TRIP effect, whereas the mean stress (om) works to support the volume expansion
associated with the transformation. Finite element modelling of the severely and shallowly
notched specimens showed a high om in the specimen centre and therefore welcomes the volume
expansion associated with TRIP. This explains the fastest TRIP kinetics exhibited by the severely
and shallowly notched specimens as shown in Figure 8.4b. On the contrary, finite element

modelling revealed a significant variability in om within the central region of the misaligned
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notched specimens. As a result, the rate of TRIP exhaustion is slowest for these specimens
because of the dynamic promotion-opposition of the y-to-martensite transformation imposed by

the om variation, shown in Figure 8.4b.
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Figure 8.4: The DIC g0 measurements computed within the precise region of HE-XRD acquisition
compared to eayg Obtained from the larger imaged area in unnotched specimens, from Figure 5.6 in
Chapter 5. The y-to-martensite transformation as a function of €j.cal for unnotched and notched
specimen geometries of the med-Mn steel at its 685°C IA condition Figure 8.4b. The shaded regions in
Figure 8.4b show a 95% Cl span of y fraction transformed for every tensile stress-state tested with
increasing von Mises strain. Figure 8.4c, d, e show the strain maps and it’s region of HE-XRD acquisition
of misaligned, shallowly, and severely notched specimens, respectively. Figure 8.4 (b)-(e) are copied from
Figure 7.4, Chapter 7.

In reference to the uDIC results gathered from these specimens presented in Chapter 7, it was
seen that ferrite-tempered martensite (F-TM) phases are more sensitive to modifications in global
stress triaxiality whereas y-M phases are not. It is critical to note however, that the result of SEM

images for uDIC processing could have impacted this result.
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Some portion of this thesis was dedicated to uDIC methodology development with the
introduction of a unique electropolishing micro-speckle patterning technique in Chapter 7. By
optimizing the electropolishing procedure on a med-Mn steel, it was possible to obtain a variation
in greyscale that was narrow enough for EBSD indexing and wide enough for average ‘in-grain’
uDIC computation. This micro-speckle patterning technique was inspired by the original work of
Zhang et al. (2020). Using uXCT, it was seen that damage accumulation was fastest for the severely
and shallowly notched specimens, however the unnotched and notched specimens showed that
the same void area fraction was achieved before full fracture. This suggests that there is a critical
void size in the material, that once reached, void growth and coalescence proceeds

catastrophically.

Overall, this Chapter provides a detailed discussion on the findings collected from Chapters 3-7
on the microstrain partitioning, local strain gradient development, TRIP kinetics and damage
evolution behaviors of 3G steels with and without TRIP-assistance. The subsequent concluding

chapter will pinpoint the key developments provided through this thesis.
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9 Concluding Remarks
In summary, this thesis work was motivated by the fact that the local forming capability (i.e.

damage tolerance) of 3G AHSSs with and without TRIP-assistance is weakly understood. Up to
now, significant strides have been made to experimentally assess the local forming capability of
AHSSs, but limited studies are available in quantifying its microstrain partitioning, TRIP kinetics as
well as capturing the micro-damage events which lead to fracture in 3G steels. That being said,
the main objective with this Ph.D. thesis has been to determine the influence that prominent 3G
microstructural features, including grain refinement and TRIP kinetics, as well as modifications in

stress-state has on the microstrain partitioning behavior leading to damage in AHSSs.

The microstrain partitioning DIC post-processing techniques that were applied and introduced in
Chapter 4 on 3G DP steels were then propagated into Chapters 5-7 on a TRIP-assisted 3G Q&P,
and med-Mn steel, respectively. In addition, Chapters 5-7 use synchrotron-sourced HE-XRD
coupled with simultaneous tensile testing and DIC acquisition to obtain highly resolved, continual
information of their TRIP kinetics. This was also carried out on notched med-Mn steel specimens.
Ultimately, the work featured in Chapters 5-7 is driven by the role that TRIP plays in suppressing

damage development as modelled in Chapter 3. The major findings from this thesis are as follows:

1) Chapter 4 features one of the two novel developments to uDIC processing introduced in
this thesis. The post uDIC data processing technique, termed as the local strain gradient
in Chapter 4, was introduced to capture the microstrain gradient across dissimilar phase
interfaces. This technique was first applied to show that vanadium-microalloying of DP
steels improves the microcompatibility between ferrite and martensite directly at the
interface and explains its improved local formability. This technique was then applied in
Chapters 5 and 6 to understand the difference in GND pile up at dissimilar interfaces of
two 3G TRIP-assisted steels compared to a DP steel. Ultimately, this technique provides a
new approach to comparing the local forming potential (i.e. ability to maintain large strain

gradients) of fine-to-ultrafine grained microstructures with statistical confidence.

2) In Chapter 6, target 3G mechanical properties and prolonged TRIP kinetics were achieved

when a 0.15C-5.8Mn-1.8AI-0.71Si med-Mn steel with a martensitic starting
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3)

4)

microstructure was intercritically annealed at 685°C. Compared to intercritical annealing
of this med-Mn at 665°C or 710°C, an intermediate 685°C temperature showed the
greatest potential to mitigate the growth of voids by prolonging TRIP over a large strain
range. The major difference between the three IA conditions of interest, is the heightened
variability in y from the surface to the bulk of the 685°C IA condition. This uneven y
distribution combined with Mn heterogeneity throughout this 685°C IA condition

suppressed TRIP kinetics and improved the steel’s damage tolerance.

Chapter 6 compares the mechanical properties and microstrain partitioning of this med-
Mn steel at its optimal 685°C IA condition to the QP1500 and UFG DP1300 steel of interest.
Out of the three, only the med-Mn at its 685°C IA condition achieves 3G mechanical
properties. Despite this, the QP1500 steel demonstrated the highest YS, UTS and
toughness, making it a promising candidate for anti-intrusion applications as well as
suitable for the crash box material in automobile construction. Microscopically, strain
partitioning studies showed that the lowest strain gradients with increasing deformation
was exhibited by the QP1500 steel. This suggests that the evolution of strain gradients at
dissimilar phases is overall slower in 3G TRIP-assisted steels which explains their high true
strain at fracture. The med-Mn steel rather showed an intermediate trend in strain
gradient development which is likely a result of a greater heterogeneity in phases, texture
or localized TRIP kinetics. Lastly, the UFG DP1300 steel showed the largest strain gradients

which resulted in the early onset of damage nucleation.

Both the med-Mn and QP1500 steel exhibit efficient microstructures in delaying TRIP
kinetics. The rate of TRIP exhaustion of the med-Mn steel at its 685°C IA condition and
QP1500 steel is somewhat similar in its beginning stages of deformation. After a true strain
of 0.17, only the med-Mn steel exhibits a reduced TRIP rate. On the one hand, the minor
ferrite within the med-Mn steel allows for ample rotation of y grains before its
transformation, while on the other, the plastic constraints imposed by heavily martensitic
QP1500 steel matrix limits y rotation and suppresses the volume expansion associated

with TRIP.
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5)

6)

This thesis is one of the first reports which documents the impact that stress-state has on
TRIP, microstrain partitioning and damage evolution in a med-Mn steel. Through this
study it was found that, under tension, the severely notched specimen exhibited the
fastest TRIP rate, while the misaligned notched geometry showed the slowest. This finding
is in agreement with the knowledge that the increased mean stress accompanying the
severely notched specimen easily accommodates the volume expansion associated with
TRIP, whereas, the dramatic variation in mean stress through the misaligned notched
specimen design suppresses it. In addition, the increase in mean stress exhibited by the
severely and shallowly notched specimens resulted in their earlier fracture, however
these specimens achieved the same void area fraction as unnotched specimen before
fracture. This indicates that there is a critical void size in this steel that once reached

causes exponential void growth, coalescence and then fracture.

Chapter 7 demonstrates the second development to uDIC processing introduced through
this thesis. A novel electropolishing micro-speckle patterning technique was used on this
med-Mn to enable the combined ability to perform in-situ SEM tensile testing and uDIC
processing thereafter on a previously EBSD mapped area of interest. The advantage of
using this electropolishing micro-speckle patterning technique is the ability to
differentiate between phases, crystallographic orientations, etc. before the start of an in-
situ SEM coupled with pDIC test. In Chapter 7, this micro-speckle patterning technique
was used to track the strain partitioning between the initial y and F-TM phases of

unnotched and notched specimens.
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