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Lay Abstract 

The development of new automotive steels is challenging because the strategies used to 

make the steels both stronger and more formable (i.e., adding certain alloying elements and 

performing long heat treatments at high temperatures) can conflict with the application of Zn-

based metallic coatings for corrosion protection. The aim of this research was to determine a heat 

treatment profile for a prototype steel that would allow it to meet the strength and ductility 

requirements for the next generation of automotive steels while maintaining its coatability. A two-

step heat treatment was proposed. The first step conditioned the bulk material to develop very high 

strength and oxidized the surface. The steel was then immersed in an acidic solution to remove 

those surface oxides, then heated again to improve its ductility and facilitate the coating process. 

The target mechanical properties were achieved, and the coatings were high-quality and adherent. 
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Abstract 

Medium-Mn third-generation advanced high strength steels (3G AHSS) are promising 

candidates for vehicle lightweighting due to their desirable balances of specific strength and 

ductility. However, the continuous galvanizing of these steels is challenging because their thermal 

processing routes are not always compatible with existing continuous galvanizing line (CGL) 

infrastructure and the selective oxidation of the main alloying elements during annealing can 

prevent reactive wetting of the substrate by the galvanizing bath. The conflicting objectives of 

achieving the desired mechanical properties and high-quality galvanized coatings were addressed 

in this work on a prototype 0.15C-5.6Mn-1.9Al-1.1Si (wt%) steel.   

The alloy achieved the general mechanical property targets for 3G AHSS using a two-stage 

CGL-compatible thermal cycle. The martensitic pre-treatment resulted in a 80% martensitic-20% 

ferritic microstructure with no detectable retained austenite. Subsequent intercritical annealing for 

120 s resulted in significant (0.2-0.3) volume fractions of lamellar retained austenite whose 

chemical composition was a strong function of intercritical annealing temperature. Hence, several 

combinations of yield strength, ultimate tensile strength (UTS), and total elongation (TE) were 

obtained due to differences in TRansformation-Induced Plasticity (TRIP) kinetics. An intercritical 

annealing temperature of 710°C resulted in the highest UTS × TE combination, which was 

attributed to these samples having a retained austenite chemical composition which enabled 

gradual exhaustion of the TRIP effect as well as extensive mechanical twinning. This processing 

route was selected for subsequent selective oxidation and reactive wetting trials.  

The evolution of the selective oxide morphology, distribution, and chemistry during each 

annealing stage was determined as a function of process atmosphere pO2. After the martensitic 

pre-treatment at dew points of –30°C, –10°C, and +5°C, a compact and complex external oxide 

layer (approximately 200 nm thick) was formed. An extensive internal oxide network ranging from 
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6-10 μm deep was also formed, depleting the local matrix of solute and leaving a metallic Fe 

surface layer that was populated with extruded Fe nodules. Flash pickling with a hydrochloric 

acid-based solution dissolved the external MnO, MnSiO3, and Mn2SiO4, leaving only dispersed 

MnAl2O4 nodules (approximately 50 nm thick) remaining on the surface. No significant evolution 

of the selective oxides occurred during intercritical annealing due to the large diffusion distances 

through the solute-depleted layer to the surface from the bulk matrix.  

The experimental steel was successfully reactively wetted by a conventional 0.2 wt% Al 

(dissolved) galvanizing bath held at 460°C after an immersion time of 4 s. The primary wetting 

mechanism was direct wetting of the solute-depleted metallic Fe surface layer (which was aided 

by the additional surface area provided by the extruded Fe nodules). Evidence of several secondary 

reactive wetting mechanisms (such as oxide wetting, oxide lift-off, and bath metal infiltration) was 

also documented, showing that the antecedent MnAl2O4 nodules were not deleterious to reactive 

wetting in this case. The coatings were high-quality and adherent, as they resisted cracking or 

flaking after bending. Overall, this research shows that the two-stage processing route is promising 

for the production of Zn-coated third-generation advanced high strength steels. 
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1 Introduction 

1.1 Overall Context 

The increased demand in the automotive industry for the development and use of advanced 

high strength steels (AHSS) has arisen from the need to improve fuel efficiency while enhancing 

passenger safety. The Corporate Average Fuel Economy (CAFE) standards defined by the United 

States National Highway Traffic Safety Administration (NHTSA) require that fuel economy and 

carbon dioxide standards increase 1.5% per year for passenger cars and light trucks for model years 

2021 through 2026 [1] with the objective of achieving an average fuel economy of 40.4 miles per 

gallon by 2026 [2]. To achieve these demands through mass reduction of the automotive body-in-

white (BIW), materials with superlative combinations of strength, formability, and toughness are 

required. To this end, several first-generation (1G) AHSS grades, such as dual phase (DP), 

transformation-induced plasticity (TRIP), complex phase (CP), martensitic (MART) and press-

hardened (PHS) steels are being employed in significant fractions for many structural components 

and safety-related applications. For example, Figure 1.1 shows that the 2021 Ford Mustang Mach-

E BIW comprises significant fractions of AHSS, UHSS (ultra-high strength steels), and PHS.  

 

  

Figure 1.1: Material composition of the 2021 Ford Mustang Mach-E BIW comprising several 

grades of advanced steels, highlighting the significant use of AHSS, martensitic steels (labelled 

UHSS), and press-hardened martensitic steels (labelled boron steel) [3]. 
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The microstructures of the 1G AHSS grades consist mainly of a ferritic matrix with various 

volume fractions of high-strength reinforcement phases such as martensite, bainitic ferrite, and/or 

transformable retained austenite. The strength-ductility balance of these steels, as indicated by the 

product of ultimate tensile strength (UTS) and total elongation (TE), is characterized by a UTS × 

TE ≤ 20,000 MPa% [4,5]. The second generation (2G) AHSS, such as high-Mn twinning-induced 

plasticity (TWIP) steels and lightweight steels with induced plasticity (L-IP) grades, were 

developed in order to improve upon the mechanical properties of the 1G AHSS. These 

microstructures consist of a transformable austenitic matrix that is stabilized by high levels of 

alloying additions, making them costly to produce and very difficult to galvanize using the 

continuous galvanizing process [6–8]. The general 2G AHSS property target envelope of 50,000 

≤ UTS × TE ≤ 80,000 MPa% is achieved by the activation of mechanical twinning and/or the 

deformation-induced ε-martensitic transformation [9]. Representative mechanical property target 

windows of the 1G and 2G AHSS grades are outlined in Figure 1.2. 

It is evident in Figure 1.2 that a mechanical property envelope gap exists between the 1G 

and 2G AHSS. As such, the third generation (3G) AHSS are currently under development as a 

compromise between the 1G and 2G AHSS to fill this gap, as they offer superior mechanical 

properties to the 1G AHSS with leaner alloy compositions than the 2G AHSS. The production of 

materials that fulfill the 3G mechanical property targets for strength and ductility will permit the 

fabrication of thinner and lighter structural components than is possible with the 1G AHSS but 

more cost-effectively than producing them with 2G AHSS. The United States Department of 

Energy (U.S. DOE) has defined the 3G AHSS target mechanical property window of 36,000 ≤ 

UTS × TE ≤ 40,000 MPa% with specific targets of 1500 MPa UTS × 25% TE and 1200 MPa UTS 

× 30% TE, while the AutoSteel Partnership has specified a target of 1500 MPa UTS × 20% TE. 
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Matlock et al. [4,9] have advocated a more modest target envelope of UTS × TE ≥ 24,000 MPa%. 

The general property window for 3G steels, along with the specific U.S. DOE and AutoSteel 

Partnership targets, are shown in Figure 1.2.  

 

 

Figure 1.2: Classifications of AHSS generations with the 3G AHSS mechanical property target 

window and specific U.S. DOE and AutoSteel targets, after Shutte [10]. 

 

Several approaches to developing 3G AHSS grades have been proposed, and medium-Mn 

third-generation (3G) AHSS are amongst the promising candidate materials. These steels typically 

contain 5-10 wt% Mn with significant concentrations of elements such as C, Si, Al, Cr, and can 

contain microalloying additions of Ti, Nb, and/or V [11–21]. Thus, significant volume fractions 

of retained austenite can be chemically stabilized in the final as-annealed microstructure, such that 

the TRIP (and possibly TWIP) mechanism(s) is activated upon deformation, allowing the steel to 

maintain high work hardening rates and result in the desired balance of strength and ductility. It 

has been shown by several authors that the volume fraction and stability of retained austenite is a 
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strong function of the starting microstructure of the substrate as well as its thermal processing 

cycle [22–30]. 

It must be noted that automotive steels require some form of protection against aqueous 

corrosion in order to maintain the structural integrity and safety of the vehicle while in service. 

The continuous galvanizing process is amongst the most economical industrial-scale methods that 

can provide robust cathodic protection of steel substrates. Thus, it is highly desirable that 3G AHSS 

processing cycles be compatible with existing continuous galvanizing line (CGL) capabilities. A 

number of experimental substrates have been able to achieve the 3G AHSS mechanical property 

targets, but their processing routes employed long soaking times at the peak annealing temperature, 

such that the thermal cycles were incompatible with CGL capabilities [26,31–36]. In general, there 

is limited work in the literature that focuses on CGL-compatible thermal processing of 3G AHSS. 

In addition to the physical limitations of CGL processing, further effort must be made to 

characterize the oxides of Mn, Si, Al, and Cr that form during annealing and determine whether 

they are deleterious to the successful reactive wetting of the substrate by the molten Zn(Al, Fe) 

bath. It is known that substantial coverage of the steel surface by an external oxide layer can 

prevent the formation of a well-developed Fe2Al5-xZnx layer, resulting in a substrate with an 

inadequately adherent or defective coating [20,37–42]. Previous work on DP [43,44] and low-

alloy TRIP-assisted [39–42,45,46] steels has shown that the process atmosphere oxygen partial 

pressure (pO2) and alloy chemistry can be carefully selected in order to manipulate the selective 

oxide chemistry, morphology, and thickness such that successful reactive wetting is achieved. 

Moreover, recent work on a model 0.2C-6Mn-2Si steel has shown that typical Mn and Si contents 

in medium-Mn 3G AHSS substrates does not preclude reactive wetting by the Zn(Al, Fe) bath, 

provided an appropriate choice of process atmosphere pO2 is employed [47,48]. Minor inclusions 
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of surface-active elements (such as Sn) to 1G and 3G steels are also being investigated as a means 

of reducing oxidation kinetics and improving reactive wetting [48–56]. 

1.2 Research Objectives 

Although significant work has been dedicated to the development of steels that achieve the 

desired 3G AHSS mechanical properties, many processing strategies employ annealing 

temperatures and times that are incompatible with existing continuous galvanizing capabilities. 

Moreover, the successful industrial adoption of 3G AHSS requires strategies to control the 

selective oxidation of the substrate during thermal processing such that full reactive wetting can 

be achieved. Several challenges are anticipated due to the complex nature of the thermal processing 

cycles and the alloy compositions required to obtain 3G AHSS mechanical properties. To this end, 

the global objective of this thesis is to determine CGL-compatible thermal processing parameters 

for a prototype medium-Mn steel to achieve the defined mechanical property targets for 3G AHSS 

such that high quality galvanized coatings can be produced.  

In Chapter 3, the microstructural and mechanical property development as a function of 

starting microstructure and intercritical annealing temperature will be elucidated. A candidate two-

stage heat treatment that resulted in the desired 3G AHSS mechanical properties will be selected 

for a selective oxidation study, which will comprise Chapter 4. The effect of process atmosphere 

pO2 during each of the two annealing stages on the selective oxide speciation, morphology, internal 

depth, and external thickness will be determined. In Chapter 5, a subset of the investigated process 

atmosphere pO2 experimental matrix from the selective oxidation trials will be trialed for reactive 

wetting by a conventional CGL bath containing 0.2 wt% dissolved Al. The relationship between 

oxide chemistry, oxide morphology, and reactive wetting will be determined and a process window 

for successful galvanizing will be defined.  
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1.3 Thesis Layout 

This thesis has been prepared in a sandwich format, with the layout as follows: 

• Chapter 2 – Literature Review: This section provides an overview of the design strategy and 

physical metallurgy of medium-Mn 3G AHSS, including topics such as chemical composition, 

strengthening mechanisms, and microstructural development. In addition, an evaluation of the 

thermodynamics and kinetics of selective oxidation of AHSS during annealing treatments is 

included. This section concludes by examining the relationship between selective oxidation 

and reactive wetting of AHSS by conventional continuous hot-dip galvanizing baths.  

• Chapter 3 – Microstructural and Mechanical Property Development: This chapter is a 

reproduction of the journal article entitled “Mechanical property development of a 0.15C-6Mn-

2Al-1Si third-generation advanced high strength steel using continuous galvanizing heat 

treatments” published in Materials Science and Engineering A in 2020. This article 

demonstrated that the prototype 0.15C-6Mn-2Al-1Si (wt%) could achieve 3G AHSS 

mechanical property targets using CGL-compatible processing routes. The effects of starting 

microstructure and intercritical annealing temperature on retained austenite stability and, 

therefore, on retained austenite to martensite transformation kinetics and twinning-induced 

plasticity effects was also documented. The heat treatment that resulted in the best mechanical 

properties in this work was selected for additional selective oxidation and reactive wetting 

trials that are presented in the subsequent chapters of this thesis.  

• Chapter 4 – Selective Oxidation: This chapter is a reproduction of the draft manuscript entitled 

“On the selective oxidation of a 0.15C-6Mn-2Al-1Si third-generation advanced high strength 

steel during two-stage annealing treatments”. This work provides comprehensive 

documentation of the effect of process atmosphere pO2 on the internal and external selective 

oxides that formed during each of the two annealing stages that were required to achieve the 
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3G AHSS mechanical property target envelope, as outlined in Chapter 4. It is intended to 

submit this article for publication in Corrosion Science. 

• Chapter 5 – Reactive Wetting: This chapter is a reproduction of the manuscript entitled 

“Reactive wetting of a 0.15C-6Mn-2Al-1Si third-generation advanced high strength steel 

during continuous galvanizing heat treatments, under review in Surface and Coatings 

Technology at the time this thesis was submitted for examination. This article outlines the 

process window for the successful galvanizing of the experimental substrate by a conventional 

0.2 wt% Al (dissolved) galvanizing bath. In addition, a novel reactive wetting mechanism was 

identified.  

• Chapter 6 – Global Discussion: The effects of the thermal processing parameters on the 

mechanical properties, selective oxidation, and reactive wetting of the substrate are compiled 

and their relationships are discussed.  

• Chapter 7 – Conclusions: This chapter summarizes the primary findings of this research. 

• Chapter 8 – Future Work: This chapter includes some recommendations for future study in the 

areas of physical metallurgy, selective oxidation, and reactive wetting of medium-Mn 3G 

AHSS.   
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2 Literature Review 

Although third-generation advanced high strength steels (3G AHSS) are a current topic of 

intense investigation, there is substantial scientific work on the first- and second-generation steels 

that provide some fundamental knowledge and insight into the processing-structure-property 

relationships that govern medium-Mn steels. Moreover, significant advances in the field of 

continuous hot-dip galvanizing have been achieved since the mid-1990s. This literature review is 

not intended to provide a comprehensive account of the current states of ferrous physical 

metallurgy and industrial galvanizing processes. It will, instead, document the design strategies 

for the development of 3G AHSS in general (and medium-Mn 3G AHSS in particular); summarize 

what is known about the microstructural evolution and strengthening mechanisms that govern the 

mechanical properties of medium-Mn 3G AHSS; and discuss the challenges of selective oxidation 

and reactive wetting of AHSS.  

2.1 Design of Third-Generation Advanced High Strength Steels 

A simple composite model based on the rule of mixtures was employed by Matlock et al. 

[1,2] to model the mechanical properties (i.e. total elongation, TE, and ultimate tensile strength, 

UTS) of dual phase ferrite + martensite and austenite + martensite microstructures with varying 

volume fractions of martensite. The calculated UTS and TE for different volume fractions of the 

microstructural constituents were plotted and superimposed on a graph illustrating the general 

mechanical properties of various AHSS grades. As can be seen in Figure 2.1, the 1G AHSS 

mechanical property band corresponded well to the ferrite + martensite models, while the 3G 

AHSS mechanical property targets were predicted by the mixed austenite + martensite models. It 

was assumed that the austenite would be fully stable and not undergo the deformation-induced 

transformation to martensite for the properties presented in Figure 2.1 [1–4].  



PhD Thesis – D. Pallisco – McMaster University – Materials Science & Engineering – 2021  

14 

 

Figure 2.1: Predicted strength and ductility combinations of varying ferrite + martensite and 

austenite + martensite mixtures superimposed on the general properties of different advanced 

high strength steel families [4]. 

 

More sophisticated models can be fabricated if the austenite stability and martensitic 

transformation kinetics are considered in addition to the rule of mixtures. (The factors determining 

retained austenite stability will be elaborated upon in §2.2.3.3). While considering four 

hypothetical scenarios for austenite stability based on the Olson-Cohen model of retained austenite 

transformation [5,6], Matlock et al. [4] predicted the mechanical properties of ferrite + austenite 

microstructures with varying volume fractions of each constituent and different austenite 

stabilities. As seen in Figure 2.2, a grade consisting of ferrite with unstable austenite (curve D) 

that exhausted the deformation-induced martensitic transformation at low stresses/strains would 

display properties that align with the 1G AHSS (i.e. ferrite + martensite) property band. 

Contrastingly, the grades with more stable austenite (curves B and C) would exhibit more 

favourable transformation kinetics and undergo a more gradual austenite to martensite 

transformation, resulting in mechanical properties that would be more aligned with the 3G AHSS 

mechanical property target envelope. The stable austenite in A-type grades would have sluggish 
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transformation kinetics and not readily or completely transform to martensite upon deformation. 

As such, the development vector of the properties obtained for these grades could extend towards 

the property envelope exhibited by the fully austenitic 2G AHSS. Therefore, the model suggests 

that 3G AHSS mechanical property targets could be achieved by creating complex microstructures 

with significant (~0.40) volume fractions of relatively stable austenite that would exhibit 

significant strain hardening in a high-strength martensitic matrix. By extension, a grade with the 

same global composition could be processed differently in order to achieve different austenite 

stabilities with different transformation kinetics and target a different point in the 3G AHSS 

mechanical property target envelope.  

 

Figure 2.2: (a) Effect of austenite stability on the martensite fraction as a function of true strain 

illustrated by four steels with different hypothetical austenite stabilities. (b) Predicted mechanical 

property combinations corresponding to ferrite + austenite mixtures, where the austenite 

stabilities correspond to those in (a). The points on each data curve represent an initial austenite 

fraction ranging from 0 to 85%. Adapted from Matlock et al. [4].  

 

Several approaches to developing these complex 3G AHSS microstructures have been 

proposed, including quenched and partitioned (Q&P) [2,7], enhanced dual phase [8,9], modified 

transformation-induced plasticity [10–15], ultrafine bainitic [16–22], and flash processed [23–25] 

steels. Although these compositions and processing routes have resulted in very interesting 

microstructures, in general these strategies are not compatible with continuous galvanizing line 
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(CGL) processing and/or have not resulted in mechanical properties that achieve 3G AHSS 

mechanical property targets. On the other hand, medium-Mn transformation- and twinning-

induced plasticity steels are promising candidates for automotive applications since they can be 

processed in a CGL-compatible thermal cycle to achieve 3G AHSS targets [26–28] 

2.2 Medium-Manganese TRansformation/TWinning-Induced Plasticity-Assisted Steels 

Based on work by Grange and Miller [29,30], Merwin [31,32] proposed an alloying and 

processing concept to produce duplex ferrite + austenite microstructures in steels containing 5-

7wt% Mn and 0.1wt% C by hot rolling, cold rolling, and intercritical annealing. The thermal cycles 

required to produce the desired duplex microstructures could be CGL-compatible if the 

intercritical annealing time were approximately 120 s and an overaging step (similar to the 

isothermal bainitic hold required for low-alloy TRIP-assisted steels) at approximately the same 

temperature as the galvanizing bath (i.e. around 460°C) were included. A schematic thermal profile 

of such a cycle is shown in Figure 2.3, adapted from Patel [28]. A wide variety of microstructures 

and mechanical property balances can be obtained by varying the starting microstructure, 

intercritical annealing parameters, and the alloy additions of Si, Al, Cr, and other elements. This 

section outlines typical chemical compositions; the microstructural development by means of 

austenite reversion during intercritical annealing; and strengthening mechanisms of medium-Mn 

TRIP/TWIP-assisted steels.  
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Figure 2.3: Schematic thermal profile for the CGL-compatible intercritical annealing of a 

medium-Mn 3G AHSS grade, after Patel [28]. 

 

2.2.1 Chemistry of Medium-Mn TRIP/TWIP-Assisted Steels 

The mechanical properties of medium-Mn TRIP/TWIP-assisted steels are reliant upon the 

chemical and mechanical stabilization of significant volume fractions of retained austenite at room 

temperature [1,4,33–36]. To this end, C (0.05-0.4 wt%) and Mn (4-12 wt%) are chosen as austenite 

stabilizing elements [37] over Ni (which is costly) and Cu (which is known to cause problems with 

hot-shortness) [38]. The additions of C and Mn also provide additional solute strengthening to the 

alloy [39], as will be discussed in §2.2.3.1. The ferrite stabilizers Si (1-2 wt%) and Al (1.5-3 wt%) 

[37] are also considered for their abilities to act as nucleation inhibitors to carbide precipitation 

due to their low solubilities in cementite [40–47]. The prevention of carbide formation tends to 

increase C and Mn partitioning to intercritical austenite, which decreases its Ms and improves its 

chemical stability [47–49]. Si is also a potent solid solution strengthener (though not as potent as 

C) [39], but its selective oxidation in the CGL environment (as described in §2.3.1) has led to 

interest in its partial or complete replacement by Al, which will oxidize internally in the CGL 

environment [45,50]. However, Al is a weak solid solution strengthening element [39] (as shown 
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in §2.2.3.1 and Figure 2.10) so it is not perfectly substitutable for Si in high-strength alloys, such 

as in the 3G TRIP/TWIP steels. Despite their carbide-forming nature, Cr and/or Mo can be added 

to improve hardenability [48,51].  

The low-alloy TRIP steel literature suggests that Ti, Nb, and V would be promising micro-

alloying additions to medium-Mn 3G AHSS to promote grain refinement and precipitation 

strengthening through the formation of carbides and/or nitrides [52–55]. The effects of these 

microalloying additions on retained austenite stability are still disputed, despite significant 

research efforts. For example, previous work on Nb-containing low-alloy TRIP-assisted steels has 

proposed that Nb additions lower retained austenite stability due to the tying up of carbon by NbC 

precipitates [55] or by inhibiting carbon partitioning to retained austenite during the isothermal 

bainitic hold [56,57]. However, it has been reported that Nb additions increase the mechanical 

stability of retained austenite by refining the austenite grain size and thus lowering the martensite 

start (Ms) temperature [58,59], while others have suggested that Nb additions improve austenite 

chemical stability by delaying carbide precipitation during the bainitic transformation, thus 

increasing the volume fraction and the carbon content of retained austenite [58,60,61] 

The effects of alloying additions on transformation temperatures must also be considered. 

Alloying with C, Mn, Si, Cr, Ni, and/or Nb will lower the Ms temperature, which results in 

improved retained austenite stability [48,59,62–64]. Additions of Si, Al, and P will increase the 

Ac1 and Ac3 temperatures, which may allow for improved austenite reversion kinetics due to the 

resulting increase in intercritical annealing temperature [65,66]. However, higher Al levels may 

result in the final microstructures containing significant fractions of α- and/or δ-ferrite [34,67–69].  

Some recent work has been performed to determine the effects of so-called surface-active 

elements on the selective oxidation and reactive wetting of medium-Mn TRIP/TWIP grades. This 
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strategy was motivated by the work of several authors who documented the change in oxide 

morphology, reduction of oxide growth kinetics, and, thus, improvement in reactive wetting for 

low-alloy TRIP steels with minor Sn [70,71], Sb [70], and Bi [72] additions. Pourmajidian and 

McDermid showed that although they were able to successfully reactively wet a 0.1C-6Mn-2Si 

(wt%) steel by increasing the annealing atmosphere pO2, their results were improved by adding 

0.05wt% Sn to the baseline composition [73–75]. Additional discussion of this alloying concept 

and its effects on selective oxidation and reactive wetting is provided in §2.3.2.2. 

2.2.2 Austenite Reversion Kinetics 

The intercritical annealing of martensitic steels results in the so-called austenite reversion 

transformation (ART) [76,77]. This process is essential in forming sufficient volume fractions of 

intercritical austenite with adequate C and Mn to chemically stabilize it at room temperature, often 

resulting in ultra-fine grained complex-phase microstructures that result in the desired 3G AHSS 

mechanical properties. Significant research efforts have been dedicated to documenting the 

mechanisms that govern austenite reversion and how this transformation is affected by the starting 

microstructure of the steel. 

Arlazarov et al. [78] examined a 0.1C-4.6Mn (wt%) alloy that was intercritically annealed 

from an as-received tempered martensitic microstructure. They determined that partial 

recrystallization occurred prior to carbide precipitation at high angle grain boundaries (such as 

prior austenite grain boundaries), and these regions became austenite nucleation sites. Hence, the 

resulting globular microstructure contained homogeneously distributed austenite. However, when 

intercritically annealing their substrate following an austenitization (750°C for 30 min) and 

quenching treatment to obtain a martensitic starting microstructure, carbides precipitated at low- 

and high-angle lath and grain boundaries, resulting in a mixed microstructure with lamellar and 

globular constituents. A schematic of the proposed ART mechanisms is shown in Figure 2.4. After 
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intercritical annealing at 670°C for holding times between 1-21 hours, the properties were 

relatively stable with yield strengths varying from 510-570 MPa, ultimate tensile strengths of 

approximately 1020-1100 MPa, and uniform elongations of approximately 12%. They performed 

a follow-up study on the same alloy [79] from the martensitic starting microstructure but with a 

lower intercritical annealing temperature of 650°C and intercritical annealing times of 3 minutes 

to 30 hours. Significantly more variability in the mechanical properties were observed as a function 

of intercritical annealing time, as shown in Figure 2.5(a), with yield strengths ranging from 

approximately 400-700 MPa, ultimate tensile strengths ranging from 760-900 MPa, and total 

elongations ranging from 15-32 %. The differences in mechanical properties were attributed to the 

different retained austenite volume fractions (see Figure 2.5(b)) and stabilities, where increasing 

intercritical annealing times resulted in lower austenite stability. SEM micrographs (Figure 2.5(c)) 

showed the dual blocky and lamellar nature of the microstructural constituents, and TEM 

micrographs (Figure 2.5(d)) provided evidence of plasticity enhancement via the transformation 

and twinning of retained austenite.  

Additional insight into the nature of the retained austenite morphology after annealing was 

provided by Kim et al. [80] in their study of the microstructural evolution of a 0.2C-2.2Mn-1.5Si 

(wt%) alloy. They examined one cold-rolled starting microstructure comprising ferrite and pearlite 

(Figure 2.6 (a)), as well as two different martensitic starting microstructures, where one (labelled 

M1, Figure 2.6(b)) had a small volume fraction (approximately 0.03) of retained austenite in the 

otherwise martensitic microstructure, and the other (labelled M2, Figure 2.6(c)) had no detectable 

retained austenite. The samples that were intercritically annealed from the cold-rolled starting 

microstructure had the slowest austenite reversion kinetics, which was attributed to the relatively 

slow dissolution of the larger cementite particles found in this starting microstructure. As shown 
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in Figure 2.6(d), the final microstructure had a globular morphology. In contrast, the initial retained 

austenite in the M1 starting microstructure manifested in a lamellar morphology which coarsened 

during intercritical annealing, resulting in a lamellar final microstructure (Figure 2.6(e)). However, 

the M2 martensitic microstructure that did not have any significant initial retained austenite 

required carbide precipitation at high-angle grain boundaries to provide sites for austenite 

nucleation and growth, resulting in a globular morphology with some lamellar packets (Figure 

2.6(f)). The microstructural evolution of the CR and M2 martensitic microstructure after 

intercritical annealing are consistent with the aforementioned findings of Arlazarov et al. [78].   

 

 

Figure 2.4: Schematic diagrams of the austenite reversion processes for initial microstructures 

comprising (a) fresh martensite and (b) cold-rolled martensite + bainite, as proposed by 

Arlazarov et al. [78] 
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Figure 2.5: (a) Engineering stress-strain curves showing the variation in mechanical properties as 

a function of IA time obtained for a 0.1C-4.7Mn (wt%) steel for a starting martensitic 

microstructure and IA temperature of 650°C; (b) intercritical austenite, retained austenite, and 

fresh martensite volume fractions as a function of intercritical annealing time, with the black 

dashed line showing the equilibrium austenite fraction at 650°C; (c) SEM micrograph for IA 

time of 2 hours; (d) TEM micrograph for IA time of 2 hours showing evidence of the TRIP and 

TWIP effects. Figures adapted from Arlazarov et al. [79]. 
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Figure 2.6: SEM micrographs of the starting microstructures before intercritical annealing: (a) 

cold-rolled (CR), (b) martensite + 0.03 vol% retained austenite (M1), (c) martensite - no 

detectable retained austenite (M2); and after intercritically annealing for 1 s: (d) CR + IA at 

775°C, (e) M1 + IA at 760°C, (f) M2 + IA at 765°C. Images adapted from Kim et al. [80] 

 

Luo and Dong [35] investigated the effects of starting microstructure and intercritical 

annealing temperature on the microstructural evolution and mechanical properties of 0.1C-5Mn 

and 0.2C-5Mn (wt%) alloys. Summative plots from this work are shown in Figure 2.7, where it is 

shown that the mechanical properties were a strong function of the aforementioned parameters, 

with the martensitic starting microstructure samples showing generally superior properties. As 

shown in Figure 2.7(b), they observed that austenite reversion kinetics were accelerated during 

intercritical annealing when using a martensitic starting microstructure as compared to a cold-

rolled starting microstructure containing tempered martensite, ferrite, and cementite. The authors 

posited that the martensitic starting microstructure had a finer-scale lath-type structure which 

provided a greater number of nucleation sites for austenite as compared to the coarser recrystallized 

ferrite grains in the cold-rolled microstructure. However, an explicit discussion of the driving 

forces for austenite nucleation and growth was not included in this work. By extending the 

conclusions of Kim et al. [80], it can be surmised that the martensitic starting microstructure of 
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Luo and Dong [35] contained films of retained austenite between martensite laths that coarsened 

during intercritical annealing, but this was not confirmed. Luo and Dong also found that the cold-

rolled starting microstructure resulted in a globular final microstructure and that the martensitic 

starting microstructure resulted in a lamellar final microstructure. It was proposed that the fine-

grained lamellar retained austenite from the martensitic starting microstructure would be more 

chemically stable due to additional enrichment in C and Mn from surrounding phases and the 

shorter diffusion distances.  

 

Figure 2.7: Effects of substrate chemistry, starting microstructure, and intercritical annealing 

temperature on (a) ultimate tensile strength and yield strength, (b) ultimate tensile strength, total 

elongation, and retained austenite volume fraction [35]. 

 

Bhadhon et al. [26,81] and Patel [28] have documented the austenite reversion kinetics for 

their 0.2C-6.1Mn-1.5Si-0.5Al-0.5Cr and 0.15C-5.5Mn-1.0Al-1.2Si (wt%) prototype medium-Mn 

steels, respectively, as a function of starting microstructure (cold-rolled tempered martensite or 

fresh martensite) and intercritical annealing temperature. Annealing times of 60 to 600s and peak 

annealing temperatures of 675°C or 710°C (Bhadhon et al. [26,81]) or 670°C to 740°C (Patel [28]) 

were investigated. The experimentally determined volume fraction of retained austenite as a 

function of annealing parameters for these alloys is shown in Figure 2.8. For both alloys, less time 
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was required to obtain the maximum volume fraction (approximately 0.3 to 0.4) of retained 

austenite when annealing from a martensitic starting microstructure than from the cold-rolled 

tempered martensite microstructure. These researchers found that the volume fraction of retained 

austenite after annealing tended to increase and then decrease with increasing annealing time and 

proposed that the longer annealing times allowed for the formation of additional intercritical 

austenite that was not sufficiently enriched in C and Mn to be chemically stable upon cooling. 

Annealing at too high of a temperature resulted in decreasing fractions of retained austenite, also 

likely due to the formation of large fractions of intercritical austenite that were insufficiently 

enriched in C and Mn to remain chemically stable upon cooling to room temperature or because 

of C uptake in precipitated carbides. A schematic diagram showing the predicted effects of C and 

Mn enrichment on austenite stabilization and final microstructural constituency as a function of 

intercritical annealing temperature was adapted from De Moor et al. [82] and is shown in Figure 

2.9. Regardless, it is critical to note Bhadhon et al. and Patel showed that that the austenite 

reversion kinetics were sufficiently rapid that a peak annealing time of 60 or 120 s at an appropriate 

intercritical annealing temperature resulted in a final retained austenite volume fractions of 0.3 to 

0.4, which is promising for CGL-compatible processing [26,28,81].  

To conclude this section, the literature published on the microstructural and mechanical 

property development of medium-Mn 3G AHSS overwhelmingly shows that improved properties 

are obtained by a two-stage annealing treatment [26,28,35,78,80,81,83]. The first stage is an 

austenitization step wherein the cold-rolled as-received microstructure is transformed to fresh 

martensite, and the second stage comprises intercritical annealing (and possibly overaging) to 

create a final microstructure with chemically stable retained austenite in a martensitic matrix.  
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Figure 2.8: Volume fraction and calculated carbon content of retained austenite as a function of 

intercritical annealing time and temperature for 0.2C-6.1Mn-1.5Si-0.5Al-0.5Cr (wt%) steel: (a) 

cold-rolled starting structure, (b) martensitic starting structure [84]. Volume fraction of retained 

austenite as a function of intercritical time and temperature for  0.15C-5.5Mn-1.0Al-1.2Si (wt%) 

steel: (c) cold-rolled starting structure, (d) martensitic starting structure [28]. 
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Figure 2.9: Schematic showing austenite stabilization through C and Mn enrichment as a 

function of annealing temperature for a hypothetical alloy, after De Moor et al. [82]. 

 

2.2.3 Strengthening Mechanisms of Medium-Mn TRIP/TWIP-Assisted Steels 

The chemical composition and thermomechanical processing routes of medium-Mn 

TRIP/TWIP-assisted steels are designed such that the final microstructures can exploit several 

strengthening mechanisms to achieve the desired mechanical property targets. This section 

outlines several of these mechanisms, including solid solution strengthening, composite 

strengthening, transformation-induced plasticity, and twinning-induced plasticity.  

2.2.3.1  Solid Solution Strengthening 

The solid solution strengthening effects of various alloying elements in ferrite, as 

calculated by Pickering [39], are documented in Figure 2.10. It can be seen that the interstitial 

solutes C and N have the greatest contributions to solid solution strengthening, followed by P. 

However, high C, N, and P levels can be problematic as they reduce the weldability, toughness, 

and ductility of the substrate. Thus, elements such as Si and Mn are relied upon for their solid 

solution strengthening capabilities. As documented in several publications [45,50,85–88], Al can 
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partially replace Si to delay carbide precipitation from austenite while avoiding the formation of 

external Si oxides that are deleterious to reactive wetting. However, it should be noted that Al 

slightly reduces the yield strength of ferrite, as seen in Figure 2.10, and that significant additions 

of Al are also known to be problematic during continuous casting [51,89,90]. 

 

Figure 2.10: Solid solution strengthening contributions of different alloying elements as a 

function of their alloying content in ferrite [39]. 

 

 The effects of interstitial C on the solid solution strengthening of martensite have also been 

extensively documented, where Krauss [91] claims that this is a dominant strengthening 

mechanism in martensite in addition to its high dislocation density. It should be noted that Mn also 

provides additional solid solution strengthening in martensite, according to work done by 

Nordstrom [92].  

2.2.3.2 Composite Strengthening 

Extensive research performed on low-alloy TRIP-assisted steels has resulted in a deeper 

understanding of the different yield strengths and hardness values of the constituent phases (i.e. 
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ferrite, bainitic ferrite, martensite, and retained austenite) that make up these microstructures. 

These steels resemble composite materials in that the harder phases are dispersed in the softer 

ferrite matrix. Furnémont [93] performed neutron diffraction experiments and reported that the 

yield strengths of ferrite, bainitic ferrite, retained austenite, and martensite were 500, 650, 900, 

and 2000 MPa, respectively. These values are generally in agreement with the results of neutron 

diffraction experiments reported by Jacques et al. [94], although some variability in the measured 

yield strengths were observed depending on the alloy composition and thermo-mechanical 

processing route. The same authors [94] also determined that stress and strain were partitioned 

between the various phases, where stronger phases (such as retained austenite and martensite) 

carried higher stress loads than the softer ferritic matrix, thus influencing its macroscopic stress-

strain response and increasing the overall strength of the steel. The strain partitioning between 

ferrite and martensite was greater than the strain partitioning between ferrite and retained austenite 

due to the greater difference in yield strengths. 

The microstructures of medium-Mn TRIP/TWIP-assisted grades can comprise ferrite, 

retained austenite, and martensite, albeit with different volume fractions than observed in typical 

low-alloy TRIP-assisted steel microstructures. The TRIP effect (which is discussed in §2.2.3.3) is 

synergistic with the composite strengthening mechanism, since the ongoing generation of fresh 

martensite throughout the deformation sustains the work hardening rate and contributes to the 

overall strength of the alloy. Nevertheless, the strain partitioning and damage resulting from 

hardness disparities between adjacent phases must be characterized. Some work has been 

published on the damage mechanisms of medium-Mn steels in uniaxial tension. For example, 

Steineder et al. [95] examined the damage behaviour of a 0.2C-6Mn (wt%) alloy that was 

intercritically annealed at 580°C or 620°C for 8 h and showed that failure occurred by the 
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coalescence of micro-voids that nucleated at interfaces between ferrite and martensite. Work by 

Sun et al. [68] also demonstrated that void formation at ferrite-martensite interfaces was the main 

failure mechanism in their 0.2C-10.4Mn-2.9Al (wt%) steel. Additional work must be done to 

elucidate the microstructural effects on strain partitioning and damage mechanisms during 

complex forming operations such as bending and hole expansion in medium-Mn steels.  

2.2.3.3 Transformation-Induced Plasticity 

Zackay et al. [96] originated the concept of transformation-induced plasticity steels in the 

late 1960s upon realizing the potential use of retained austenite to improve ductility in ferrous 

alloys. The transformation-induced plasticity effect is observed in steels which have chemically 

stabilized retained austenite that gradually transforms to fresh martensite upon deformation. The 

TRIP effect results in sustained high work hardening rates at high strains, which delays the onset 

of necking during deformation and results in strong combinations of both strength and ductility. 

The generation of fresh martensite from the retained austenite provides additional strength to the 

material due to composite strengthening (in the manner described in §2.2.3.2). Jacques et al. [94] 

used neutron diffraction to determine that the stresses were partitioned among the individual 

phases in their (0.3-0.4)C-1.4Mn-1.4Si-0.05Al (wt%) TRIP steels such that the retained austenite 

and martensite carried higher stresses and enhanced the overall strength of the material. The 

authors applied the rule of mixtures to calculate the hardening provided by each phase ( ( )i  ) 

with respect to its volume fraction (fi), where the global stress-strain response is described by: 

' '( ) ( ) ( ) ( )
b b

f f f              + += + +           (2.1) 

The graph in Figure 2.11(a), published by Jacques [97], shows how the measured 

macroscopic stress level compares to the calculated stress using only the terms for ferrite + bainitic 

ferrite and retained austenite, without taking martensite into account. The strengthening resulting 
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from the gradual formation of martensite as a result of the TRIP effect corresponds to the shaded 

area, showing that this is a significant contribution to the macroscopic stress-strain response of 

TRIP steels. 

 

Figure 2.11: (a) Comparison between the experimentally determined macroscopic stress and the 

calculated stress excluding martensite, showing the hardening that was provided by the dynamic 

transformation of retained austenite to martensite upon deformation [97]. (b) Bright-field TEM 

micrograph showing geometrically necessary dislocations in the ferrite surrounding deformation-

induced martensite [97]. (c) Bright-field TEM micrograph showing geometrically necessary 

dislocations in the austenite surrounding deformation-induced martensite [98]. 

 

In addition, the volumetric expansion of the martensite unit cell relative to the parent 

retained austenite unit cell results in the generation of so-called “geometrically necessary 

dislocations” in the surrounding phases, improving their local strength. Jacques [97] used TEM 

imaging to observe the geometrically necessary dislocations in ferrite that surrounded the 

deformation-induced martensite, and a bright field micrograph documenting this finding is shown 

in Figure 2.11(b). Geometrically necessary dislocations are also found in the austenite surrounding 

deformation-induced martensite, as shown in Figure 2.11(c).  

Retained austenite stability is a critical factor in determining the rate at which the retained 

austenite transforms to martensite over the course of deformation. There are two considerations: 
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(1) mechanical stability and (2) chemical stability. It has been shown in previous investigations of 

low-alloy TRIP [99] and medium-Mn TRIP [28,84] steels that lamellar or lath-type retained 

austenite that is surrounded (and therefore mechanically constrained) by martensite and/or bainitic 

ferrite is more mechanically stable than polygonal retained austenite. Moreover, retained austenite 

that has been enriched in C, Mn, or other austenite stabilizers will be more chemically stable, i.e. 

resistant to the martensitic transformation, at room temperature.  

The strain-induced retained austenite transformation kinetics were related to the strength-

ductility balance of various low-alloyed TRIP-assisted steels in a study by Jacques et al. [100]. 

Samek et al. [101] also examined strain-induced martensite nucleation in low-alloyed TRIP steels 

and determined there were significant effects of retained austenite chemical composition and size 

on transformation kinetics. However, it was shown by McDermid et al. [99] that the retained 

austenite transformation kinetics of a conventional low-alloyed TRIP-assisted steel were best 

modelled as a function of normalized flow stress for temperatures above sM 
 (the temperature at 

which the stress required to initiate the martensitic transformation is equal to the yield strength of 

the parent austenite grain). Compared to the strain-based transformation model of Olson and 

Cohen [5], the stress-based model from McDermid et al. [99] was independent of heat treatment 

parameters and retained austenite chemistry and stability for the two 0.2C-1.5Mn-(1-1.5)Al-(0-

0.5)Si (wt%) low alloy TRIP steels studied. 

2.2.3.4 Twinning-Induced Plasticity 

Stacking faults are planar defects that describe a region in which the regular 

crystallographic stacking sequence has been altered. In the case of close-packed {111}-type planes 

in FCC crystals, the stacking sequence ABCABC… can be interrupted in two ways. If an 

additional plane is inserted into the stacking sequence (e.g. ABCABACABC), the defect is known 
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as an extrinsic stacking fault. If a plane is removed from the stacking sequence (ABCACABC), 

the defect is an intrinsic stacking fault (and there is a twin boundary in the “ACA” sequence). This 

occurs when a perfect dislocation with a Burgers vector of length 110
2

a   , where a is the 

lattice parameter, dissociates into two Shockley partial dislocations according to the reaction in 

Equation 2.2 [102]. 

[011] [112] [121]
2 6 6

a a a
→ +  (2.2) 

This dissociation is energetically favoured because the dislocation energy is proportional 

to the square of the magnitude of the Burgers vector (
2

b ) [102]. The equilibrium separation (d) of 

two partial dislocations is defined by the balance between the repulsive force between them (due 

to their elastic interaction) and the attractive force between them (due to the stacking fault energy, 

which is a force Γ per unit length of the line). The approximate equilibrium separation d is 

inversely proportional to the stacking fault energy, as given by Equation 2.3 [103]. 

2

b

4
d




=  (2.3) 

where μ is the shear modulus. Lower SFE materials have wider stacking faults and lower 

dislocation mobilities.  

The Twinning-Induced Plasticity (TWIP) effect is a strengthening mechanism whereby 

austenite dynamically twins as it deforms, hence providing additional dislocation barriers and 

reducing the dislocation mean free path, in addition to providing sites for dislocation accumulation. 

This is widely known as the dynamic Hall-Petch effect [104–111]. Since the intrinsic stacking 

fault energy of retained austenite is believed to strongly influence the mechanism(s) by which the 
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material accommodates strain (i.e. dislocation glide, mechanical twinning, and/or deformation-

induced ε-martensitic transformation [108,109,112–117]), the SFE is often used to predict whether 

the TRIP and/or TWIP mechanisms will be activated. Although the exact SFE ranges which favour 

the activation of the TWIP effect are disputed, it is generally believed that the target intrinsic SFE 

for the activation of mechanical twinning lies between 15 mJ/m2 and 45 mJ/m2 [118]. Lower SFE 

ranges (generally believed to be below 12 mJ/m2 to 20 mJ/m2 [118]) can result in the activation of 

the γ-austenite → ε-martensite transformation. It has been noted that ε-martensite, which has a 

hexagonal close-packed (HCP) structure (in contrast to the body-centered tetragonal, or BCT, 

structure of α’-martensite) has been examined via TEM and shown to be a series of stable stacking 

faults [119]. In addition to being a function of temperature, the SFE of austenite is largely a 

function of the alloy composition. In the case of retained austenite, this is in turn a strong function 

of the extent to which solutes are partitioned during either intercritical or overaging heat 

treatments. 

 It has also been argued that the SFE of austenite is also related to its grain size. Lee and 

Choi [120] suggested that the SFE in high-Mn steels increases with decreasing austenite grain size, 

especially below ~30 μm, due to the effects of internal stresses. Citing this work, Saeed-Akbari et 

al. [114] proposed a model to calculate the SFE of high-Mn steels based on a subregular solution 

model that incorporated the effect of grain size. However, a subsequent publication by Saeed-

Akbari et al. [121] reviewed the effects of chemical composition and other parameters (including 

grain size) on the work-hardening behaviour of TWIP steels, leading to doubts about the proposed 

role of grain size on SFE. Instead, they attributed the role of grain size to changes in the activation 

or saturation of deformation twinning in TWIP steels. 
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Direct measurements of the SFE are possible via techniques such as weak-beam TEM [122] 

and XRD [123], but are very challenging. Thus, considerable efforts have been made to determine 

the intrinsic SFE of austenitic steels of various compositions and create predictive models for other 

steel chemistries. A number of CALPHAD-based models have been proposed 

[108,109,114,115,124,125], but they were constructed for different TWIP steel alloy systems. 

Moreover, the models are not in universal agreement about which value to use for surface energy 

or whether to include a strain energy term and/or grain size excess free energy term (as discussed 

above). As such, there has not been a model that has emerged as the preeminent choice for SFE 

calculations in austenitic steels. It should also be noted that these modelling endeavours have been 

focused on highly-alloyed austenitic steels, where the composition of the austenite is known to be 

the same as the bulk alloy chemistry. When applying the models to complex-phase steels to 

calculate the intrinsic SFE of retained austenite in either low-alloy or TRIP-assisted 3G steels, the 

composition of the retained austenite is unlikely to be that of the bulk alloy due to the partitioning 

of alloying elements during annealing treatments. Hence, some assumptions must be made and/or 

experiments must be performed to determine the composition to input into the SFE model.  

Several authors working on medium-Mn steels have shown that the 3G AHSS mechanical 

property targets could be met or exceeded by activating both the TWIP and TRIP effects in 

succession or simultaneously and have tried to predict this behaviour with SFE calculations. For 

example, Lee and De Cooman [126] investigated a 0.3C-10Mn-3Al-2Si (wt%) steel and 

determined that an excellent strength-ductility balance (1100 MPa UTS × 65% TE) could be 

achieved by choosing a relatively moderate intercritical annealing temperature of 800°C (SFE = 

26 mJ/m2, per the Dumay et al. model [108]), which resulted in the activation of both the TWIP 

and TRIP effects. Neither plasticity-enhancing mechanism was operative after annealing at 700°C 
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(SFE = 36 mJ/m2, 1250 MPa UTS × 15% TE), while premature brittle failure occurred when 

annealing at 900°C (SFE = 20 mJ/m2, per the Dumay et al. model [108]) due to the low chemical 

stability of the retained austenite and, therefore, the rapid exhaustion of the TRIP effect and 

resulting excessive fractions of fresh martensite. However, the calculated SFE values did not agree 

with the experimentally determined deformation modes for the 800°C and 900°C samples, as the 

sole activation of the TWIP effect (20 < SFE ≤ 30 mJ/m2) was predicted for the 800°C sample and 

the dual TRIP (in this case, γ → ε) + TWIP mode (15 < SFE ≤ 20 mJ/m2) was predicted for the 

900°C sample.  

Lee et al. [34] investigated a set of medium-Mn alloys (6.0Mn-1.5Si-3.0Al (wt%)) with 

varying (0.15 or 0.30 wt%) C contents and chose intercritical annealing temperatures (840°C for 

the 0.15 wt% C grade and 780°C for the 0.3wt% C grade) where the equilibrium intercritical 

austenite composition would result in a room-temperature calculated SFE of approximately 20 

mJ/m2 using the Dumay et al. model [108], which is in the expected range for the activation of the 

TRIP + TWIP effects. The authors included three-dimensional Atom Probe Tomography (3D-

APT) results showing that the retained austenite in their alloys nearly attained the predicted 

equilibrium composition after intercritical annealing for only 180 s, which validated their use of 

the equilibrium composition of the intercritical austenite for their retained austenite SFE 

calculations. When plotted, the two maxima in the instantaneous work hardening rate as a function 

of true strain corresponded to the activation of both the TWIP and TRIP effects, respectively, as 

shown in Figure 2.12. The activation of both mechanisms was confirmed by means of TEM 

examination, as seen in the micrographs in Figure 2.13. As a result, the 0.15wt% C alloy achieved 

a UTS × TE of 34,400 MPa% and the 0.30wt% C alloy achieved 65,360 MPa%.  
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Figure 2.12: Mechanical properties of (0.15-0.30)C-6.0Mn-1.5Si-3.0Al (wt%) TRIP/TWIP 

alloys compared to reference 0.6C-18Mn-3Al (wt%) and 0.6C-15Mn-2Al (wt%) TWIP steels: 

(a) engineering stress-strain curves, (b-c) work hardening rate curves with arrows showing the 

initiation of the TRIP and TWIP effects. Adapted from Lee et al. [34] 

 

 
Figure 2.13: TEM micrographs of retained austenite in a strained 0.15C-6Mn-1.5Si-3Al (wt%) 

steel intercritically annealed at 840°C for 180 s and quenched: (a) bright-field image and selected 

area diffraction pattern of a twinned retained austenite grain, (b) dark-field image of the austenite 

matrix, (c) corresponding dark-field image of the mechanical twins [34].  



PhD Thesis – D. Pallisco – McMaster University – Materials Science & Engineering – 2021  

38 

 

Bhadhon et al. [26,81] (who studied a 0.2C-6.1Mn-1.5Si-0.5Al-0.5Cr (wt%) med-Mn 

alloy) and Patel [28] (who studied a 0.15C-5.6Mn-1.0Al-1.2Si (wt%) alloy) also found 

experimental evidence that the TWIP effect (in addition to the deformation-induced γret → α’ TRIP 

effect) could be activated in their respective steels, given an appropriate choice of starting 

microstructure and intercritical annealing parameters. Unfortunately, no SFE calculations were 

reported in these publications. Regardless, these researchers showed that the 3G AHSS mechanical 

property target envelope could be achieved using CGL-compatible processing if both the TRIP 

and TWIP effects were leveraged. Bhadhon et al. [26,81] achieved 1380 MPa UTS × 19% TE by 

employing a martensitic starting microstructure and annealing for 120 s at 675°C. The highest 

properties obtained by Patel [28] (1150 MPa UTS × 29% TE) resulted from intercritical annealing 

at 690°C for 120 s from a martensitic starting microstructure.  

2.3 Continuous Hot-Dip Galvanizing 

The continuous hot-dip galvanizing process is a cost-effective means of protecting 

automotive steels against aqueous corrosion when in service. Zn-based metallic coatings provide 

barrier protection to the substrate from the external corrosive environment, but also provide 

galvanic protection by acting as a sacrificial anode if the physical barrier is damaged.  

Marder [127] described the Sendzimir-type continuous galvanizing process, a schematic 

of which is shown in Figure 2.14 [128]. First, successive steel coils are welded together to form a 

continuous strip before being cleaned by an alkali brushing system (using hot 1.5-2.5% NaOH(aq)) 

to remove surface organics and Fe fines from previous processing (usually hot or cold rolling). 

Electrolytic cleaning may then be used to remove more tightly adherent residual organics and Fe 

fines. After several rinsing stages, the strip is then dried before entering the annealing furnace, 

which is usually either a direct natural-gas fired furnace, a radiant tube furnace, or a combination 
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of both technologies. CGLs typically employ a N2-(5-20vol%)H2 atmosphere with a controlled 

oxygen potential in order to reduce surface Fe oxides and ensure that metallic Fe is able to react 

with the liquid Zn(Al, Fe) bath. After annealing, the steel is cooled to approximately the same 

temperature as the bath (450°C-470°C) before immersion. Gas-jet wiping using air or N2 is used 

to control the coating thickness after the strip exits the bath. Galvanized steels can be either 

naturally or force cooled upon exiting the zinc bath to solidify the coating, but the strip can be 

further annealed to develop a galvannealed coating comprising a series of Fe-Zn intermetallics 

before cooling the strip. After exiting the coating section of the CGL, the steel strip proceeds to 

temper rolling, roller levelling, pre-phosphating, oiling, cutting, and recoiling before being 

packaged and shipped.  

 
Figure 2.14: Schematic of a continuous hot-dip galvanizing line [128]. 

2.3.1 Selective Oxidation of Advanced High Strength Steels 

The typical CGL process atmosphere is reducing to Fe oxides but oxidizing to the 

commonly employed alloying elements used in AHSSs – e.g. Mn, Si, Cr and Al. The selective 

oxidation of Mn, Si, Cr and Al can occur at the steel surface and prevent the metallic Fe from 
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reacting with the liquid bath metal to form integral and defect-free galvanized coatings 

[47,85,129,130]. This section includes a review of the thermodynamics of selective oxidation as 

well as the kinetics describing the transition from external to internal oxidation (i.e. the Wagner 

model and its extensions).   

2.3.1.1 Gas-Metal Reactions in the CGL Furnace 

The CGL process atmosphere is a N2-(5-20 vol%)H2 mixture with a small amount of H2O(g) 

that is injected to control the O2 partial pressure (pO2). The dew point (Tdp) is an analog for the 

pO2 in the system and is defined as the temperature at which water vapour at a fixed partial pressure 

pH2O condenses from the process atmosphere, i.e. the temperature at which the reaction in 

Equation 2.4 is at equilibrium.  

2 (l) 2 (g)H O  H O⎯⎯→⎯⎯   (2.4) 

The partial pressure of water vapour can be related to the dew point by Equation 2.5, assuming 

ideal gas behaviour.  

2 (l)

o

(2.5)

2 (g) H O

dp

-ΔG
pH O = exp

RT
a

 
 
  

 (2.5) 

If liquid water is assumed to be a pure condensed species with unit activity in Equation 2.5, the 

pO2 of the annealing atmosphere is fixed for a given process atmosphere temperature (Tatm) due to 

the fixed partial pressures of hydrogen gas and water vapour according to the reactions in 

Equations 2.6 and 2.7. 



PhD Thesis – D. Pallisco – McMaster University – Materials Science & Engineering – 2021  

41 
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 (2.7) 

For the general oxidation of a metallic alloying element M to its given stoichiometric 

oxide MxOy: 

2(g) x y

y
xM + O  M O

2
⎯⎯→⎯⎯  (2.8) 

Assuming unit activity for the pure condensed oxide and a known activity of M in the alloy, the 

critical oxygen potential above which MxOy is stable and below which M is stable can be calculated 

using Equation 2.9. 

x y

(g)

2

y

M O

2 o

(2.8)x

M

atm

a
pO =

-ΔG
a exp

RT

 
 
 
  
   

  

 (2.9) 

 

Figure 2.15 shows the critical oxygen potentials as a function of temperature for various 

alloying elements of relevance to medium-Mn 3G AHSS, with the thermodynamic data obtained 

from FREED [131] and Jung et al. [132]. North American and European CGL process atmospheres 

typically comprise N2-5vol%H2 with a -30°C dew point. As can be seen in Figure 2.15, a 5vol% 

H2 CGL process atmosphere (with a Tdp of -30°C, -10°C, or +5°C) is reductive to Fe oxides but 

oxidizing to Al, Cr, Mn, and Si. The pO2 required to oxidize these elements increases by several 
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orders of magnitude when calculating the metal/oxide equilibrium in the case when the activity is 

non-unity (Figure 2.16), as expected in a ferrous alloy. It can be seen in Figure 2.16, however, that 

conventional CGL process atmospheres are oxidizing to these elements when used in alloys.  

 

 

Figure 2.15: Critical oxygen partial pressures for the oxidation of various metallic elements in a 

N2-5%H2 atmosphere as a function of annealing temperature, assuming unit activity of the 

metallic species. Also indicated are the oxygen partial pressures for a -30°C, -10°C, and +5°C 

dew point atmosphere. Data obtained from FREED [131] and Jung et al. [132]. 
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Figure 2.16: Critical oxygen partial pressures for the oxidation of Al, Mn, and Si in a N2-5%H2 

atmosphere as a function of annealing temperature for unit and non-unit activities of these 

elements. Also indicated are the oxygen partial pressures for a -30°C, -10°C, and +5°C dew point 

atmosphere. Data obtained from FREED [131]. 

 

2.3.1.2 Internal and External Oxidation – Wagner’s Model and Its Extensions 

Selective oxidation can manifest itself as internal (i.e., oxide particles precipitating beneath 

the substrate surface) or external (i.e. oxide particles form on the substrate surface), and typically 

a balance is struck between the two when considering engineering alloys. Wagner [133] developed 

a criterion for the transition from internal to external oxidation for an ignoble solute M that oxidizes 

to MOν in a noble matrix A, which will not be oxidized by the process atmosphere. The equation 

for this is shown in Equation 2.10: 
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where ( )O

M crit
N is the critical mole fraction of alloying element M for the transition from internal 

to external oxidation (i.e. internal oxidation occurs if ( )O

M M crit
N < N ), g* is the critical volume 

fraction of oxides that results in blocked inward diffusion paths for oxygen in the case of the 

insoluble oxide νMO ,   is the stoichiometric ratio between the oxygen and metal atoms in the 

oxide νMO , V is the molar volume of the alloy, 
νMOV is the molar volume of the oxide νMO , S

ON  

is the mole fraction of adsorbed oxygen at the surface, OD is the diffusivity of oxygen in matrix 

A, and MD  is the diffusivity of alloying element M in matrix A.  

A derivation of the Wagner equation and explanation in English are provided in Birks et al 

[134]. Wagner’s model is based on the criterion that the selective oxidation mode is determined 

by a competition between the inward diffusion of adsorbed oxygen from the vapour/substrate 

interface and the outward diffusion of ignoble alloying elements from the substrate. Internal 

oxidation is the result of greater oxygen flux inward relative to the alloying element flux outward, 

and the resulting oxide network obstructs further oxygen flow into the substrate. Conversely, 

external oxidation will occur if the outward diffusion of alloying elements to the surface is greater 

than the inward diffusion of oxygen atoms. As such, for a given alloy composition held at a given 

temperature, an increase in the process atmosphere pO2 will shift the oxidation towards the internal 

oxidation mode. 

The Wagner model was developed for single-crystal binary alloys and has several 

limitations in terms of modelling the selective oxidation of complex engineering alloys. It does not 
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account for multiple alloying elements, grain boundary diffusion, or differences in the diffusivities 

of alloying elements across multiple phases (i.e., in ferrite, austenite, or martensite). The model 

also assumes that the oxides that form are insoluble in the matrix, which is not always true in 

certain instances pertaining to advanced steels – e.g. MnO has a significant solubility in both ferrite 

and austenite [135]. The g* term is critical in determining the transition kinetics because it 

represents the critical volume fraction of νMO  required to physically block inward oxygen 

diffusion. A value is g* = 0.3  has been advocated by Rapp [136], which was determined for Ag-

In alloy. In the case of MnO, Lashgari et al. [137] experimentally determined that a modified value 

of g* = 0.2  would be suitable to model Mn oxidation in steel at 950°C. 

Expansions of the classic Wagner equation have been proposed by several authors 

[135,137–140] in order to more accurately model the experimental observations of polycrystalline 

engineering alloys. Mataigne et al. [138] proposed a modified Wagner-type equation (Equation 

2.11) wherein the accelerated diffusion of oxygen and alloying elements at grain boundaries of 

polycrystalline alloys could be accounted for by halving the activation energy values for bulk 

diffusion in Equation 2.10. Moreover, they proposed a modification to the classic Wagner model 

for multi-component systems in which the flux of oxidizable alloying elements towards the surface 

was additive: if the combined flux of ignoble elements to the surface (given by the left-hand side 

of Equation 2.11) exceeded the inward flux of oxygen into the substrate (given by the right-hand 

side of Equation 2.11), external oxidation would occur. However, it should be noted that this model 

does not consider the formation of complex oxides that are known to form in medium-Mn steels, 

such as MnSiO3 and Mn2SiO4. 
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Huin et al. [135] expanded upon the classic Wagner model by building a finite difference 

model that considered the oxide solubility products and the interactions between several solute 

elements. They assumed the competitive consumption of the available dissolved oxygen such that 

MnO, SiO2, and Mn2SiO4 formation were predicted. However, in common with the other models 

presented in this section, this model was restricted to an isothermal process. Some additional work 

has since been published by this group on the finite element modelling of selective oxidation 

processes. For example, Leblond et al. [141] considered that precipitated oxides would act as 

diffusion barriers by developing a Wagner model extension with an oxygen diffusivity that would 

change as a function of the volume fraction and aspect ratio of oxide precipitates. In a later 

publication, Leblond et al. [142] developed a finite element algorithm capable of handling many 

more practical cases, including the 1D anisothermal internal oxidation of five elements, 1D 

isothermal internal oxidation of binary alloys with non-stoichiometric oxide precipitation, or 2D 

isothermal internal oxidation of binary alloys involving accelerated grain boundary diffusion. It 

should be noted that the results of increasingly complex numerical modelling problems are not 

amenable to verification by analytical solutions and, therefore, must be compared to experimental 

data.  

2.3.2 The Zn(Al, Fe) CGL Bath and Reactive Wetting 

The use of a pure Zn galvanizing bath in the CGL would result in a coating with several 

layers of Fe-Zn intermetallic phases containing progressively lower Fe contents moving out from 

the substrate: gamma (Γ-Fe3Zn10), delta (δ-FeZn10), zeta (ζ-FeZn13, and metallic Zn. However, 

small amounts of Al are added to continuous galvanizing baths in order to temporarily prevent the 

formation of these brittle Fe-Zn intermetallic compounds at the steel/coating interface, as the 

thermodynamic driving force for Fe-Al intermetallic formation is significantly greater [143]. The 
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Fe-Al interfacial layer (η-Fe2Al5-xZnx) is known in the industry as the “inhibition” layer because 

it acts as a diffusion barrier between Fe and Zn and prevents the formation of their intermetallic 

compounds [127,144], thereby allowing the Zn to remain in its desired metallic form. The Zn-rich 

corner of the Zn-Al-Fe ternary system at the commonly used CGL bath temperature of 460°C, as 

calculated by McDermid et al. [145], is shown in Figure 2.17. At this temperature, Fe and Al have 

limited solubility in liquid Zn, and, therefore, several intermetallic phases can precipitate according 

to the global bath composition. With increasing Al bath content, the equilibrium configuration of 

the bath will change from L + ζ-FeZn13 to L + δ-FeZn10 to L + η-Fe2Al5-xZnx. A typical galvanizing 

bath will contain approximately 0.15-0.25 wt% dissolved Al. The term “dissolved” refers to Al 

that is in solution in the liquid phase and is, therefore, available for the interfacial reaction to form 

η-Fe2Al5-xZnx and does not include the Al that has precipitated into intermetallic species.  

 

 
Figure 2.17: Zn-rich corner of the Zn-Al-Fe phase diagram at 460°C [145]. Isoactivity lines for 

Al (with respect to pure solid Al) and Fe (with respect to pure solid ferrite) are shown in the 

liquid phase region.  
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When the steel is immersed in the bath, Fe dissolution from the steel strip is driven by the 

metastable equilibrium between the Zn(Al, Fe) bath and substrate Fe and leads to supersaturation 

of the liquid Zn bath by Fe [144,146]. A graphical representation of the global and metastable 

equilibria was published by Nakano [147] and is shown in Figure 2.18. This local Fe 

supersaturation is one of the drivers for the nucleation and growth of a compact layer of fine 

crystals of the metastable FeAl3 and/or η-Fe2Al5-xZnx phase at the substrate/bath interface in order 

to restore thermodynamic equilibrium to the system. The formation of this layer prevents further 

Fe dissolution into the bath, but diffusion of Fe through the η-Fe2Al5-xZnx layer continues, as does 

the diffusion of Zn and Al towards the substrate through the η-Fe2Al5-xZnx layer. The 

transformation of FeAl3 to η-Fe2Al5-xZnx will proceed and an upper, coarse layer of η-Fe2Al5-

xZnxwill grow. The resulting two-layer structure in the final interfacial layer comprises an outer 

layer of coarse and randomly oriented η-Fe2Al5-xZnx crystals on top of a finer, compact layer of η-

Fe2Al5-xZnx such that the {200}-type planes are parallel to the substrate surface. For baths with 

lower dissolved Al, the microstructure will consist of one discontinuous sublayer, which will 

accelerate the breakdown of the interfacial layer and the formation of Fe-Zn intermetallic phases 

[127,143,148,149].  
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Figure 2.18: Zn-rich corner of the Zn-Al-Fe system at 450°C showing the global (black) and 

metastable (blue) equilibrium between the liquid and BCC phases, per Nakano [147]. The 

difference between the curves indicates the maximum possible degree of supersaturation of the 

liquid phase. 

 

2.3.2.1 Reactive Wetting Mechanisms 

Numerous contributions have been made to elucidate the reactive wetting mechanisms that 

facilitate the reactive wetting of 1G AHSS DP and TRIP grades in spite of the external oxidation 

of several alloying elements contained therein. The aluminothermic reduction of surface MnO by 

the galvanizing bath was proposed by Khondker et al. [150] after having observed a fully-formed 

η-Fe2Al5-xZnx interfacial layer on their externally oxidized 2 wt% Mn DP steel after immersion in 

a 0.20 wt% Al (dissolved) galvanizing bath for typical immersion times. Kavitha and McDermid 

later verified this mechanism in their work on the reactive wetting of a 5.1 wt% Mn substrate [151]. 

Alibeigi et al. [152] showed that reactive wetting kinetics were inversely proportional to the 

surface MnO layer thickness (which is a function of the process atmosphere pO2). Sagl et al. [153] 
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provided direct proof of the aluminothermic reduction of MnO using XPS analysis. The 

aluminothermic reduction of other species (such as Mn2SiO4) has been posited based on 

thermodynamic considerations [154], but has not been confirmed experimentally.  

Infiltration of the liquid bath metal between oxide particles and the steel substrate has also 

been proposed to explain the occurrence of η-Fe2Al5-xZnx between the substrate surface and oxide 

particles. Sagl et al. [153] asserted that the resultant flaking of oxides from the substrate surface 

had a greater contribution to galvanizability than aluminothermic reduction of surface oxides. Two 

infiltration routes have been proposed: 1) liquid bath metal infiltration at grain boundaries between 

the oxide and substrate, and 2) liquid bath metal infiltration due to thermal coefficient of expansion 

mismatch-assisted cracking of the oxide. The grain boundary infiltration mechanism was 

documented by Bellhouse and McDermid [50], who examined several substrates containing 

between 1-1.5 wt% Si and 1.0 wt% Al and found Fe2Al5-xZnx under and around oxide nodules that 

remained on the surface after galvanizing. The oxide cracking mechanism was also described by 

Bellhouse and McDermid [50], who found Mn- and O-rich holes on sample surfaces after 

annealing a 1.5 wt% Al steel. Seyed Mousavi and McDermid [155] also found evidence of oxide 

cracking in their work on a 0.1C-2Mn-1.3Si (wt%) steel, as did Pourmajidian and McDermid [75] 

in their work on a 0.1C-6Mn-2Si (wt%) steel. 

2.3.2.2 Strategies to Improve Reactive Wetting of AHSS 

Several process modifications have been suggested to facilitate the reactive wetting of 

AHSS grades whose chemical compositions may make them difficult to reactively wet under 

conventional conditions. The schematic in Figure 2.19 provided by Cho et al. [70] shows four such 

examples: 1) high dew point annealing, 2) oxidation/reduction, 3) flash coating, and 4) surface 

active element alloying additions.  
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Figure 2.19: Schematic showing four proposed methods to improve the reactive wetting of 

AHSS by reducing coating defects caused by external oxides [70]. 

 

A higher dew point in the annealing furnace can promote the internal selective oxidation 

of alloying elements (per the Wagner criterion, §2.3.1.2) and has been applied to improve the 

reactive wetting of 1G AHSS [155–158] and medium-Mn 3G AHSS [74,75,159]. Pourmajidian 

and McDermid [159] selectively oxidized their model 0.1C-6Mn-2Si (wt%) steel at 800°C and 

showed that the external oxide chemistry and morphology was altered with increasing dew point. 

Examination via TEM-EELS showed an evolution of the oxide structure from a compact and 

layered SiO2 + MnSiO3 + MnO surface oxide structure (-50°C dew point) to a continuous layer of 

coarse MnO nodules (-30°C dew point) to a discontinuous layer of MnO nodules (+5°C dew point). 

The same authors successfully galvanized their steel after intercritical annealing at 690°C by 

employing dew points of -30°C or +5°C, while poor reactive wetting was observed for a dew point 

of -50°C [75]. A dew point of -50°C resulted in substantial surface coverage by continuous film-

like MnO, while the higher dew point atmospheres resulted in minimal coverage of the surface by 

discontinuous MnO nodules which could be lifted off via bath metal infiltration between the oxide 
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and substrate or aluminothermically reduced by the bath metal. However, this approach to 

improved reactive wetting is limited if the transition from external to internal oxidation does not 

occur, since a higher dew point atmosphere provides more oxygen for oxide nucleation and 

growth. For example, Bellhouse and McDermid [50] studied the selective oxidation and reactive 

wetting of a 0.2C-1.5Mn-1.5Al (wt%) TRIP-assisted steel and found that a +5°C dew point led to 

an external MnO layer that was too thick to be aluminothermically reduced by the bath metal.  

The oxidation/reduction strategy is a two-step process wherein the steel is heated in an 

oxygen-rich environment (air [160], N2-O2 atmosphere [161], or oxygen-rich gas [162]) for a short 

time. In this step, the pO2 is sufficiently high to simultaneously selectively oxidize the alloying 

elements while also oxidizing the substrate Fe to FeO, resulting in alloying element selective 

oxides which are embedded within the FeO. When the Fe oxides are subsequently reduced in the 

conventional CGL annealing furnace (i.e., N2-(5-10vol%) H2 with a controlled dew point), the 

surface layer comprises pure Fe which can be reactively wetted by the Zn(Al, Fe) bath. However, 

the resulting pure Fe layer is porous due to the volume change associated with FeO reduction, as 

well as the defective nature of FeO [161,163,164], which can lead to a weak interfacial layer and 

flaking of the galvanized coating. 

The flash coating method involves the electrodeposition of a thin layer of pure Ni, Fe, or 

Cu prior to annealing to prevent the formation of external oxides during the heat treatment [165–

168]. However, this method is in development and not yet widely employed at an industrial scale 

[169,170].  

As alluded to in §2.2.1, minor additions of so-called surface active elements such as Sn, Sb, 

and Bi have been shown to decrease oxidation kinetics and improve reactive wetting of 1G AHSS 

[70–72,158,171,172]. This novel alloy design concept was based on earlier work showing that 
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surface active elements slowed the rate of surface reactions such as selective oxidation of Si in 

electrical steels [173] and carburization of case hardening steels [171]. Grabke [174,175] 

determined that these elements can segregate to the surface and occupy surface adsorption sites, 

thereby decreasing the surface permeability of oxygen and acting as a barrier to its inward 

diffusion. Hondros and Seah [176,177] explained that the tendency of elements to segregate to 

grain boundaries is a function of surface energy and elastic energy of the matrix. As such, they 

asserted that solute element A in solvent B would experience a large driving force for surface 

segregation if the melting points of A and B were different and if there were significant atomic 

size differences between A and B. To this end, Cho et al. [70] determined that elements such as 

Bi, Sn, Sb, and S would exhibit high surface enrichment factors while elements such as Ni, Cr, Cu, 

and Ti would not. 

Several studies on the effect of minor additions of Sn, Sb, and Bi on the selective oxidation 

and reactive wetting of interstitial-free and low-alloy TRIP steels have been performed. Cho et al. 

[70,71] examined 0.1C-1.6Mn-1.5Si-(0-1)Sn (wt%) TRIP steels and found that the surface oxides 

in the Sn-containing grades had a lenticular morphology while the reference alloy had continuous 

oxide films (as seen in Figure 2.20). Cho et al. [71] also determined that an increase in Sn content 

resulted in decreased oxygen solubility at the surface, thereby altering the surface oxide Mn to Si 

ratio. Similar findings were documented by Oh et al. [72] in their analysis of 0.1C-1.6Mn-1.5Si-

(0-0.2)Bi (wt%) TRIP steels. Enrichment of Sn or Bi in the substrate beneath the external oxides 

resulted in an increased interfacial energy between the SiO2 and substrate surface, leading to de-

wetting of the oxides and thereby altering their morphology. The thinner and more discrete 

lenticular morphology of the external oxides resulted in significant improvements in reactive 

wetting of the Sn- or Bi-added alloys relative to the Sn- or Bi-free reference alloys.  
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Figure 2.20: SEM images showing the altered morphology of xMnO·SiO2 external oxides 

formed during annealing for various Sn additions to a reference 0.1C-1.6Mn-1.5Si (wt%) TRIP 

steel: (a) 0% Sn (reference alloy), (b) 0.05 wt% Sn, (c) 0.5 wt% Sn, (d) 1 wt% Sn [71]. 

 

 Pourmajidian and McDermid [74,75] applied the surface-active element alloying concept 

by adding 0.05 wt% Sn to their reference 0.1C-6Mn-2Si (wt%) steel. The Sn-added steel was 

successfully galvanized at a wider range of process atmosphere pO2 than the reference grade (as 

shown in Figure 2.21) because the Sn retarded oxidation kinetics, resulting in surfaces with smaller 

and more discrete oxide nodules. With the aid of three-dimensional atom probe tomography (3D-

APT), Pourmajidian et al. [74] showed significant Sn segregation to the oxide/metal interface, 

where the detected levels were approximately ten times the bulk concentration. They attributed the 

suppression of both internal and external oxidation kinetics to the reduced oxygen solubility at the 

surface due to Sn occupation of the surface adsorption sites. This hypothesis is in agreement with 
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several other researchers [70,173,178]. However, the effects of these elements on the strength and 

formability of the substrate are unknown.  

 

Figure 2.21: Images of the uniform coating area of the galvanized steel panels, (a-c) 0.1C-6Mn-

2Si (wt%) and (d-f) 0.1C-6Mn-2Si-0.05Sn (wt%) [75]. 

 

2.4 Summary 

To conclude this chapter, it is evident that significant efforts have been devoted to the 

development of medium-Mn 3G AHSS, but there are many outstanding questions remaining about 

the properties that can be achieved using CGL-compatible processing, which is essential for large-

scale industrial production for automotive applications. Among the data published on the 

mechanical properties that can be achieved with medium-Mn steel compositions, the vast majority 

have employed longer annealing times at higher temperatures than are possible in conventional 

industrial CGLs. Moreover, the only selective oxidation and reactive wetting trials performed to 

date on medium-Mn substrates have been done on model alloys that had been processed through 
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a single annealing cycle. There is a significant knowledge gap with regard to the impact of two-

stage annealing cycles (which have been optimized for microstructural and mechanical property 

development) on the selective oxidation and reactive wetting of these steels.  
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3.1 Abstract 

The effects of starting microstructure and intercritical annealing (IA) temperature on the 

mechanical properties of a prototype 0.15C-6Mn-1.5Al-1Si (wt%) third-generation medium 

manganese advanced high strength steel (3G AHSS) were determined. The general 3G AHSS 

mechanical property targets UTS × TE of 24,000-40,000 MPa% were met after a continuous 

galvanizing line (CGL)-compatible IA treatments at 710℃ and 740°C for 120 s from an 80% 

martensite – 20% ferrite starting microstructure due to the as-annealed microstructure having large 

volume fractions of stable retained austenite. The deformation-induced retained austenite to 

martensite transformation – or TRansformation-induced plasticity (TRIP) – kinetics were a strong 

function of IA temperature and resulting retained austenite stability. In particular, the 665℃ 

intercritical anneal produced retained austenite which only partially transformed during 

deformation and the 740℃ intercritical anneal produced retained austenite which exhausted the 

TRIP effect at significantly lower strains than those observed for the 710℃ treatment. It was also 

shown that significant deformation-induced mechanical twinning occurred in the retained 

austenite, aiding in sustaining the work hardening rate. Overall, it was determined that medium-

Mn 3G AHSS can be produced using CGL-compatible thermal cycles, which holds promise for 

cost-effective production of these alloys. 
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3.2 Introduction 

Third generation advanced high strength steels (3G AHSS) are promising candidate 

materials for vehicle light-weighting due to their superior combinations of high strength and 

ductility versus the first generation AHSS and lower alloying costs versus the so-called high Mn 

and similar second generation AHSS, making them reasonably cost-effective [1–4]. Among 

several approaches proposed, medium-Mn transformation- and twinning-induced plasticity 

(TRIP/TWIP)-assisted steels are being investigated due to the potential for their processing routes 

being compatible with the continuous galvanizing line (CGL) [5–8], which provides the robust 

corrosion protection required for automotive applications at reasonable cost. The mechanical 

properties of these grades are reliant on the chemical stabilization of large volume fractions of 

retained austenite, which then gradually transforms to martensite upon deformation [1–4]. In the 

case of medium-Mn TRIP steels, it has been shown by several authors that the starting 

microstructure and intercritical annealing parameters strongly affect the austenite reversion 

kinetics and retained austenite chemical stability and morphology and, thereby, have a significant 

influence on the microstructural evolution and mechanical properties of these alloys [9–16].  

For example, it has been established that intercritical annealing of medium-Mn steels from 

an initial martensitic microstructure accelerates austenite reversion kinetics and results in the 

formation of lath-type retained austenite films that are more mechanically stable than the globular 

retained austenite obtained by intercritically annealing from a partially tempered martensitic 

microstructure [5–7,17–20]. In addition, alloying additions are known to affect the retained 

austenite stacking fault energy (SFE) [21–28], which is thought to have a strong influence on its 

propensity for deformation induced twin formation  – i.e. the TWIP effect.  The triggering of the 

TWIP effect provides the opportunity for the dynamic formation of additional dislocation barriers 

within the retained austenite during deformation and is, thereby, thought to contribute to the 
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maintenance of high instantaneous working hardening rates by reducing the dislocation mean free 

path [23,29–34]. The combination of the TRIP and (possible) TWIP effects to the maintenance of 

high work hardening rates delays the onset of plastic instability, thereby allowing medium-Mn 

steels to develop high strengths and uniform elongations. 

Though many researchers have dedicated significant efforts to developing medium-Mn 

steels that achieve the 3G AHSS mechanical property targets, there are a very limited number of 

contributions that explore CGL-compatible thermal processing routes for these grades. To this end, 

the objective of this investigation is to determine the microstructural evolution and resulting 

mechanical property development of a prototype 0.15C-6Mn-2Al-1Si (wt%) transformation-

induced plasticity 3G AHSS as a function of intercritical annealing (IA) temperature and starting 

microstructure within the context of maintaining CGL-compatible thermal processing.  

3.3 Materials and Methods  

The experimental steel was fabricated at United States Steel R&D (Munhall, Pennsylvania) 

via vacuum melting, slab casting, hot rolling, coiling, edge trimming, surface grinding and cold 

rolling. The thermomechanical processing route details are shown in Figure 3.1. The chemical 

composition of the experimental steel can be found in Table 3.1. 

 

Figure 3.1: Flowchart detailing the thermomechanical processing route of the experimental steel. 

Table 3.1: Chemical composition of the experimental steel (wt%).  

C Mn Al Si Mo Ti Fe 

0.15 5.56 1.89 1.10 0.08 0.01 Balance 

Prior to annealing, all samples were immersed and nylon brushed in a 2% NaOH(aq) solution 

heated to 80°C to remove surface fines and organic contaminants. Annealing was performed in the 
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McMaster Galvanizing Simulator (MGS), details of which are provided elsewhere [35,36]. All 

annealing cycles utilized the MGS quartz lamp infrared furnace under a N2-5vol% H2 atmosphere 

with a controlled dew point of -30°C. The sample temperature was monitored by a type K 

thermocouple (0.5 mm, ±3°C) welded to the surface of the sample.  

Two substrate starting microstructures were investigated and are shown in Figure 3.2. The 

as-received cold-rolled (CR) starting microstructure (Figure 3.2(a)) was comprised mainly of cold-

rolled tempered martensite with some cold-rolled ferrite. The 80% martensite – 20% ferrite (MF) 

starting microstructure (Figure 3.2(b)) was obtained by heating the as-received CR steel to 890°C, 

holding for 600 s, and quenching at −20℃/s to room temperature, per the thermal cycle specified 

in Figure 3.3. XRD indicated that neither starting microstructure contained detectable amounts of 

retained austenite.   

 

Figure 3.2: SEM-SEI images of the (a) CR (cold-rolled tempered martensite) and (b) MF 

(martensite-ferrite) starting microstructures. 

 

Annealing cycles followed the schematic thermal profile shown in Figure 3.3, where the 

intercritical annealing (IA) parameters for processing the CR and MF starting microstructures are 

detailed in Table 3.2. The IA temperatures were chosen to be approximately 0%, 15%, and 30% 

between the Ac2 and Ac3 temperatures, according to the phase diagram generated using the 
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ThermoCalc® TCFE6 database. A peak annealing time of 120 s was chosen as it is compatible 

with industrial continuous galvanizing practice [5] and resulted in the stabilization of significant 

volume fractions of retained austenite in the as-annealed material. To simulate the pre-dipping 

thermal equilibration and dipping steps, an overaging treatment (OT) of 30 seconds at 460°C was 

used for all samples.  

Table 3.2: Experimental intercritical annealing (IA) parameters and as-annealed volume 

fractions of retained austenite arising therefrom. 

Sample ID 
Starting 

Microstructure 

Intercritical Annealing 

Temperature (°C) 

As-Annealed 

Volume Fraction of 

Retained Austenite 

CR-665°C CR 665 0.25 

MF-665°C MF 665 0.21 

MF-710°C MF 710 0.31 

MF-740°C MF 740 0.30 

 

 

Figure 3.3: Schematic thermal profile for the experimental annealing treatments (note that the 

martensite-ferrite anneal was only used for the MF samples and not for the CR samples). 

 

Samples used to evaluate bulk microstructural evolution consisted of rectangular coupons 

measuring 50 mm in the rolling direction (RD) and 10 mm in the transverse direction (TD). A 
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JEOL 7000F FEG-SEM in secondary electron imaging (SEI) mode was used for microstructural 

analysis of coupon cross-sections taken from the TD through thickness (TT) plane. Sample cross-

sections were cold-mounted in epoxy resin and prepared using standard metallographic techniques. 

The polished samples were etched with 2% nitric acid in methanol for approximately five seconds 

in order to reveal the microstructures. The sample working surfaces were coated with a thin film 

of carbon to avoid charging during SEM examination. An acceleration voltage of 10 keV and 

working distance of 10 mm were used in all cases.  

Larger panels measuring 200 mm (RD) × 120 mm (TD) were intercritically annealed, per 

the parameters listed in Table 3.2, to provide samples for tensile testing and additional 

microstructural evaluation analysis on unstrained and strained samples. Material from the 90 mm 

× 90 mm uniform heating zone, approximately centered on the annealed panels [17], was electric 

discharge machined into ASTM E8/E8M-16a [37] sub-sized tensile specimens with a gauge length 

of 25 mm and gauge width of 6 mm. The rolling direction was parallel to the longitudinal axis of 

all tensile samples. Room temperature uniaxial and load-unload-reload tensile testing was 

performed on a conventional 100 kN uniaxial tensile frame (MTS) with a crosshead speed of 1 

mm/min. A conventional extensometer was used to measure sample elongation.  

Uniaxial engineering stress – engineering strain and true stress – true strain curves were 

constructed from load/elongation measurements, where the engineering stress – strain curves were 

plotted to fracture and the true stress – strain curves plotted to the onset of necking (i.e. plastic 

instability), as determined using the Considère criterion (Equation 3.1):  

d

d





=            (3.1) 
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where σ and ε are true stress and strain, respectively. The true stress –strain curves were also 

linearly interpolated to the true fracture stress and strain in the neck, as determined from 

measurements of the fracture surface area and Equation 3.2, where AO is the original sample cross-

sectional area and A the area of the fracture surface:  

ln O
fracture

A

A


 
=  

 
          (3.2) 

It should be noted that the tensile curves shown below are representative examples of triplicate 

tests. 

Interrupted tensile tests were performed in order to assess the sample retained austenite to 

martensite transformation kinetics as a function of tensile strain. Tensile tests were interrupted at 

0.05 true strain intervals, and material from the uniform elongation region of the gauge length 

sectioned for subsequent analysis by XRD and TEM.  

X-ray diffraction (XRD) was performed on cross-sections taken from the as-annealed, 

strained and fractured samples using a Bruker D8 DISCOVER with a DAVINCI.DESIGN 

diffractometer equipped with a Vantec 500 (MiKroGap TM technology) area detector and Co-

source Kα radiation (λ = 1.79026 Å). Samples were cold-mounted in epoxy resin and ground with 

SiC papers (final step of 1200 grit) prior to insertion in the diffractometer. ASTM E975-13 [38] 

was used to calculate the volume fraction of retained austenite present using the austenite (111), 

(200), and (220) peaks.  The resident TOPAS software (Bruker AXS) was used to perform a 

Rietveld refinement of the diffraction pattern (2θ range of 44° to 147°). Error bars represent the 

95% confidence interval of the average retained austenite volume fraction obtained from triplicate 

measurements.  
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Fine-scale microstructural analysis was performed on a Philips CM-12 STEM/TEM 

operating in TEM mode. The instrument was operated at 120 keV in bright field (BF), dark field 

(DF) and selected area diffraction (SAD) modes. Thin foils were prepared from samples taken 

from the gauge lengths of tensile samples pulled to true strains of 0.05 and to fracture. Samples 

were mechanically polished to 80 μm thickness using progressively finer SiC papers, punched into 

3 mm diameter discs, and electropolished at 20.5 V in a 10% solution of perchloric acid in 

methanol held at -40°C using a liquid nitrogen coolant.  

Load-unload-reload tests were performed to estimate the relative magnitudes of the internal 

stresses, per the method described by Westphal et al. [39], based on the work of Sinclair [40] and 

Spencer [41]. The samples were loaded to tensile true strains increasing at 0.025 intervals up to 

the UTS with unloading to 15 N between loading and reloading steps. The back stress at a given 

value of true strain, σB, was calculated via Equation 3.3 [40,41], where σF is the forward stress 

prior to unloading and σR is the stress upon unloading (as measured by a 0.01% or 0.02% offset 

line, see Figure 3.4):  

2

F R
B

 


+
=           (3.3) 

Although this technique does not directly measure the contribution of kinematic hardening to the 

overall flow stress, as would be the case in conventional Bauschinger tests, it does provide useful 

data in the trends in this contribution while avoiding buckling of the flat samples. The error bars 

in the load-unload-reload data presented below represent the 95% confidence interval of the mean 

stress value from triplicate samples. 



PhD Thesis – D. Pallisco – McMaster University – Materials Science & Engineering – 2021  

79 

 

Figure 3.4: Determination of the forward, 0.01% offset reverse and 0.02% offset reverse stresses 

from true stress-strain data. 

 

3.4 Results 

3.4.1 Microstructures After Annealing 

Secondary electron images of the as-annealed sample cross-sections are shown in Figure 

3.5. Examination of Figure 3.5 will show that, in general, the microstructures consisted of islands 

of retained austenite/martensite and significant volume fractions of polygonal ferrite. Comparison 

of Figure 3.5(a) to Figure 3.5(b-d) will show that intercritically annealing from the CR starting 

microstructure resulted in a more globular morphology for the martensite/retained austenite phases 

(Figure 3.5(a)) versus the lath-like martensite/retained austenite with polygonal ferrite morphology 

obtained when using the MF microstructure (Figure 3.5(b-d)), irrespective of the intercritical 

annealing temperature. This finding is consistent with the observations of several authors [5–7,17–

20], who have determined that the retained austenite/martensite morphology in intercritically 

annealed medium-Mn steels is strongly dependent on the starting microstructure. It should also be 

noted that annealing at higher IA temperatures resulted in coarsening of the polygonal ferrite 

(Figure 3.5(b-d)). 
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Figure 3.5: SEM-SEI images of as-annealed sample cross-sections: (a) CR-665°C; (b) MF-

665°C; (c) MF-710°C; (d) MF-740°C. Polygonal ferrite is denoted by F, and the 

martensite/retained austenite denoted by M/A. 

 

3.4.2 Monotonic Tensile Tests  

Representative engineering stress-strain curves for each annealing condition are shown in 

Figure 3.6(a). A summary of the engineering stress-strain mechanical properties is provided in 

Table 3.3. The tensile elongation was affected by the starting microstructure, where annealing from 

the MF condition resulted in increased ductility for the 665°C treatments (i.e. CR-666℃ vs. MF-

665℃, Figure 3.6(a)). The highest yield strength was obtained from the CR-665°C treatment, 

where the equivalent MF-665℃ treatment resulted in greater than a 100 MPa reduction in yield 

strength (Figure 3.6(a), Table 3.3). For the samples annealed from the MF starting microstructure, 

the yield strength decreased and the ultimate tensile strength increased with increasing IAT (Table 

3.3). It is interesting to note that all of the MF samples showed significant yield point elongation.  
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The work hardening rate curves, shown in Figure 3.6(c), were obtained by taking the 

derivative of the true stress-true strain curves (Figure 3.6(b)) after the elasto-plastic transition. The 

end of yield point elongation marks the onset of plasticity-enhancing mechanisms in these samples, 

as indicated by the sharp increase in work hardening rate (shown by the arrows in Figure 3.6(c)) 

for all of the MF starting microstructure treatments. In addition to being affected by the starting 

microstructure, the work hardening behaviour for the MF samples was a strong function of the IA 

temperature, with the highest IA temperature (740℃) resulting in the highest instantaneous work 

hardening rates after yielding and a higher rate of decrease in work hardening rate with increasing 

IA and strain. For the MF-710℃ treatment, the instantaneous work hardening rate after yielding 

was intermediate between that of the MF-740℃ and MF-665℃ samples, but was maintained 

above that of the flow stress to higher strains, thereby resulting in the highest tensile elongations 

observed (Figure 3.6 and Table 3.3). This latter observation is indicative of changes in the retained 

austenite mechanical stability with increasing IA temperature, as will be discussed below. Further 

examination of Table 3.3 will show that the UTS × TE product was increased by annealing from 

the MF condition and that the UTS × TE products which meet the 3G AHSS target of 24,000 

MPa% minimum were obtained for both the MF-710°C and MF-740℃ treatments. It is noteworthy 

that the MF-740°C treatment had a slightly lower UTS × TE product that the MF-710℃ treatment, 

which can be linked directly to the shape of the work hardening curves presented in Figure 3.6(c). 
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Table 3.3: Summary of average room temperature engineering mechanical properties obtained 

in uniaxial tension. 

Sample ID 
Yield Strength 

(MPa) 

Ultimate Tensile 

Strength (MPa) 

Total 

Elongation (%) 

UTS × TE 

(MPa %) 

CR-665°C 1,166±65 1,147±100 12±3 13,764 

MF-665°C 967±5 1,040±14 20±3 20,800 

MF-710°C 844±31 1,209±68 23±3 27,800 

MF-740°C 810±38 1,246±44 21±5 26,166 

 

 

Figure 3.6: Representative (a) engineering stress-strain curves, (b) true stress-strain curves and 

(c) work hardening rate curves for investigated samples. 
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The true strain at fracture for the samples documented in Figure 3.6(b) was calculated from 

the surface area of the fracture surfaces and Equation 3.2. The resulting true stress-strain curves 

with the interpolated fracture true stress/strain are shown in Figure 3.7. The high true strains at 

fracture (i.e. εfracture  0.6) for all samples show that there was significant post-uniform elongation 

occurring after critical damage was initiated for all of the experimental heat treatments. As it has 

been shown that there is a link between the true strain at fracture and material formability [42–44], 

this result shows promise for the ability of the alloy to be formed into parts. 

Fracture surfaces were sectioned along the gauge length and these cross-sections are shown 

in Figure 3.8. Similar to the observations of Sun et al. [45] in the case of an 0.2C-10.4Mn-2.9Al 

ultra-fine grained ferrite + austenite microstructure, shear voids nucleated at ferrite-

martensite/retained austenite interfaces and cracks propagated primarily by interfacial decohesion. 

Sun et al. asserted that different retained austenite volume fractions and stabilities altered the extent 

to which the TRIP effect suppressed void coalescence (as described by several authors [46–48]), 

but did not alter the fracture mechanism, where the present data agrees with this hypothesis. 

 

Figure 3.7: True stress-strain curves for the as-annealed samples, interpolated from the UTS to 

the true failure stress-strain. 
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Figure 3.8: SEM-SEI images of fracture surface cross-sections: (a) CR-665°Cs; (b) MF-665°C; 

(c) MF-710°C; (d) MF-740°C. 

 

3.4.3 Interrupted Tensile Tests 

In order to assess the extent to which the TRIP effect influenced the mechanical properties 

observed, interrupted tensile tests were performed and samples from the uniform elongation 

portion of the gauge lengths analyzed via XRD to determine the volume fractions of retained 

austenite present as a function of true strain, as shown in Figure 3.9(a). The normalized fraction of 

transformed retained austenite – expressed as ( )1 OV V− , where V is the instantaneous volume 

fraction of retained austenite and VO is the as-annealed volume fraction of retained austenite – as 

a function of true strain is shown in Figure 3.9(b). Inspection of Figure 3.9(a) will show that two 

of the MF heat treatments (i.e. MF-710℃ and MF-740°C) started with relatively high (0.30) 

volume fractions of retained austenite, which gradually transformed to martensite with increasing 

strain to a final retained austenite volume fraction of near zero at relatively high strains (Figure 
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3.9(b)). This is indicative of the TRIP effect – i.e. the deformation-induced retained austenite to 

martensite transformation – being exhausted in the case of the MF-710℃ and MF-740°C heat 

treatments.  

Comparison of the retained austenite transformation curves for the MF-710℃ and MF-

740℃ treatments (Figure 3.9) to the work hardening curves in Figure 3.6(c) will show that there 

is a correlation between these curves and the resultant mechanical properties documented in Figure 

3.6(a) and (b). In the case of the MF-740℃ treatment, the relatively rapid initial retained austenite 

to martensite transformation (Figure 3.9(b)) resulted in a marked increase in the work hardening 

rate as a significant volume fraction of new obstacles for dislocation motion were quickly 

introduced into the material. As the rate of transformation decreased, the work hardening rate 

declined quickly until the TRIP effect was exhausted at approximately ε = 0.15 (Figure 3.9(b), 

after which tensile instability was initiated (Figure 3.6(b) and (c)). For the MF-710℃ treatments, 

on the other hand, the retained austenite to martensite transformation rate was significantly lower, 

resulting in new obstacles to dislocation motion being introduced at a lower rate sufficient to 

increase and maintain the work hardening rate at relatively high levels to significantly larger strains 

– ε = 0.22 – after which the TRIP effect was exhausted (Figure 3.9(b)). 

These results indicate that the difference in properties between the MF-710℃ and MF-

740℃ treatments (Figure 3.6) did not likely arise solely from the volume fractions of retained 

austenite transformed, which were almost identical (Figure 3.9(a)), but from the effect of the heat 

treatments on the relative mechanical stability – as characterised by the deformation-induced 

martensite start parameter (i.e. 
SM   [49,50]) – on the retained austenite transformation kinetics 

(Figure 3.9(b)). This parameter, which is a function of retained austenite chemical composition 

and mechanical constraint by surrounding phases, is related to the stress increment which is 
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required to induce the deformation-induced retained austenite to martensite transformation at 

temperatures higher than the martensite start temperature (Ms). This speaks to the relative 

mechanical stability of the retained austenite during room temperature deformation arising from 

the MF-710℃ and MF-740℃ treatments, where this stability is clearly more optimal in the case 

of the MF-710℃ intercritical annealing treatment. 

 
(a) 

 
(b) 

Figure 3.9: (a) Fraction of retained austenite as a function of true strain and (b) normalized 

volume fraction of transformed retained austenite versus true strain. 

 

It is also clear that the mechanical stability of the retained austenite was a strong function 

of the starting microstructure as well as the intercritical annealing temperature. For example, the 

MF-665°C treatment resulted in approximately 0.55 of the initial retained austenite transforming 

to fresh martensite during deformation (Figure 3.9(b). This indicates that the deformation imposed 

on the retained austenite from the MF-665℃ sample was insufficient to complete the desired 

retained austenite to martensite transformation, implying that the remaining untransformed 

retained austenite chemistry was such that its 
SM   was less optimal relative to room temperature 

– i.e. a significant portion of the retained austenite was “hyper-stable” and could not be induced to 

undergo the TRIP effect. Thus, a significantly smaller fraction of fresh martensite was introduced 
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into the microstructure (i.e.  0.10, Figure 3.9(a)) for this condition. This relatively small volume 

fraction of fresh martensite introduced into the microstructure versus that introduced for the MF-

710℃ and MF-740℃ treatments (i.e.  0.30, Figure 3.9(a))), likely resulted in the observed lower 

sustained high work hardening rate.  

The situation for the CR-665℃ treatment was similar, despite the fact that a significantly 

larger volume fraction of retained austenite ( 0.20, Figure 3.9(a)) transformed to martensite 

during deformation versus that of the MF-665℃ treatment. In this case, examination of the 

transformation curves in Figure 3.9(b) will reveal that the TRIP effect was exhausted at 

significantly lower strains than was the case for the other heat treatments – i.e. the transformation 

rate of the retained austenite was quite high – implying that the incremental stress to transform 

large fractions of the retained austenite was relatively small and that its 
SM   was significantly 

closer to room temperature. Thus, the retained austenite transformation did not contribute as 

strongly to maintaining the work hardening rate of this treatment, as can be seen from Figure 

3.6(c). It is also likely that the more granular morphology of the retained austenite in the CR-665℃ 

contributed to this instability as it has been reasonably well established that the more highly 

constrained lamellar retained austenite is more stable than the more polygonal morphology 

observed for this treatment (Figure 3.2) [6,10,17]. 

However, it is also clear from Figure 3.6 and Figure 3.9 that there may have been other 

mechanisms which either contributed to or failed to aid in maintaining the observed high work 

hardening rates in the MF-710℃ and MF-740℃ treatments versus the CR-665℃ and MF-665℃ 

treatments. This difference motivated a fine-scale, detailed microstructural investigation of the 

samples via TEM to elucidate the presence of any additional possible plasticity enhancing 

mechanisms, as will be discussed below.  
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3.4.4 TEM Examination 

TEM techniques were used to assess the steel microstructural evolution as a function of 

strain and determine whether any additional work hardening mechanisms, such as mechanical 

twinning of the retained austenite, had occurred. TEM images from the CR-665°C samples are 

shown in Figure 3.10, where Figure 3.10(a)-(b) are from a sample pulled to 0.05 true strain (ε = 

0.05) and (c)-(d) are from the gauge length of a sample pulled to fracture (approximately 0.12 true 

strain, ε  0.12). The BF images (a) and (c) show polygonal twinned retained austenite grains, as 

confirmed by the SAD patterns inset to (b) and (d). The SAD patterns show satellite (twin) spots, 

which are indicated by the red arrows in (b) and dashed lines in (d). The brightness of the twin 

spots was marginally brighter in the case of the ε  0.12 sample, indicating that there was a 

marginal increase in twin density with increasing strain. This result suggests that the TWIP effect 

in the retained austenite was, at best, only a minor contributor to providing fresh obstacles to 

dislocation motion and, thereby, increasing the instantaneous work hardening rate of the deforming 

retained austenite. These observations are consistent with the relatively low work hardening rates 

observed for this treatment (Figure 3.6(c)). 
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Figure 3.10: TEM images from the CR-665°C condition. For 0.05 true strain: (a) Bright Field 

(BF); (b) Dark field (DF) corresponding to <02 2 >γ with inset SAD pattern corresponding to 

[111]γ.  For fracture: (c) BF; (d) DF corresponding to <002>γ with inset SAD pattern 

corresponding to [110]γ || [111]α. 

 

TEM images from MF-665°C samples are shown in Figure 3.11, where (a)-(b) are from a 

sample pulled to ε = 0.05 and (c)-(d) are from the uniform elongation portion of the gauge length 

of a sample pulled to fracture (ε  0.20). Unlike the CR-665°C samples shown in Figure 3.10, the 

retained austenite in these samples was lath-like instead of polygonal, as documented in the 

retained austenite dark field images in Figure 3.11(b) and (d). Some twins were observed within 

the retained austenite for these samples, although qualitative assessment of the DF micrographs 

showed that their density was very low and did not increase significantly with increasing strain. 

This suggests that the TWIP effect was not a major contributor to providing additional dislocation 
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obstacles and increased work hardening rates for this treatment and helps explain the relatively flat 

work hardening rate curve obtained for this condition (Figure 3.6(c)).  

 

Figure 3.11: TEM images from the MF-665°C condition. For 0.05 true strain: (a) BF; (b) DF 

corresponding to <002>γ with inset SAD pattern corresponding to [111]α’|| [110]γ. For fracture: 

(c) BF; (d) DF corresponding to <002>γ with inset SAD pattern corresponding to [100]α’|| [110]γ. 

 

TEM images from the MF-710°C samples are shown in Figure 3.12, where (a)-(b) are from 

a sample pulled to ε = 0.05 true strain and (c)-(d) are from the uniform elongation portion of the 

gauge length of a sample pulled to fracture (ε  0.25). Similar to the observations for the MF-

665°C samples (Figure 3.11), retained austenite was present in a lath-type morphology. However, 

a significant increase in the twin population was observed with increasing strain, as evidenced by 

the increasing brightness of the satellite spots on the SAD patterns and the significant increase in 

nano-scale twin density observed in the retained austenite of the fractured samples (i.e. Figure 
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3.12(b) vs. (d)). Thus, it can be surmised that the TWIP effect likely contributed in some way to 

the sustained higher work hardening rate observed in these alloys versus those annealed at 665°C 

(Figure 3.6(c)).  

 

Figure 3.12: TEM images from the MF-710°C condition. For 0.05 true strain: (a) BF; (b) DF 

corresponding to <022̅>γ with inset SAD pattern corresponding to [111]γ. For fracture: (c) BF; 

(d) DF corresponding to <002>γ with inset SAD pattern corresponding to [110]γ. 

 

TEM images from the MF-740°C samples are shown in Figure 3.13, where (a)-(b) are from 

a sample pulled to ε = 0.05 and (c)-(d) are from the uniform elongation portion of a sample pulled 

to fracture (ε  0.18). Similar to the observations documented for the MF-710°C treatment (Figure 

3.12), nano-twins were observed in the lath-shaped retained austenite grains. There was an increase 

in twin density with increasing strain, but not to the same extent as was observed in the MF-710°C 
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condition based on the brightness of the twin spots and qualitative assessment of the TEM 

micrographs (i.e. Figure 3.12(b) vs. (d)).  

 

Figure 3.13: TEM images from the MF-740°C condition. For 0.05 true strain: (a) BF; (b) DF 

corresponding to <002̅>γ with inset SAD pattern corresponding to [111]α’|| [110]γ. For fracture: 

(c) BF; (d) DF corresponding to <13̅1>γ with inset SAD pattern corresponding to [112]γ. 

 

3.4.5 Back Stress Evolution 

In order to assess the extent to which the combined TRIP and TWIP effects contributed to 

kinematic hardening in the steel, load-unload-reload tests were performed and back stresses as a 

function of true strain determined (see Figure 3.14). The back stresses are indicative of the 

repulsion of dislocation strain fields that interact with obstacles to their motion and, thus, are a 

semi-quantitative means of assessing the kinematic hardening contribution to the overall flow 

stress. A continuous increase in the back stress is indicative that that existing obstacles continue 
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to act as effective barriers to dislocation motion and/or additional obstacles for dislocation motion 

are being created with increasing strain in order to maintain the instantaneous work hardening rate 

above that of the flow stress, thereby avoid plastic instability in the material [51–53].   

In the case of the CR-665°C and MF-665°C samples, the back stress increments decreased 

with increasing strain and became saturated (within the limits of the error bars) at relatively low 

strains (Figure 3.14). This finding is consistent with the retained austenite transformation kinetics 

documented in Figure 3.9 and the work hardening curves in Figure 3.6(c), which show a relatively 

ineffective retained austenite to martensite transformation with respect to sustaining a high 

instantaneous work hardening rate. In the case of the MF-665℃ treatment, this was because the 

volume fraction of retained austenite which transformed to martensite was too small to provide a 

sufficient population of fresh obstacles to dislocation motion, per Figure 3.9(b), resulting in the 

observed relatively low sustained work hardening rates and an early onset to plastic instability. In 

the case of the CR-665℃ treatment, the TRIP effect was exhausted at a relatively low strain, which 

also resulted in the early onset of plastic instability.  

However, in the case of MF-710°C and MF-740°C treatments, the back stresses did not 

saturate throughout the plastic deformation. The retained austenite transformation kinetic data 

(Figure 3.9) and TEM data (Figure 3.12 and Figure 3.13) data suggest that fresh, effective 

dislocation barriers were continuously generated both by the continuous transformation of retained 

austenite to martensite and the twinning of the retained austenite, resulting in the higher sustained 

work hardening rates observed for these treatments (Figure 3.6(c)).  
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Figure 3.14: Flow and calculated back stresses using the 0.01% and 0.02% offset load lines for 

(a) CR-665°C; (b) MF-665°C; (c) MF-710°C; (d) MF-740°C. 

 

3.4.6 Retained Austenite Composition Calculations 

In order to qualitatively assess the stability of the retained austenite in terms of its composition 

(notably its C and Mn contents), two assumptions were used for calculating the austenite 

composition during the intercritical annealing heat treatment: 

1) the retained austenite maintained the bulk alloy composition for the substitutional alloying 

elements (i.e. Mn, Al, Si) with the retained austenite C content being determined via the 

retained austenite XRD measurements – i.e. the paraequilibrium assumption, where no 

significant partitioning of the substitutional elements occurred during intercritical 
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annealing and with an experimentally determined retained austenite C content using 

Equation 3.4, below; 

2) the equilibrium austenite composition for substitutional alloying elements at the IA 

temperature, as calculated via ThermoCalc, with the C content being determined via XRD 

– i.e. full partitioning of the substitutional alloying elements during intercritical annealing 

with an experimentally measured retained austenite C content derived from Equation 3.4. 

The retained austenite C content was determined experimentally via the measured retained 

austenite lattice parameter (aγ) obtained from XRD Rietveld refinement using Equation 3.4, 

which is a combination of the Dyson-Holmes and Ruhl-Cohen equations [54,55]: 

3.572 0.00095(wt% Mn) 0.00157(wt% Si) 0.0056(wt% Al) 0.033(wt% C) Aa = − − + +     (3.4) 

The retained austenite compositions for the various intercritical annealing treatment using 

cases 1 and 2 are shown in Table 3.4 along with the SFE for each computed using a modified 

version of the Dumay et al. model [23] that employs the expression for the Néel temperature of 

austenite empirically determined by Zhang et al. [56]. The as-received alloy composition (which 

can be considered the unadjusted baseline case) is also included in Table 3.4.  

Use of the equilibrium austenite composition for substitutional alloying elements in case 2 

was motivated by the work of Lee et al. [57], who showed (using dilatometry and TEM-EDS) that 

the retained austenite in a Fe-0.05C-6.15Mn-1.4Si-0.04Al steel approached its equilibrium 

composition of C and Mn (as calculated by ThermoCalc) after intercritical annealing for 180s at 

640-680°C. In the case of the present experimental materials, the relatively small scale of the 

retained austenite – i.e. approximately 100 nm in width (Figure 3.10 – Figure 3.13) – increased the 

likelihood of near-equilibrium partitioning having occurred due to the relatively small diffusion 

distances required. It is noteworthy that examination of Table 3.4 shows that the computed retained 
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austenite SFE value was relatively insensitive to the solute partitioning assumptions made within 

a particular intercritical heat treatment. It should be cautioned, however, that the computed SFE 

values are shown merely to show trends in this value as a function of composition and intercritical 

heat treatment, as will be discussed below. 

Table 3.4: Calculated/measured retained austenite compositions and SFE at 20°C for each IA 

treatment calculated using the model of Dumay et al. modified to include data by Zhang et al. 

[23,56]. 

Sample ID Method C (wt%) Mn (wt%) Si (wt%) Al (wt%) 
SFE 

(mJ/m2) 

As-received  0.15 5.56 1.10 1.89 N/A 

CR-665°C 
1 0.60 5.56 1.10 1.89 15.7 

2 0.55 11.15 1.34 1.09 15.4 

MF-665°C 
1 0.67 5.56 1.10 1.89 18.4 

2 0.62 11.15 1.34 1.09 18.0 

MF-710°C 
1 0.54 5.56 1.10 1.89 13.3 

2 0.52 9.28 1.28 1.24 13.1 

MF-740°C 
1 0.37 5.56 1.10 1.89 5.5 

2 0.37 8.40 1.25 1.34 6.0 

 

Several noteworthy observations can be made from the data in Table 3.4. First, a direct 

comparison can be made between the experimentally determined retained austenite C contents of 

the CR-665°C and MF-665°C treatments to illustrate the significance of retained austenite 

morphology on C partitioning. Per Table 3.4, the MF-665°C treatment had a higher retained 

austenite C content than the CR-665°C sample for both partitioning formalisms, likely due to the 

shorter diffusion distances between the retained austenite lamellae and the adjacent C-rich 

martensite. Second, according to the case 2 calculations for the MF samples, the calculated Mn 

and experimentally determined retained austenite C contents decreased with increasing IA 

temperature. This was likely due to the C and Mn having to partition to higher volume fractions 

of intercritical austenite with increasing IA temperature, thereby lowering the average C and Mn 

concentrations of the retained austenite.  
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Both of these trends have a strong implication for the retained austenite chemical stability 

and resultant 
SM   as it is well known that both C and Mn are potent austenite stabilizers, implying 

that the stress increment required to initiate the retained austenite to martensite transformation 

decreased with increasing intercritical annealing temperature. This trend is in agreement with the 

observations of the retained austenite deformation-induced transformation kinetics highlighted in 

Figure 3.9, which showed that the retained austenite mechanical stability – and, therefore, 
SM   – 

decreased with increasing intercritical annealing temperature. In the case of the CR-665℃ and 

MF-665℃ treatments, the end result of the higher retained austenite C and (likely) Mn contents 

resulted in a retained austenite phase which only partially transformed during deformation (Figure 

3.9). In the case of the MF-665℃ treatment retained austenite, the lamellar morphology further 

decreased the deformation-induced transformation driving force. As mentioned previously, these 

factors resulted in these treatments having a relatively low sustained work hardening rates, 

resulting in inferior properties versus the 3G targets (Figure 3.6 and Table 3.3).  

For the MF-740℃ treatment, a lower C and Mn retained austenite composition (Table 3.4) 

resulted in too rapid a transformation rate in the early stages of deformation, indicating a 
SM   

value too close to room temperature. The result was a work hardening rate which was not 

maintained at a high enough value to provide the best observed properties, although it should be 

noted that the MF-740℃ properties did meet the 3G UTS × TE target. In the case of the MF-

710℃, however, the composition of the retained austenite was such that a gradual, deformation-

induced martensite transformation – as characterised by its 
SM   value – provided the best 

combination of strength and uniform elongation observed in the present work. 

It should also be mentioned that the chemical composition of the retained austenite (Table 

3.4) likely played a significant role in the activation of deformation-induced mechanical twinning, 
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which very likely contributed to maintaining the high work hardening rates (Figure 3.6(c)) and 

lack of back stress saturation observed for the MF-710℃ and MF-740℃ treatments (Figure 3.14). 

It is generally accepted that there is a strong link between austenite composition, its resultant 

stacking fault energy (SFE) and both the activation [33] and kinetics of mechanically-induced 

twinning [33,58] as well as the propensity for deformation induced mechanical twinning [31,32]. 

In particular, Ghasri-Khouzani and McDermid showed that the activation of twinning in high-Mn 

TWIP steels was directly proportional to the SFE [33]. Examining the SFE trends in Table 3.4, it 

can be seen that both the CR-665℃ and MF-665℃ treatments had SFE values larger than those 

of the MF-710℃ or MF-740℃ treatments, indicating that deformation induced twinning was 

likely more difficult to activate in the case of the former two treatments. This result is in qualitative 

agreement with the microstructural results in Figure 3.10 – Figure 3.13, with the back stress 

saturation observations of Figure 3.14 and the resultant mechanical property trends in Figure 3.6. 

Thus, although it is difficult to partition the relative contributions of the deformation-induced TRIP 

and TWIP effects to the mechanical properties of the alloys, the compositional and morphological 

trends on 
SM   and on the activation of mechanical twinning are consistent with the observed 

properties for the experimental steels. 

3.5 Discussion 

In the present work, the TEM observations showed that both the Kurdjumov-Sachs (K-S) 

[59] and Nishiyama-Wassermann (N-W) [60,61] orientation relationships were observed between 

the retained austenite and martensite phases (examples in Figure 3.11 and Figure 3.13) suggesting 

that the austenite grew from parent martensite during intercritical annealing or from inter-lath 

retained austenite films. It is also clear from the SEM (Figure 3.5) and TEM images (Figure 3.10 

– Figure 3.13) that annealing from the as received, cold rolled tempered martensite microstructure 
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resulted in a globular or polygonal morphology for the retained austenite and martensite phases, 

while annealing from a martensite-ferrite starting microstructure resulted in a lath-like morphology 

for the retained austenite and martensite. This is consistent with the findings of several authors 

working on similar grades of medium-Mn steels [6,17,19,20,62,63]. Previous investigations of 

low-alloy TRIP and medium-Mn TRIP steels have shown that lamellar retained austenite is more 

mechanically stable (due to the mechanical constraint imposed by surrounding martensitic and/or 

bainitic ferrite phases) than its polygonal counterpart [10,17,18]. 

In general, it was shown for all of the experimental heat treatments that significant post-

uniform elongation – in excess of true strains of 0.6 – were observed for all of the alloy starting 

microstructures and heat treatments (Figure 3.7), indicating that all of the heat treatments likely 

resulted in good alloy formability due to the known correlation between elongation at fracture and 

such forming operations as hole expansion ratio and bending [42–44]. In addition, it was also 

shown that the fundamental damage mechanism for all of the experimental heat treatments was 

decohesion along grain boundaries, particularly between harder and softer phases.  

As discussed above, the mechanical properties and low sustained work hardening rates 

observed for the CR-665℃ and MF-665℃ treatments (Figure 3.6) likely arose from a combination 

of factors: the higher C and (likely) Mn contents of the retained austenite (Table 3.4) resulting in 

too large a stress increment – as characterised by the 
SM   parameter – being required for a 

complete deformation-induced transformation of the retained austenite (Figure 3.9), too high a 

SFE to activate significant mechanical twinning (Table 3.4) and, in the case of the CR-665℃ 

treatment, too rapid a deformation-induced transformation of the less geometrically stable 

polygonal retained austenite [6,10,17]. All of these factors led to insufficient populations of fresh 

obstacles to dislocation motion being introduced in these alloys, resulting in the low sustained 
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work hardening rates observed for these alloys (Figure 3.6(c)) and the saturation of existing 

dislocation obstacles at relatively low strains, as exemplified by the back stress saturation in Figure 

3.14, all of which led to the relatively early onset of plastic instability. This combination of factors 

further resulted in these alloy heat treatments being unable to achieve the desired 3G UTS × TE 

minimum target of 24,000 MPa%. In this case, the retained austenite was too stable for an effective 

combination of the TRIP and TWIP effect plasticity enhancing mechanism to be activated – i.e., 

the retained austenite was hyper-stable. 

The trends were quite the opposite in the case of MF-740℃ treatment. In this case, the lower 

C and (likely) Mn contents of the retained austenite (Table 3.4) resulted in a small stress increment 

( )SM 
 being required to complete the deformation-induced retained austenite to martensite 

transformation (Figure 3.9). This early exhaustion of the TRIP effect led to the large incremental 

increase in the instantaneous work hardening effect at lower strains observed in Figure 3.6(c) due 

to a large volume fraction of new dislocation obstacles being introduced, but was not able to be 

sustained to strains in excess of 0.20 (Figure 3.6). The SFE trends in Table 3.4 also indicate that 

mechanical twinning  in the retained austenite (Figure 3.13) may have been activated at lower 

strains  and perhaps could also have been exhausted at lower strains [33], although this is purely 

speculative. Overall, the lack of back-stress saturation (Figure 3.14) indicates that fresh obstacles 

were being introduced into the microstructure at a reasonable, although sub-optimal rate, versus 

the MF-710℃ treatment. It should be pointed out, however, that this alloy treatment met the target 

UTS × TE target properties for 3G AHSSs (Table 3.3), as defined by Matlock et al. [1,2], and it 

can be concluded that the CGL processing window for obtaining 3G properties extends to the MF-

740℃ treatment. 



PhD Thesis – D. Pallisco – McMaster University – Materials Science & Engineering – 2021  

101 

Finally, the combination of an intermediate retained austenite C and Mn contents (Table 3.4) 

for the MF-710℃ treatment clearly resulted in the most promising combination of deformation-

induced retained austenite to martensite transformation kinetics (Figure 3.9) and a SFE consistent 

with additional plasticity enhancement via the TWIP effect in the retained austenite (Table 3.4, 

Figure 3.12) such that fresh dislocation obstacles were introduced in a manner that the work 

hardening rate was sustained to strains greater than 0.20 (Figure 3.6) without becoming saturated 

(Figure 3.14). Overall, can be concluded that the present 0.15C-5.56Mn-1.1Si-1.89Al alloy meets 

and exceeds the 3G AHSS UTS × TE using the CGL-compatible MF-710℃ or MF-740℃ heat 

treatments. As it has been previously shown that a 0.10C-6Mn-2Si model alloy can be successfully 

Zn-coated by tailoring the annealing atmosphere dew point [64], the above results show promise 

for the industrial production of Zn-coated 3G AHSSs. 

3.6 Conclusions 

1) The 0.15C-6Mn-1.5Al-1Si (wt%) medium-Mn experimental steel investigated in this work 

achieved the general mechanical property targets for 3G AHSS (UTS × TE of 24,000-

40,000 MPa%) using a CGL-compatible intercritical annealing treatment at 710℃ or 

710℃ for 120 s from a martensite-ferrite starting microstructure, suggesting that there is 

likely an industrially-relevant process window to achieve the desired 3G AHSS properties.  

2) The highest UTS  TE combination of mechanical properties was observed for the heat 

treatment that had the more optimal retained austenite stability (i.e. MF-710℃), as 

determined by the retained austenite to martensite transformation kinetics. In this case, the 

complete transformation of ~0.30 vol fraction of retained austenite to martensite occurred 

gradually over the deformation, sustaining a high work hardening rate that delayed the 

onset of necking. In the case of the MF-665°C condition, the retained austenite did not 
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completely transform due to its hyper-stability and, therefore, this condition had a 

relatively low work hardening rate. In the case of the MF-740°C condition, the retained 

austenite was less stable than that in the MF-710°C condition and, therefore, it transformed 

completely at lower strains than in the MF-710°C case, resulting in a high initial but 

unsustainable work hardening rate after yielding.  

3) Two different retained austenite C contents and SFE values were calculated for each 

condition, based on different partitioning formalisms for substitutional alloying elements. 

The computed SFE values for the CR-665°C and MF-665°C conditions were higher than 

those for the MF-710°C and MF-740°C conditions, suggesting that the activation energy 

for twinning was higher for the former two cases. TEM evidence of significant mechanical 

twinning was observed for the MF-710°C and MF-740°C, and it is likely that the TWIP 

effect contributed to the high work hardening rates observed for those samples.  
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4.1 Abstract 

The selective oxidation of a 0.15C-5.6Mn-1.9Al-1.1Si (wt%) prototype third-generation 

advanced high strength steel during dew point-controlled two-stage annealing with intermediate 

flash pickling was documented. After annealing at 890°C for 600 s, the surfaces had compact 

nodules of MnO on top of co-precipitated nodules of MnSiO3/Mn2SiO4 and MnAl2O4. The 

intermediate flash pickling treatment dissolved the external MnO and Mn-Si oxides, leaving 

behind MnAl2O4 nodules. Subsequent intercritical annealing at 710°C for 120 s resulted in no 

changes to the MnAl2O4 nodules due to the depletion of solute from the near-surface matrix during 

the first annealing step. 

4.2 Introduction 

The development of advanced high-strength steels (AHSS) has been motivated by the 

increasing demands on the automotive industry to improve fuel efficiency while also improving 

passenger safety. In particular, the third generation (3G) AHSS are under investigation due to their 

superior mechanical properties relative to the currently employed first generation AHSS while 

being leaner in composition than the second generation AHSS [1–4]. Among the proposed 

strategies for 3G AHSS development, medium-Mn 3G AHSS grades are promising candidates for 

automotive body-in-white applications due to the compatibility of their processing routes with 

existing continuous galvanizing line (CGL) capabilities [5–10]. This is highly desirable since the 

CGL is a cost-effective means of providing the substrate with essential corrosion protection.  
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The selective oxidation of the primary alloying elements (specifically Mn, Si, and Al) in 

the CGL annealing furnace is a well-documented phenomenon [11–17]. It is known that the 

furnace process atmosphere oxygen partial pressures (pO2) are reducing to Fe but oxidizing to 

other alloying elements that are added to obtain the desired microstructure and mechanical 

properties. The thermodynamically stable oxides that form during annealing can preclude 

successful reactive wetting by the molten galvanizing bath metal by preventing the dissolved Al 

in the bath from reacting with the substrate Fe to form the Fe2Al5-xZnx interfacial layer required 

for an adherent, defect-free, and formable coating [12–14,18–23].  

Several authors have still reported successful reactive wetting of Mn-, Si-, and Al- 

containing substrates, provided the external oxides were of an appropriate chemistry, thickness, 

and morphology [12,13,30,14,15,24–29]. As proposed by Suzuki et al. [31], maintaining a Si/Mn 

ratio ≤ 0.5 can promote the formation of nodular MnO and avoid film-type SiO2 (which is 

particularly problematic for reactive wetting [18–20,32,33]). It has been shown that MnO can be 

aluminothermically reduced during immersion in the bath metal [19,25,28,34], although the 

thickness should be limited to 80 nm for typical immersion times [28]. It is also known that wide 

spacing of oxide nodules can facilitate reactive wetting [12,24,27,34], as can infiltration of bath 

metal through cracks at the oxide/substrate interface [12,15,27,34]. In addition, the oxidation 

kinetics can be retarded by adding surface active elements like Sn [35–39], Sb [35], or Bi [40]. 

Moreover, relatively high process atmosphere pO2 can be used to suppress external oxidation and 

promote internal oxidation of alloying elements, thereby increasing the area fraction of substrate 

available for reactive wetting [14,15,39,41–43]. These efforts have generally been focused on 1G 

AHSS grades, although recently these approaches were successfully employed by Pourmajidian 
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and McDermid in their selective oxidation and reactive wetting studies on 0.1C-6Mn-2Si-(0-

0.5)Sn (wt%) model alloys [16,34,37,39].  

However, the work published thus far on medium-Mn 3G AHSS has focused on the 

selective oxidation occurring during a single annealing cycle. It has been shown in previous work 

by the present authors [10] and several other researchers [5–9,44–46] that a two-stage heat 

treatment process results in improved mechanical properties relative to a one-stage intercritical 

annealing cycle for these alloys. The first stage is a high-temperature austenitization process 

designed to create a freshly martensitic microstructure, and the second stage comprises an 

intercritical annealing step for austenite reversion and overaging for CGL processing 

compatibility. Depending on substrate chemistry and exact choice of annealing parameters, the 

resulting microstructure contains significant (0.2-0.4) volume fractions of ultra-fine grained 

lamellar retained austenite in a martensitic matrix, along with some ferrite. As such, robust 

mechanical properties within the 24,000 MPa% ≤ UTS × TE ≤ 40,000 MPa% target window for 

3G AHSS (as defined by Matlock and Speer [1,2]) can be achieved. However, additional work 

must be done to document the selective oxidation of the alloying elements in the substrates during 

this process. The chemical and morphological characterization of these surface structures is a 

critical component in overcoming the current knowledge gap of appropriate annealing parameter 

selection to successfully galvanize medium-Mn 3G AHSS substrates.  

To this end, the objective of this work is to determine the effects of process atmosphere 

pO2 on the selective oxide chemistry, morphology, and distribution for a prototype 0.15C-5.6Mn-

1.9Al-1.1Si (wt %) alloy as it is thermally processed through a two-stage CGL-compatible 

annealing cycle with intermediate flash pickling.  
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4.3 Experimental Procedure 

The experimental substrate used in this investigation was fabricated at United States Steel 

Research (Munhall) via vacuum melting, slab casting, hot rolling, simulated coiling, edge 

trimming, surface grinding, and cold rolling, with additional details outlined in a previous 

publication [10]. The chemical composition of the substrate, as determined via combustion 

analysis and inductively-coupled optical emission spectroscopy, is shown in Table 4.1. The 

substrate was received in the cold-rolled condition with a microstructure comprising tempered 

martensite and ferrite. The strip thickness was 1.2 mm. It was shown in previous work published 

by the present authors that the general 3G AHSS mechanical property targets were achieved by 

this experimental steel grade after it had been thermally processed through the two-stage annealing 

treatment shown in the schematic thermal profile in Figure 4.1 [10] (YS = 844 MPa, UTS = 1209 

MPa, TE = 23%, UTS × TE = 27,800 MPa%).  The process atmosphere oxygen partial pressure 

(pO2) values employed during each annealing stage are documented in Table 4.2.  

 

Table 4.1: Chemical composition of the experimental substrate (in wt%) 

C Mn Al Si Mo Ti Fe 

0.15 5.56 1.89 1.10 0.08 0.01 Balance 
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Figure 4.1: Schematic thermal profile for the experimental steel. 

 

Table 4.2: Compositions of the 95 vol% N2-5 vol% H2 process atmosphere for the MF and IA 

annealing temperatures. Process atmosphere pO2 values were calculated using the FREED 

thermodynamic database [47]. 

Annealing Stage 

(Temperature) 
Atmosphere ID Dew Point (°C) pH2O/pH2 pO2 (atm) 

MF 

(890°C) 

–30°C dp –30 9.98×10-3 3.27×10-21 

–10°C dp –10 5.62×10-2 1.04×10-19 

+5°C dp +5 1.71×10-1 9.62×10-19 

     

IA 

(710°C) 

–30°C dp –30 9.98×10-3 2.71×10-25 

–10°C dp –10 5.62×10-2 8.58×10-24 

+5°C dp +5 1.71×10-1 7.96×10-23 

 

Coupons measuring 20 mm (TD) × 50 mm (RD) were prepared and degreased in a 80°C 2 

vol% NaOH solution, rinsed in deionized water, rinsed in ethanol, and dried with warm air. The 

coupons were polished on one side using 4,000 grit SiC paper to minimize the effects of surface 

texture from cold rolling on subsequent analyses. All samples were cleaned with acetone wipes 

immediately prior to annealing. Annealing cycles were performed in the McMaster Galvanizing 
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Simulator (MGS, Iwatani-Surtec), according to the details documented in previously published 

literature [26,48]. A 0.5 mm type K thermocouple was welded directly to the samples in order to 

control the thermal cycle.  

Three sets of samples were prepared in order to isolate the effects of the process atmosphere 

pO2 and annealing stage on selective oxidation: 1) austenitization anneal resulting in a martensite-

ferrite microstructure (MF) only; 2) austenitization anneal + flash pickling treatment (P); 3) 

austenitization anneal + flash pickling + intercritical anneal (IA). Flash pickling was performed by 

lightly agitating samples for 60 s in a 30°C solution comprising 64.5 mL deionized water + 59.6 

mL concentrated hydrochloric acid + 0.25 g hexamethylenetetramine (which acts as an inhibiting 

agent to prevent pitting of the substrate), agitating in room temperature deionized water for 20 s, 

rinsing with ethanol, and drying in warm air.  

The spatial distribution and morphology of the external oxides were documented using a 

Zeiss NVision 40 dual-beam SEM/FIB operated in SEM mode. The FIB capabilities of this 

instrument were also used to prepare two 15 μm-wide trenches per sample perpendicular to the 

steel surface such that its SEM capabilities could be used to image the external and internal oxides 

visible in the sample cross-section. The external oxides in the area of interest were protected during 

Ga+-ion milling by first depositing a layer of W onto the surface. The external oxide thickness and 

internal oxide depth were measured using ImageJ 1.52a software on tilt-corrected SEM images. 

Per the methodology described by Pourmajidian and McDermid [37], at least 150 measurements 

were taken from each trench utilizing a grid to ensure random sampling. The external oxide 

thickness and internal oxide depth data are presented in box-and-whisker plots with the box 

showing the sample mean, median, interquartile range and the whiskers encompassing the 10-90th 

percentiles.  
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Elemental depth profiles were acquired via X-ray photoelectron spectroscopy (XPS) using 

a PHI Quantera XSM XPS equipped with an Al Kα X-ray source (1487.7 eV) and a hemispherical 

detector. The take-off angle was 45° and the spot size was 100 μm. Ar sputtering was performed 

on a 2 × 2 mm2 area and the spectra were acquired with a pass energy of 140 eV and a step size of 

0.25 eV. Data processing was performed using MultiPak 6.0 software. The spectra were calibrated 

using the metallic iron binding energy of 706.62 eV and are considered accurate to within ±0.1 

eV. Depth measurements are considered to be accurate within 10% of the recorded sputtering 

depth. 

Cross-sections from selected samples were prepared for transmission electron microscopy 

(TEM) via FIB milling. High-resolution scanning transmission electron microscopy (HR-STEM) 

micrographs were acquired using a Thermo Scientific Talos 200X TEM operated at 200 keV or a 

FEI Titan 80–300 HB TEM operated at 300 keV in STEM mode. Electron energy loss 

spectroscopy (EELS) was performed to determine the elemental distribution and chemical 

structure of the external and internal oxides. The spectra were obtained using a CMOS (Talos 

200X) or Gatan Quantum GIF (Titan 80–300 HB) detector and the elemental maps were 

constructed using Digital Micrograph v3.43 software. 

4.4 Results 

SEM images showing the surfaces resulting from MF annealing prior to and after pickling 

are shown in Figure 4.2. Figure 4.2 (a-c) show that after MF annealing, extensive external 

oxidation was observed irrespective of the dew point employed. The nodular external oxides were 

dispersed among extruded Fe nodules. Figure 4.2 (d-f) show that the pickling treatment was 

effective at denuding the surface of most of the oxide population, with dispersed nodules 

measuring tens of nm remaining undissolved. The pickled surfaces were textured due to extruded 

Fe nodules and the dissolution of oxides into the sub-surface.  
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Figure 4.2: SEM images showing external oxidation and Fe nodule extrusion on samples after 

MF annealing: (a) MF –30°C dp, (b) MF –10°C dp, (c) MF +5°C dp; and after pickling: (d) P –

30°C dp, (e) P –10°C dp, (f) P +5°C dp. 

 

FIB-prepared trench cuts were prepared from the samples in Figure 4.2 and are shown in 

Figure 4.3, where the as-annealed surfaces are shown in (a-c) and the pickled surfaces are shown 

in (d-f). These images show the effectiveness of the flash pickling treatment in removing most of 

the external oxides, leaving behind only dispersed nano-scaled oxide nodules. It can also be seen 

that some of the near-surface internal oxide structures were selectively dissolved by the flash 

pickling solution.  
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Figure 4.3: SEM images of FIB-prepared trench cuts showing internal and external oxidation on 

samples after MF annealing: (a) MF –30°C dp, (b) MF –10°C dp, (c) MF +5°C dp; and after 

pickling: (d) P –30°C dp, (e) P –10°C dp, (f) P +5°C dp. Arrows indicate selectively dissolved 

near-surface internal oxide structures as a result of flash pickling. 

 

SEM images showing the surfaces after intercritical annealing are shown in Figure 4.4. 

Dispersed and discrete nodule-type nano-scale oxides were present after annealing at all dew point 

combinations explored. Moreover, the extruded Fe nodules were preserved, as were the pores from 

selective oxide dissolution during the pickling process. The FIB trench cut images in Figure 4.5 

present a wider view of the trenches for further examination of the scale of the internal oxide 

structures by the reader.  
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Figure 4.4: SEM images showing the selectively oxidized surfaces after intercritical annealing: 

(a) IA –30°C/–30°C dp; (b) IA –30°C/–10°C dp; (c) IA –30°C/–10°C dp; (d) IA –10°C/–30°C 

dp; (e) IA –10°C/–10°C dp; (f) IA –10°C/+5°C dp; (g) IA +5°C/–30°C dp; (h) IA +5°C/–10°C 

dp; (i) IA +5°C/+5°C dp. 
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Figure 4.5: SEM images of the FIB-prepared trench cuts showing a wider view of the internal 

and external selective oxides after intercritical annealing: (a) MF –30°C dp; (b) IA –30°C/–30°C 

dp; (c) IA –30°C/–10°C dp; (d) IA –30°C/–10°C dp; (e) MF –10°C dp; (f) IA –10°C/–30°C dp; 

(g) IA –10°C/–10°C dp; (h) IA –10°C/+5°C dp; (i) MF +5°C dp; (j) IA +5°C/–30°C dp; (k) IA 

+5°C/–10°C dp; (l) IA +5°C/+5°C dp. 

 

Box-and-whisker plots showing the measured data for external oxide thickness and internal 

oxide depth as a function of annealing stage are shown in Figure 4.6 (external) and Figure 4.7 

(internal). Examination of Figure 4.6 shows that the mean external oxide thickness after the MF 

treatment was between 160-210 nm, irrespective of the dew point employed. After flash pickling, 

the mean external oxide thickness decreased to approximately 50 nm, and this was invariant with 

intercritical annealing conditions. In addition, examination of Figure 4.7 shows that the depth of 

internal oxidation did not increase significantly from the MF to the IA condition. This suggests 

that the available near-surface solute was selectively oxidized during the MF annealing step and 

that there was insufficient solute diffusion for further oxide evolution during the IA annealing step.   
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Figure 4.6: Box-and-whisker plot showing the distribution of external oxide thickness 

measurements as a function of process atmosphere during each annealing step. The box encloses 

25-75% of the data and the whiskers enclose 10-90% of the data. 

 
Figure 4.7: Box-and-whisker plot showing the distribution of internal oxide depth measurements 

as a function of process atmosphere during each annealing step. The box encloses 25-75% of the 

data and the whiskers enclose 10-90% of the data. 
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High resolution XPS scans of the MF –30°C dp, MF –10°C dp, MF +5°C dp, and P –10°C 

dp sample were obtained in order to identify the chemical species present at the surfaces of these 

samples. The measured Al 2p, Mn 2p3/2, and Si 2p binding energies are shown in Table 4.3. The 

respective binding energies of Al, Mn, and Si did not vary significantly between samples, 

indicating that these species were present in similar chemical states irrespective of the dew point 

employed during the MF annealing step. The binding energies correlate to published literature 

values for MnO, Mn2SiO4, MnAl2O4, and Al2O3 [49–54].  

XPS was also used to acquire elemental depth profiles of the MF –30°C dp, MF –10°C dp, 

and MF +5°C dp samples to ascertain the segregation of Mn, Si, and Al towards the surface and 

approximate the thickness of the external oxide layer. These are shown in Figure 4.8 in addition 

to XPS elemental depth profiles of the P –10°C sample which were obtained to quantify the 

effectiveness of the pickling treatment. The depth profiles for the MF –30°C dp, MF –10°C dp, 

and MF +5°C dp samples (Figure 4.8(a-c)) are similar and show significant enrichment of O and 

Mn at the surface. Moreover, the gradual increase in the Fe suggests the existence of a non-planar 

oxide-substrate interface. The elemental depth profiles for the P –10°C dp (Figure 4.8(d)) show 

that the external selective oxide layer was effectively removed by the pickling treatment. 

Moreover, the Mn and Si levels were depleted relative to the unpickled MF samples, corroborating 

the SEM images (Figure 4.2 and Figure 4.3) showing the dissolution of some near-surface oxide 

species in the pickled samples.  
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Figure 4.8: XPS elemental depth profiles for Al, Mn, Si, Fe, and O concentrations for (a) MF –

30°C dp, (b) MF –10°C dp, (c) MF + 5°C dp, and (d) P–10°C dp. 
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Table 4.3: Identification of surface oxide species present after MF treatments via measured XPS 

binding energies 

Sample 
Measured XPS Binding Energies (eV) Oxide Species 

Present 
Al 2p Mn 2p3/2 Si 2p 

MF –30°C dp 73.8 640.4 101.8 

Al2O3 [50,51,53] 

MnAl2O4 [51,54] 

Mn2SiO4 [54] 

MnO [49,53] 

MF –10°C dp 74.0 640.8 101.7 

Al2O3 [50,51,53] 

MnAl2O4 [51,54] 

Mn2SiO4 [54] 

MnO [49,53] 

P –10°C dp 74.4 641.5 101.6 

Al2O3 [50,51,53] 

MnAl2O4 [51,54] 

Mn2SiO4 [54] 

MF +5°C dp 73.6 640.7 101.4 

Al2O3 [50,51,53] 

Mn2SiO4 [54] 

MnO [49,53] 

 

XPS depth profiles of Mn, Si, and Al were taken for selected intercritically annealed 

samples in the experimental matrix and are shown in Figure 4.9, in addition to the P –10°C dp 

sample presented in Figure 4.8(d) to facilitate comparison by the reader. Like the P –10°C dp 

sample, the three IA samples exhibited rapid increases in their respective Fe curves at shallow 

(<20 nm) depths, suggesting that there was not significant additional external oxidation during 

intercritical annealing. This corroborates the SEM images in Figure 4.4 that show nodular and 

dispersed nano-scaled selective oxides on the IA samples. In the three IA cases, the Si levels were 

depleted relative to the bulk concentration of 2 at%, likely due to the formation of Si-containing 

oxides during the MF annealing step and subsequent dissolution of these species by the flash 

pickling process.  
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Figure 4.9: XPS elemental depth profiles for Al, Mn, Si, Fe, and O concentrations for (a) –

30°C/–30°C dp, (b) –10°C/–10°C dp, (c) +5°C/+5°C dp, and (d) P–10°C dp. 

 

High-resolution XPS analysis was also performed on these samples to elucidate the effects 

of process atmosphere (in both annealing stages) on the surface oxide chemistry. Table 4.4 shows 

the Al 2p, Mn 2p3/2, and Si 2p XPS binding energies obtained at the surfaces of the analyzed 

samples, in addition to the proposed oxide species present. The experimentally determined binding 

energies for Al 2p align closely with the reported values for Al2O3 [50,51,53] and MnAl2O4 

[51,54]. The measured binding energies for Si 2p match closely with that of Mn2SiO4 [54]. This 

suggests that SiO2 (reported binding energy of 103.3 [53] or 103.9 eV [50,52]) formation was 

avoided, which is promising for future galvanizing studies since the film-like morphology of SiO2 

is known to be deleterious to reactive wetting [18–20,32,33]. It should also be noted, however, that 

the low atomic fraction of Si obtained for each sample suggests that the areal coverage of Mn2SiO4 

is likely to be insignificant relative to elemental Fe and other external oxide species. Furthermore, 
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the experimentally determined binding energies for Mn 2p3/2 do not align as closely with a single 

reference value. This, in combination with the relative broadness of the peaks, suggests that Mn 

was present in multiple oxide states. It can be deduced from the aforementioned Al 2p and Si 2p 

peak information that Mn was present in the form of MnAl2O4 [51,54] and Mn2SiO4 [54], in 

addition to MnO [51,53]. 

 

Table 4.4: Identification of surface oxide species present after intercritical annealing treatments 

via measured XPS binding energies 

IA Sample 
Measured XPS Binding Energies (eV) Oxide Species 

Present 
Al 2p Mn 2p3/2 Si 2p 

–30°C/–30°C dp 74.2 641.0 101.6 

Al2O3 [50,51,53] 

MnAl2O4 [51,54] 

Mn2SiO4 [54] 

MnO [49,53] 

–10°C/–10°C dp 74.3 641.4 101.4 

Al2O3 [50,51,53] 

MnAl2O4 [51,54] 

Mn2SiO4 [54] 

MnO [49,53] 

+5°C/+5°C dp 74.1 641.0 101.5 

Al2O3 [50,51,53] 

MnAl2O4 [51,54] 

Mn2SiO4 [54] 

MnO [49,53] 

 

The morphology and chemical structure of the selective oxides formed during each 

annealing stage were determined using STEM-EELS elemental mapping and spectral analysis. 

Based on the aforementioned XPS analysis, the MF –10°C dp sample was selected for STEM-

EELS analysis of the selective oxides formed during the MF annealing step. A lift-out of the P –

10°C dp sample was also prepared to examine the effects of flash pickling on the surface and near-

surface structures. Subsequently, STEM-EELS mapping of the IA –10°C/–30°C dp, IA –10°C/–

10°C dp, and IA –10°C/+5°C dp samples was performed to determine the effects of subsequent 

intercritical annealing on the selective oxides formed during the first annealing step. 
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4.4.1 Evolution of External Oxide Structures 

EELS elemental maps of the MF –10°C dp surface are shown in Figure 4.10 with EELS 

spectra from selected locations included in Figure 4.11. A compact and layered selective oxide 

structure was observed. The most external oxide species (Region 4 in Figure 4.10) observed was 

a compact layer of Mn oxide nodules approximately 100-200 nm thick, which are identified as 

MnO based on the EELS spectra [55] in Figure 4.11. In some areas, these MnO nodules grew 

directly on top of the substrate in direct contact with the Fe, however, in other areas, these MnO 

nodules grew on top of a discontinuous mixed Mn-Si (Regions 1 and 3 in Figure 4.10) and Mn-Al 

(Region 2 in Figure 4.10) oxide layer. The mixed Mn-Al and Mn-Si oxides also co-precipitated 

internally at grain boundaries. Based on the EELS spectra in Figure 4.11, these species were 

identified as MnAl2O4, MnSiO3, and Mn2SiO4 [54]. It is also noteworthy that spectra taken from 

the top 200 nm of the matrix showed no appreciable signal from Mn, Si, or Al, as shown in the 

spectra from Region 5 in Figure 4.11. 
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Figure 4.10: HAADF image and EELS elemental maps of Fe, O, Al, Si, and Mn showing the 

selectively oxidized MF –10°C dp surface. A composite map of Al, Si, and Mn is also included. 
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Figure 4.11: EELS spectra showing the O-K, Mn-L2,3, Al-K, and Si-K edges from the numbered 

regions in Figure 4.10 (MF –10°C dp). 

 

EELS elemental maps of the P –10°C dp surface are shown in Figure 4.12, with 

corresponding EELS spectra from selected locations included in Figure 4.13. It is evident that the 

pickling treatment effectively removed the surface MnO, MnSiO3, and Mn2SiO4 species but left 

behind the MnAl2O4 [56,57] nodules (Regions 2 and 3 in Figure 4.12 and Figure 4.13). The holes 

in the near-surface internal oxide structure due to the selective dissolution of internal Mn-Si oxides 

were preserved. This is consistent with literature showing that MnO [58], MnSiO3 [59], and 

Mn2SiO4 [60] are largely soluble in hydrochloric acid solutions over a wide pH range with 
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reasonably rapid kinetics, whereas the present authors could find no such studies published for 

MnAl2O4.  

 

 
Figure 4.12: HAADF image and EELS elemental maps of Fe, O, Al, Si, and Mn showing the 

selective oxides remaining after flash pickling (P –10°C dp sample). 
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Figure 4.13: EELS spectra showing the O-K, Mn-L2,3, Al-K, and Si-K edges from the numbered 

regions in Figure 4.12 (P –10°C dp). 

 

The effects of intercritical annealing on the further development of the external selective 

oxides are shown in the STEM-EELS elemental maps of the IA –10°C/–30°C dp sample surface 

shown in Figure 4.14. This image is also representative of the IA –10°C/–10°C dp and IA –

10°C/+5°C dp samples (not pictured). Speciation was performed via EELS spectral analysis and 

it was determined that the dispersed external nodular Mn-Al oxides observed on these samples 

were MnAl2O4, like on the surface of the P –10°C dp sample (Figure 4.12). This suggests that the 

MnAl2O4 nodules remaining after flash pickling did not evolve during intercritical annealing and 

would be the pre-immersion surface structures that would enter the galvanizing bath. Examination 

of Figure 4.14 also shows that the pores created during flash pickling were preserved during 

intercritical annealing.  
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Figure 4.14: Representative HAADF image and EELS elemental maps of Fe, O, Al, Si, and Mn 

showing the selective oxides remaining after intercritical annealing (IA –10°C/–30°C dp sample 

pictured). A composite map of Al, Mn, and Si is also included. 

 

4.4.2 Evolution of Internal Oxide Structures 

Figure 4.15 comprises the STEM-EELS maps of grain boundary oxides observed 

approximately 3 μm beneath the surface of the MF –10°C dp sample. These grain boundary oxides 

formed in a core-shell morphology, with Al and Mn enrichment in the oxide core and Mn and Si 

enrichment in the shell. EELS spectral analysis (Figure 4.16) confirmed that the core oxides 

comprised Al2O3 [56,57] and MnAl2O4 [54] while the shells comprised mainly Mn2SiO4 [54]. 

These findings are similar to those documented by other authors who investigated low-alloy TRIP 

[17,41,61–65] and medium-Mn [16,34] steels containing varying amounts of Mn, Si, and Al, but 

these authors mostly described selective oxides comprising a SiO2 core surrounded by 

MnSiO3/Mn2SiO4 shell. However, the present findings are comparable to those of Li et al. [66], 

who found that some internal selective oxides in their 0.15C-1.55Mn-0.29Si-1.51Al-0.51Cu (wt%) 
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TRIP steel comprised an Al oxide core and Mn-Si oxide shell. Examination of the spectrum taken 

from Region 4 in Figure 4.16 shows that the matrix surrounding this oxide was depleted in Mn, 

Al, and Si.   

 

 
Figure 4.15: HAADF image and EELS elemental maps of Fe, O, Al, Si, and Mn showing a 

representative grain boundary oxide structure from the MF –10°C dp sample. 
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Figure 4.16: EELS spectra showing the O-K, Mn-L2,3, Al-K, and Si-K edges from the numbered 

regions in Figure 4.15 (MF –10°C dp). 

 

The deepest internal oxides observed in the MF –10°C dp sample are typified by the 

STEM-EELS elemental maps shown in Figure 4.17. This oxide grouping was found approximately 

8 μm deep into the sample and comprised a Si-rich oxide capping an Al-rich oxide, with a very 

thin layer of Mn oxide precipitating on the Si oxide cap. Analysis of the EELS spectra (Figure 

4.18) confirmed that the major oxide species were SiO2 [67,68] and Al2O3 [56,57], and that the 

local matrix was depleted in Al and Si but contained some Mn. This suggests that the local 

dissolved O content was too low to selectively oxidize Mn, although relative diffusion rates of 

alloying elements and the relatively high solubility of MnO in ferrite may have also contributed to 

the lack of Mn oxides. The calculated solubility products at 890°C for the oxides of interest are 

shown in Table 4.5 [69–71].   
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Table 4.5: Calculated solubility products for oxide species of interest in ferrite at 890°C. 

Oxide 

Species 
Al2O3 MnAl2O4 MnO Mn2SiO4 SiO2 

Solubility 

Product 

8.08 × 10-15 

(ppm)5 

5.82 × 10-15 

(ppm)7 

43.46 

(ppm)2 

1.84 × 10-2 

(ppm)7 

1.19 × 10-3 

(ppm)3 

 

 
Figure 4.17: HAADF image and EELS elemental maps of Fe, O, Al, Si, and Mn showing a grain 

boundary oxide in the deepest part of the oxide network in the MF –10°C dp sample. 
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Figure 4.18: EELS spectra showing the O-K, Mn-L2,3, Al-K, and Si-K edges from the numbered 

regions in Figure 4.17 taken from the MF –10°C dp sample. 

 

The internal oxide structures observed in the IA –10°C/–30°C dp, IA –10°C/–10°C dp, and 

IA –10°C/+5°C dp samples were similar to those observed in the MF –10°C dp sample (Figure 

4.15 and Figure 4.17). A representative grain boundary taken from the IA –10°C/–10°C dp sample 

is shown in the EELS elemental maps in Figure 4.19 (with corresponding EELS spectra in Figure 

4.20). Analysis of the EELS spectra showed that the shells were primarily composed of Mn2SiO4 

and nodules of MnO precipitated on the shell (like in region 4 in Figure 4.19).  

 



PhD Thesis – D. Pallisco – McMaster University – Materials Science & Engineering – 2021  

135 

 
Figure 4.19: HAADF image and EELS elemental maps of Fe, O, Al, Si, and Mn showing a 

representative selective grain boundary oxide structure in the IA –10°C/–10°C dp sample. 
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Figure 4.20: EELS spectra showing the O-K, Mn-L2,3, Al-K, and Si-K edges from the numbered 

regions in Figure 4.19 (IA –10°C/–10°C dp sample). 

4.5 Discussion 

The spatial distribution and morphology of the external oxides is of particular interest due 

to the known consequences of external oxides on reactive wetting of steel substrates by Zn(Al,Fe) 

galvanizing baths. Given that the flash pickling treatment did not remove the MnAl2O4, the co-

precipitation of MnAl2O4 and MnSiO3/Mn2SiO4 (such that neither species formed a continuous 

layer, see Figure 4.10) beneath the MnO nodules is a favourable outcome that preserved significant 

area fractions of metallic Fe on the substrate surface. 

A comparison of the pickled (Figure 4.3 and Figure 4.12) and intercritically annealed 

samples (Figure 4.4 and Figure 4.14) reveals that the morphology and chemical composition of 

the external oxide nodules did not evolve during intercritical annealing. This is corroborated by 

the box plot in Figure 4.6 showing similar external oxide thickness distributions for the pickled 
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and intercritically annealed samples, as well as the XPS profiles in Figure 4.9 showing similar 

elemental depth profiles for the P –10°C dp and the intercritically annealed samples. This is 

attributed to the local depletion of alloying elements in the near-surface bulk material, as shown 

by the lack of Al, Mn, and Si signals in EELS spectra for Region 5 in the MF –10°C dp sample 

(Figure 4.10 and Figure 4.11) and Region 1 in the P –10°C dp sample (Figure 4.12 and Figure 

4.13). The intercritical annealing cycle was apparently insufficiently long and at an insufficiently 

high temperature to allow for additional diffusion of alloying elements from deeper in the substrate 

to the surface, and so the surface structures were maintained.  

These results can be modeled approximately using the solution to Fick’s second law of 

diffusion for the case of diffusion between two semi-infinite solids with different initial solute 

concentrations. The present case assumes that the near-surface layer with an initial solute 

concentration of 0 wt% is coupled with the bulk substrate at the initial bulk concentration for each 

element (i.e., 5.6 wt% Mn, 1.9 wt% Al, and 1.1 wt% Si). The solution is shown in Equation 4.1: 

2 1
1( , ) 1

2 2

C C y
C y t C erf

Dt

 −  
= + +  

  
      (4.1) 

where ( , )C y t is the concentration of solute at position y  (where 0y =  represents the 

interface between the two solids) at time t (in s); 1C is the bulk concentration of solute in wt%; 
2C  

is the concentration of solute in wt% in the near-surface pre-oxidized layer; and D is the diffusivity 

of solute in the matrix at 710°C (calculated from the data presented in Table 4.6). The initial 

conditions for the system are shown in Equations 4.2 and 4.3, where the extreme case of 0 wt% 

solute in the near-surface layer represents the most severe approach to modelling solute diffusion.  

1( , )  bulk concentration in wt% for 0 C y t C y= =        (4.2) 

2( , ) 0 wt% for 0 C y t C y= =         (4.3) 
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Table 4.6: Diffusion data and values for the Al, Mn, and Si in ferrite and austenite used to calculate 

their approximate diffusion distances after 120 s at 710°C. 

Phase 
Element/ 

Compound 
'

iD (cm2/s) 
iQ (103 J/mol) Reference 

Ferrite 

Mn 0.756 224.35 [72] 

Al 5.15 245.8 [73] 

Si 0.927 219.786 [74] 

Austenite 

Mn 0.178 264.2 [72] 

Al 5.9 241.58 [75] 

Si 0.21 242 [76] 

 

The resulting concentration gradients for Mn, Al, and Si diffusion are presented in Figure 

4.21 and show that the diffusion distances after 120 s at 710°C are insufficient to enrich the surface 

layer with solute, even when modelling the most extreme solute gradient. In the most pessimistic 

scenario (i.e., in ferrite), only 500 nm is re-enriched during intercritical annealing, but the internal 

oxide network (and therefore the solute-depleted matrix) is several microns deep (as shown in 

Figure 4.7) and the EELS maps and spectra in Region 4 of Figure 4.15 and Figure 4.16 show solute 

depletion to approximately 3 μm in depth. Therefore, no significant amount of Al, Si, or Mn would 

be expected to diffuse to the surface during intercritical annealing to oxidize and modify the 

surface structures from the antecedent MnAl2O4 nodules found after flash pickling. This 

corroborates the findings in Figure 4.4, Figure 4.6, Figure 4.9, and Figure 4.14 showing that the 

external oxide structures did not evolve during the IA treatment.  
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Figure 4.21: (a) Schematic of the diffusion couple proposed to model the diffusion of the solute 

from the substrate bulk to the pre-oxidized near-surface layer; calculated concentrations of Mn, 

Al, and Si as a function of distance from the interface after 120 s at 710°C for solutes diffusing 

in (b) ferrite and (c) austenite. 

 

The internal oxide network that formed during the MF annealing step also did not evolve 

significantly during the intercritical annealing process. The MF and corresponding IA samples had 

similar internal oxide depths (as shown in Figure 4.7) and structures (comparing Figure 4.15 (MF 

–10°C dp) and Figure 4.19 (IA –10°C/–10°C dp)). The core-shell oxide structures formed during 

MF annealing comprised an Al2O3 or MnAl2O4 core surrounded with a Mn2SiO4 shell. Intercritical 

annealing may have allowed for occasional MnO nodule precipitation on the shell (Figure 4.19) 

and MnO reaction with core Al2O3 to form additional MnAl2O4. The deepest part of the oxide 

network in both MF and IA samples comprised Al2O3 and SiO2 (such as the oxide shown in Figure 

4.17), suggesting that these insoluble and thermodynamically stable oxide species formed initially 
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and provided a scaffold for MnO nucleation and complex oxidation. A summative schematic of 

the oxide and surface structure evolution is shown in Figure 4.22. 

 

 
Figure 4.22: Summative schematic of the evolution of the surface and subsurface structures after 

each processing step. 
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4.6 Conclusions 

The selective oxidation of the 0.15C-5.6Mn-1.9Al-1.1Si (wt%) prototype steel during two-

stage annealing with intermediate flash pickling was documented using SEM+FIB, XPS, and 

TEM-EELS techniques. 

The first annealing step of 890°C for 600s (designed to produce a martensitic-ferritic 

microstructure) resulted in the formation of a thick, compact external oxide layer, irrespective of 

dew point. Fe nodule extrusion occurred due to the development of an extensive internal oxide 

network. XPS analyses confirmed that MnO, Mn2SiO4, and MnAl2O4 /Al2O3 were the major oxide 

species present at the surface. TEM-EELS elemental maps and spectral analyses confirmed that 

compact nodules of MnO formed on top of co-precipitated nodules of MnSiO3/Mn2SiO4 and 

MnAl2O4. Analysis of FIB-prepared trench cuts showed that the depth of internal oxidation 

increased with increasing dew point.  

The intermediate flash pickling treatment effectively dissolved the external MnO, MnSiO3, 

and Mn2SiO4. In addition, the flash pickling solution selectively dissolved some near-surface 

internal oxide structures. TEM-EELS analysis confirmed that MnAl2O4 was the only major 

external oxide species present after flash pickling due to its lack of solubility in hydrochloric acid 

solutions.  

No significant changes to external oxide thickness, surface density, or chemical speciation 

were observed after intercritical annealing. During the MF treatment, the near-surface matrix was 

depleted in solute due to the oxidation of Mn, Si, and Al. The depletion zone was approximately 

3 μm deep for Mn and approximately 8 μm deep for Si and Al. As such, the subsequent IA time 

and temperature were insufficient for to allow for adequate diffusion of these species from the bulk 

matrix to the surface to result in further external oxidation. 
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The selectively oxidized surfaces documented in this investigation show promise for future 

galvanizing trials due to the wide spacing of nano-scaled oxide nodules, presence of extruded Fe 

nodules, and the selective dissolution of internal oxides that could allow for liquid bath metal 

infiltration into the substrate. 
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5.1 Abstract 

This work presents the effects of process atmosphere pO2 on the reactive wetting during 

galvanizing of a prototype 0.15C-5.6Mn-1.9Al-1.1Si (wt%) third-generation advanced high 

strength steel. The two-stage thermal processing route comprised an austenitization anneal 

followed by flash pickling and an intercritical anneal, where all annealing treatments were 

conducted in a N2-5%H2 process atmosphere with a controlled dew point. The substrate panels 

were austenitized at a dew point of –10°C, intercritically annealed at a dew point of –30°C, –10°C, 

or +5°C, and then galvanized using a conventional 0.2 wt% Al (dissolved) bath. The pre-

immersion surfaces comprised a near-pure Fe layer with dispersed nano-scaled oxide nodules. The 

primary reactive wetting mechanism was the direct wetting of the surface Fe, while oxide wetting, 

oxide cracking and lift-off, and oxide bridging by the liquid metal bath were secondary reactive 

wetting mechanisms. Zn ingress into the substrate via pores in the oxide network from selective 

dissolution during flash pickling was also noted. A fully-developed Fe2Al5-xZnx interfacial layer 

was observed for all conditions. The resultant coatings were of excellent quality and showed 

outstanding adherence after three-point bend testing.  

5.2 Introduction 

There have been significant research efforts dedicated to the development of third-

generation advanced high-strength steels (3G AHSS) for automotive applications due to their 
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superior mechanical properties relative to the currently employed first-generation AHSS and low 

alloying costs relative to the second-generation AHSS. The 3G AHSS are promising candidates 

for structural components and could facilitate passenger safety improvements while reducing the 

mass of the vehicle and improving fuel economy or extending the range of the next generation of 

electric vehicles [1–7].  

Among the alloying and processing strategies being investigated for 3G AHSS, there has 

been work devoted to medium-Mn steel grades such that their processing routes are compatible 

with existing industrial continuous galvanizing line (CGL) capabilities [8–14]. CGL processing is 

the most cost-effective way to provide the required robust corrosion protection for automotive 

steels, and it is of paramount importance that the selective oxidation and reactive wetting 

phenomena of medium-Mn steels are well-studied and documented in order to support industrial 

adoption of these steels. 

It is well established that alloying elements such as Mn, Si, Al, and Cr in steels selectively 

oxidize during annealing in typical CGL furnace process atmospheres [15–29]. The resulting 

oxides at the substrate surface can prevent adequate dissolution of substrate Fe into the molten 

Zn(Al,Fe) bath, which could, in turn, preclude the formation of the Fe2Al5-xZnx interfacial layer at 

the substrate/coating interface that is associated with high-quality, adherent, and formable 

galvanized coatings [15,16]. However, previous work on 1G AHSS dual-phase (DP) and 

transformation-induced plasticity (TRIP) steels has shown that the external oxidation of the 

aforementioned alloying elements does not necessarily prevent successful reactive wetting. 

Particular attention has been given to cases where MnO nodules were the primary external oxide 

species. Khondker et al. [30] proposed the mechanism of aluminothermic reduction of surface 

MnO to explain the fully-developed Fe2Al5-xZnx interfacial layer that formed on their 2 wt% Mn 
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DP steel after typical immersion times in a 0.20 wt% Al (dissolved) galvanizing bath. This 

mechanism was later verified by Kavitha and McDermid [31] in their work on a 5.1 wt% Mn 

substrate. Alibeigi et al. [32] galvanized steels of up to 5 wt% Mn and showed that the reactive 

wetting kinetics were inversely proportional to the thickness of the surface MnO layer, which was 

itself a function of process atmosphere oxygen partial pressure (pO2). Other significant reactive 

wetting mechanisms that have contributed to the successful galvanizing of 1G AHSS include 

spalling and cracking of external oxides due to differences in thermal expansion coefficients 

[18,33] and oxide flaking and lift-off due to bath metal infiltration between the oxide and substrate 

[18,27] 

There has been limited research on the reactive wetting of medium-Mn substrates thus far. 

Pourmajidian and McDermid [34] successfully galvanized a model 0.1C-6Mn-2Si (wt%) steel and 

showed that aluminothermic reduction of MnO and surface oxide lift-off from liquid bath metal 

infiltration facilitate the successful galvanizing of their model medium-Mn substrates, provided 

that the external oxides were sufficiently thin and dispersed. The desired oxide morphology was 

achieved by using higher process atmosphere pO2 to promote internal oxidation. The same authors 

also employed a surface active alloying element concept from electrical steels [35–38], which was 

later successfully employed on low alloy Si/Mn TRIP-assisted steels [39–42], to reduce selective 

oxidation kinetics and facilitate reactive wetting. To this end, Pourmajidian et al. [21,34] showed 

that a 0.05 wt% addition of Sn to their reference 6wt% Mn substrate retarded oxidation kinetics, 

and the resulting surfaces that were more easily reactively wetted due to the smaller and more 

discrete oxide nodule morphology. However, more complex alloys and processing cycles are 

typically required to achieve 3G AHSS mechanical property envelopes, and the effects of minor 
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Sn additions on end-user properties (such as bendability, stretch flangeability and hole expansion) 

are unknown. 

However, there is scarce literature concerning the reactive wetting of medium-Mn 3G 

AHSSs that have been processed through a two-stage annealing cycle, often employed to improve 

mechanical properties relative to a one-stage intercritical annealing treatment [9–14,43–45]. 

Moreover, selective oxidation studies conducted on the 0.15C-5.6Mn-1.9Al-1.1Si (wt%) prototype 

alloy to be used in this study have shown that the most abundant pre-immersion external oxide 

species is MnAl2O4 [46] rather than MnO such that the resulting effects on reactive wetting are 

unclear. To this end, this goal of this work was to determine the effects of process atmosphere pO2 

in a two-step annealing cycle on the reactive wetting of a prototype 0.15C-5.6Mn-1.9Al-1.1Si 

(wt%) medium-Mn 3G AHSS. It is noteworthy that the present authors have shown that the 

experimental substrate to be used in this study achieved target 3G AHSS properties (YS = 844 

MPa, UTS = 1209 MPa, TE = 23%, UTS × TE = 27,800 MPa% [14]) using the two stage, CGL-

compatible thermal treatment to be employed in this work.  

5.3 Experimental Procedure 

The experimental substrate was fabricated at United States Steel Research (Munhall) via 

vacuum melting, slab casting, hot rolling, coiling and coil box cooling, edge trimming, surface 

grinding, and cold rolling to a final sheet thickness of 1.2 mm. The chemical composition of the 

substrate, as measured by combustion analysis (C and S, LECO C/S 744) and inductively-coupled 

optical emission spectroscopy (all other elements, Varian Vista Pro ICP-OES), is shown in Table 

5.1.  

Table 5.1: Chemical composition of the experimental substrate (in wt%) 

C Mn Al Si Mo Ti Fe 

0.15 5.56 1.89 1.10 0.08 0.01 Balance 
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Coupons measuring 20 × 50 mm2 were prepared from the as-received cold-rolled steel 

sheets in order to perform selective oxidation studies without galvanizing. Coupons were ground 

with 4,000 grit SiC papers to remove rolling marks prior to annealing in order to facilitate 

subsequent analyses. Full-sized 120 × 200 mm2 panels were also prepared from the as-received 

cold-rolled steel sheets for galvanizing trials. The coupons and panels were degreased in 2 wt% 

NaOH solution heated to 80°C, rinsed in deionized water, rinsed in ethanol and dried with warm 

air. The panels were wiped with acetone immediately prior to annealing. All experiments were 

performed in the McMaster Galvanizing Simulator (MGS, Iwatani-Surtec), details of which are 

documented elsewhere [24,47]. The two-stage thermal processing treatment shown in Figure 5.1 

was that used to obtain the 3G AHSS mechanical properties documented in [14]. A flash pickling 

treatment was performed after the first annealing stage in order to remove the existent surface 

oxides prior to the intercritical annealing and galvanizing steps. This involved lightly agitating the 

samples for 60 s in a 30°C solution of 645 mL deionized water + 596 mL concentrated 

hydrochloric acid + 2.5 g hexamethylenetetramine (which acts as an inhibiting agent to prevent 

pitting of the substrate), lightly agitating in room temperature deionized water for 20 s before a 

final rinse with ethanol and drying with a warm air stream. 

The MGS process atmosphere comprised a mixture of 95 vol% N2 + 5 vol% H2 with trace 

amounts of water vapour to achieve the desired process atmosphere oxygen partial pressure (pO2). 

Details of the experimental process atmosphere dew points and pO2 values (as calculated from the 

FREED thermodynamic database [48]) are found in Table 5.2. After removal from the MGS, the 

selective oxidation coupons were stored in anhydrous isopropanol and kept in a desiccator. 

Galvanizing trials on the larger 120 × 200 mm2 panels were performed in duplicate according to 

the same thermal cycle shown in Figure 5.1. During galvanizing experiments, the panels were 
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immersed in a 460°C Fe-saturated 0.2 wt% Al (dissolved) [49] bath for 4 s. The dipping direction 

was aligned with the rolling direction of the substrate. After removal from the simulator, the 

galvanized panels were individually wrapped in paper towels to prevent scratches and stored in a 

desiccator. After the full panels were imaged, a 90 × 90 mm2 uniform coating area centered near 

the bottom of the panel [50] was excised from each one for subsequent analysis across multiple 

length scales.  In this work, samples will be identified by the process atmosphere dew point (dp) 

used during intercritical annealing (i.e. –30/–10/+5°C dp).  

 

 
Figure 5.1: Schematic thermal processing route for the experimental steel. 

 

Table 5.2: Experimental process atmospheres. 

Annealing Stage 

+Temperature 

Process 

Atmosphere 

Dew Point 

pH2O/pH2 pO2 (atm) 

Martensite-

Ferrite (MF) 

(890°C) 

–10°C 5.62×10-2 1.04×10-19 

Intercritical (IA) 

(710°C) 

–30°C 9.98×10-3 2.71×10-25 

–10°C 5.62×10-2 8.58×10-24 

+5°C 1.71×10-1 7.96×10-23 
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The selective oxidation coupon pre-immersion surface structures were imaged using 

focussed ion beam (FIB) equipped scanning electron microscope (SEM, Zeiss Vision40 

SEM+FIB) at an accelerating voltage of 5 keV using the in-lens secondary electron detector.  

In the case of the galvanized panels, the presence of the desired Fe2Al5-xZnx interfacial 

layer – indicative of reactive wetting between the substrate and the Zn(Al) galvanizing bath – was 

determined by stripping the zinc overlay using fuming HNO3 and examination using a scanning 

electron microscope (SEM). It should be noted that this treatment will also dissolve any Fe-Zn 

interfacial intermetallics which may be present. Thus, a second set of samples was prepared by 

stripping the zinc overlay with a 10 vol% H2SO4 aqueous solution to expose any interfacial Fe2Al5-

xZnx and/or Fe-Zn intermetallic compounds. In all cases, a JEOL 7000F field-emission gun SEM 

operated in secondary electron imaging (SEI) mode at an accelerating voltage of 15 keV was 

employed for these examinations. The samples were coated in a thin film of carbon prior to SEM 

examination in order to minimize charging.  

The interfacial layer products that remained after chemically stripping the zinc overlay 

using both of the above techniques were also characterized using X-ray diffraction (XRD). XRD 

data were collected using a D8 DISCOVER (Bruker AXS) diffractometer equipped with a Co 

source (λ = 1.79026 Å) and a Vantec 500 (MiKroGap TM technology) or Eiger2 R 500K (Bruker 

AXS) area detector operated in 2D mode. The resident DIFFRAC.EVA software (Bruker AXS) 

was used to analyze the diffraction pattern (2θ range of 10° to 64°), where peaks from the 

International Centre for Diffraction Data Powder Diffraction File PDF-4 database [51] were used 

to identify the phases present.  

Coating adherence was assessed via an adaptation of the ASTM A653/A653M standard 

[52] that was modified for medium-Mn steels, as documented by Pourmajidian and McDermid 
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[34]. The test dies (punch radius of 4.76 mm) were installed on a 10 kN universal tensile machine 

(Instron 5566). Four 10 mm-wide test samples were excised from the uniformly coated area of one 

galvanized panel from each condition. Three of these samples were bent beyond the point of 

necking, whilst the coating adherence test on the remaining sample was stopped just before the 

onset of necking. After bending, all four samples were examined under a Keyence VH-ZST dual 

objective zoom lens light optical microscope to determine whether the coatings flaked, cracked, 

or delaminated. As part of the coating adhesion test, Scotch Tape (3M) was adhered to the outer 

radius of each bent sample, after which the tape was removed and examined under the light optical 

microscope at 50x magnification to check for coating flakes. The sample that did not exceed the 

necking limit was sectioned along the longitudinal midline. The cross-section was mounted in 

epoxy resin, polished using standard metallographic techniques, coated in a thin film of carbon 

and examined using a JEOL 7000F FEG-SEM. This was done in order to determine the extent to 

which the coating was damaged during the bending process.  

Three ASTM E-8 [53] subsized tensile samples were prepared from the uniform coating 

region at the center of one galvanized panel from each condition, where the longitudinal axis of 

the tensile sample was aligned with the steel rolling direction. The samples were tested in uniaxial 

tension on a conventional 100 kN tensile frame (MTS) with a crosshead speed of 1 mm/minute. 

The coatings were examined for damage using a JEOL 6610LV SEM at an acceleration voltage of 

10 keV.  

TEM liftouts of the substrate-coating interface were prepared via FIB milling using the 

Zeiss NVision 40 SEM-FIB. A W cap was deposited on the sample surface prior to milling in 

order to mitigate milling damage. High-resolution scanning transmission electron microscopy 

(HR-STEM) was performed using a FEI Titan 80-300HB TEM operated at 300 keV or a Thermo 
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Scientific Talos 200X TEM operated at 200 keV. Electron energy loss spectroscopy (EELS) 

elemental maps were acquired during HR-STEM examination using a Gatan Quantum GIF (on the 

FEI Titan) or a CETA CMOS (on the Thermo Scientific Talos) detector. The resultant elemental 

maps were processed using Digital Micrograph v3.43 software.  

5.4 Results 

Figure 5.2 comprises SEM micrographs of the as-annealed surfaces of the coupons 

showing the pre-immersion surfaces that would enter the galvanizing bath. In all cases, discrete 

oxide particles (previously shown to be MnAl2O4 [46] were dispersed among nodules of extruded 

Fe from the substrate resulting from the volumetric expansion associated with internal oxidation 

[33,54–56]. The Fe nodule size increased with increasing process atmosphere pO2, likely due to 

the larger volume of Fe displaced as a result of more extensive internal oxidation [46].  

  

 
Figure 5.2: SEM images of the annealed surfaces showing discrete oxide particles dispersed 

among extruded Fe nodules (circled): (a) –30°C dp, (b) –10°C dp, and (c) +5°C dp. 
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The uniform coating area of panel galvanized under each of the process atmospheres (Table 

5.2) is shown in Figure 5.3. Excellent coating quality was obtained for all process atmospheres, 

where no significant bare spots or other coating defects were observed.  

 

 
Figure 5.3: Uniform coating area of the galvanized panels showing high-quality coatings with no 

bare spots or other visible defects: (a) –30°C dp, (b) –10°C dp, and (c) +5°C dp. 

 

Assessment of coating adherence was performed via the modified three-point bend test 

discussed above. It can be seen from the representative images in Figure 5.4 that the coatings were 

adherent and there was no evidence of cracking or flaking of the zinc layer, despite the substrate 

necking. No flakes were observed when Scotch Tape (3M) was applied to the outer bend surface 

and then removed. From these positive coating adherence results, it is strongly implied that full 

reactive wetting was achieved. It should also be noted that the enclosed bend angles of the coated 

samples were not statistically different than those of the uncoated samples (approximately 36°), as 

documented in Figure 5.5.  
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Figure 5.4: Coating adherence test samples showing no coating cracking or flaking despite 

necking of the substrate: (a) –30°C dp, (b) –10°C dp, and (c) +5°C dp. 

 

 

Figure 5.5: Representative coating adherence test samples showing similar enclosed bend angles 

for (a) annealed but uncoated steel, (b) –30°C dp, (c) –10°C dp, and (d) +5°C dp. 

 

Cross-sections of the coating adherence test samples, where deformation was stopped just 

prior to the onset of substrate necking, were examined via SEM. In general, the coatings on the 

outside bend surface remained integral, despite cracking in the internal oxide network, as seen in 

Figure 5.6(a). There was evidence that these cracks were initiated at the substrate/coating interface 

and within the grain boundary oxide network itself, as shown in Figure 5.6(b). In some cases, the 

cracks initiating in the grain boundary oxide network propagated into the coating. Typically, the 

crack propagation did not extend completely through the coating, as shown in Figure 5.6(c). In 

rare instances, however, there were cracks observed in the coating that were coincident with cracks 

1 mm

1 mm

1 mm

(b) (c)

1 mm

(a)
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from the grain boundary oxide network, as shown in Figure 5.6(d). The crack depth, frequency, 

and propagation into the coating were invariant of the intercritical annealing pO2. As previously 

mentioned, there were no flakes of coating that adhered to the Scotch Tape, so the cracks observed 

in these images are not of significant concern. 

 

 
Figure 5.6: Representative secondary electron images of coating adherence test sample cross-

sections: (a-c) –10°C dp, (d) –30°C dp. 

 

The fractured tensile samples were examined via SEM, with images of the coated surface 

shown in Figure 5.7. These images were taken from a –10°C dp sample but are representative of 

all experimental conditions. Figure 5.7(a) is a macroscopic overview of the tensile sample neck 

and shows that the decohesion of the Zn-overlay grain boundaries was, predictably, most 

significant close to the fracture surface. The higher magnification image in Figure 5.7(b) confirms 

that there was some coating grain boundary decohesion, but there was no other damage (e.g. 

intragranular fracture or flaking of the coating) present, even in the most highly deformed regions. 

Figure 5.7(c) is a higher magnification image of the coating in the uniformly deformed region of 

the tensile sample, where it can be seen that the coating remained intact and there was no evidence 

of grain boundary decohesion or other damage.  
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Figure 5.7: Representative images of the coated tensile samples, where (a) is an overview of the 

neck, (b) is a higher-magnification image of the coating in the sample neck, and (c) is a higher-

magnification image of the coating in the uniformly deformed region. 

 

The X-ray diffractograms collected from the –30°C dp samples stripped with fuming nitric 

acid and 10 vol% sulphuric acid are shown in Figure 5.8(a) and (b), respectively, and are 

representative of the XRD diffractograms collected for the other process atmosphere conditions. 

Peaks corresponding to Fe2Al5-xZnx (powder diffraction file (PDF) PDF 00-047-1435) and ζ-

FeZn13 (PDF 00-034-1314) were identified, as well as peaks from several oxide species including 

Mn2SiO4 (PDF 00-035-0748), MnAl2O4 (PDF 01-076-6585), and MnO (PDF-077-2360) [51]. 

From this result, it can be concluded that the desired Fe2Al5-xZnx intermetallic crystals were formed 

at the substrate/coating interface during galvanizing. 
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Figure 5.8: Diffraction patterns collected from the –30°C dp samples stripped with (a) fuming 

nitric acid, showing evidence of Fe2Al5-xZnx formation; (b) 10 vol% H2SO4 in water, showing 

evidence of Fe2Al5-xZnx and ζ-FeZn13 formation. The patterns were indexed using the PDF-4 

database [51]. 

 

The Fe2Al5-xZnx interfacial layer revealed by chemical stripping of the coating using 

fuming nitric acid was imaged via SEM, as seen in Figure 5.9(a-c). A well-developed and 

continuous layer of Fe2Al5-xZnx intermetallic crystals was observed, although there were some 

holes observed in the interfacial layer for the –30°C dp condition (Figure 5.9(a)). These images 

are consistent with the XRD data presented in Figure 5.8(a) and (b). In addition, chemical stripping 

of the coating via 10 vol% H2SO4 in water revealed an extensive population of Fe-Zn intermetallic 

crystals, primarily ζ-FeZn13, as shown in Figure 5.9(d-f), which is consistent with the XRD data 

presented in Figure 5.8(b).  
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Figure 5.9: Fe2Al5-xZnx interfacial layer for (a) –30°C dp, (b) –10°C dp, and (c) +5°C dp. 

Interfacial Fe-Zn intermetallic crystals for (d) –30°C dp, (e) –10°C dp, and (f) +5°C dp. 

 

Samples for STEM-EELS analysis of the substrate/coating interface and internal oxide 

structures were prepared via FIB milling. The high angle annular dark field scanning transmission 

electron microscope (HAADF-STEM) micrograph along with the EELS elemental maps 

corresponding to Zn, Al, Fe, Mn, Si, and O for the –30°C dp sample are shown in Figure 5.10. It 

should be noted that the holes in the sample were an artifact of the FIB milling process. An almost 

continuous interfacial layer of Fe2Al5-xZnx was observed, with one gap located in the lower 

interfacial layer (location B) where a Mn-Si rich oxide film was present. Evidence of several 

reactive wetting mechanisms can be seen in the composite elemental map, namely direct reactive 

wetting of the substrate, wetting of oxides (direct contact between the Fe2Al5-xZnx and oxide 

nodules, location C in Figure 5.10), oxide lift-off (location A in Figure 5.10), and bath metal 

ingress (location D in Figure 5.10). EELS spectra from the locations A-D in the composite 

elemental map in Figure 5.10 are shown in Figure 5.11, where the oxide film was identified as 
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MnSiO4 and the lifted-off oxide, wetted oxide, and internal oxide infiltrated by liquid bath metal 

were determined to be MnAl2O4 [57].  

 

 

Figure 5.10: HAADF-STEM image along with the EELS elemental maps of the substrate/coating 

interface of the –30°C dp sample. The composite map shows evidence of reactive wetting 

mechanisms: direct substrate wetting, oxide bridging, oxide wetting, oxide lift-off; and bath 

metal ingress. EELS spectra from the regions labelled A-D are shown in Figure 5.11. 
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Figure 5.11: EELS spectra taken from regions A-D in the EELS elemental maps of the –30°C dp 

sample (Figure 5.10). Chemical speciation was determined by comparison with the reference 

spectra of Grosvenor et al. [57]. 

 

The HAADF-STEM micrograph along with the EELS elemental maps corresponding to 

Zn, Al, Fe, Mn, Si, and O for the –10°C dp sample are shown in Figure 5.12. Except for two holes 

created during FIB milling, a compact layer of Fe-Al crystals was formed at the interface between 

the substrate and the Zn coating, indicating full reactive wetting was achieved. As was observed 

for the case of the –30°C dp samples (Figure 5.10), direct substrate wetting, oxide wetting, oxide 

lift-off, and significant Zn ingress into the substrate were observed. The dominant external oxide 

species present was MnAl2O4 and no Mn-Si film-type oxides were observed.  Similar observations 
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can be made from the HAADF-STEM image and EELS elemental maps corresponding to Zn, Al, 

Fe, Mn, Si, and O for the +5°C dp sample, not shown in this work.   

 

Figure 5.12: HAADF-STEM image along with the EELS elemental maps of the substrate/coating 

interface of the –10°C dp sample. The arrows in the composite map show evidence of reactive 

wetting mechanisms: direct substrate wetting, oxide wetting, oxide cracking/spalling, and bath 

metal ingress. 

 

5.5 Discussion 

Informed by the work of Wagner [58] and others [59–63], many authors working on 1G 

AHSS [18,19,25,28,29,33,64,65] and, lately, medium-Mn model alloys [34,66] have improved the 

reactive wetting of their substrates by suppressing external oxidation of ignoble alloying elements 

by increasing the process atmosphere pO2 (i.e. annealing at dew points above the commonly-
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employed –30°C).  The present work illustrates that the use of a two-stage thermal processing 

cycle can widen the range of pO2 used during intercritical annealing to successfully galvanize a 

medium-Mn 3G AHSS.  

The SEM images of the pre-immersion surfaces (Figure 5.2) show discrete and dispersed 

nano-scaled oxides that were identified as MnAl2O4 [46]. The surfaces were also covered with 

extruded Fe nodules, which provided additional oxide-free Fe surfaces to react with the 

galvanizing bath metal to form Fe2Al5-xZnx crystals (as seen in Figure 5.9(a-c)). Although there 

was cracking in the internal oxidation network during bending, as seen in Figure 5.6, the cracks 

did not propagate into the substrates and were rarely observed to propagate into the coatings. The 

integrity of the coatings in tension and bending, along with the well-developed interfacial layer of 

Fe2Al5-xZnx crystals observed via SEM (Figure 5.9), suggested that the MnAl2O4 nodules did not 

preclude successful reactive wetting of this substrate by the liquid bath metal.  

Significant evidence of direct reactive wetting of the substrate by the liquid metal bath (i.e. 

regions of direct contact between the Fe-Al crystals and the substrate, such as those in Figure 5.10 

(–30°C dp) and Figure 5.12 (–10°C dp)), was observed along much of the substrate-coating 

interface. This is the dominant reactive wetting mechanism and was facilitated by the large area 

fraction of relatively solute-free Fe available for dissolution by the galvanizing bath. However, 

this mechanism clearly operated in tandem with several others to enable full reactive wetting of 

the substrate.  

A network of ζ-FeZn13 crystals was observed at the coating/substrate interface of all 

samples (see Figure 5.9(d-f)), even though the formation of this phase is not expected when 

employing a 0.2 wt% dissolved Al galvanizing bath [67]. In fact, a bath containing more than 0.15 

wt% dissolved Al should result in full inhibition by a continuous layer of Fe2Al5-xZnx [67]. It is 
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known that Al uptake at the substrate/coating interface is a two-stage process, where 

heterogeneously nucleated Fe2Al5-xZnx grows by a Fe diffusion-controlled/precipitation process, 

necessitating constant Al replenishment from the bath to the bath/Fe2Al5-xZnx interface [68]. Thus, 

the presence of ζ-FeZn13 can be indicative of Fe2Al5-xZnx breakdown due to Zn diffusion through 

the Fe2Al5-xZnx layer, Fe saturation by Zn and its subsequent nucleation [69–71]. Alternatively, 

-FeZn13 formation can be associated with the depletion of bath Al in the mass transport boundary 

layer, which other researchers [27,32,72] have cited as indirect evidence of aluminothermic 

reduction of surface MnO. However, in the present case, no significant MnO was observed on the 

pre-immersion surfaces and no Al2O3 was observed in the coating. It is, therefore, posited that the 

ζ-FeZn13 was present due to the dissolution of the extruded Fe nodules (which have a large surface-

to-volume ratio) by the galvanizing bath, leading to local Fe supersaturation of the bath [73] and 

the restoration of equilibrium via the precipitation of -FeZn13 crystals on the substrate surface.  

Several secondary reactive wetting mechanisms contributed to the observed full reactive 

wetting of the substrate, despite the presence of surface oxide nodules. Surface oxide bridging by 

the liquid bath due to surface tension effects has been described by Bellhouse and McDermid 

[24,64] and was seen in Figure 5.10 (–30°C dp), where the Fe2Al5-xZnx crystals bridged (but were 

not in direct contact with) the Mn2SiO4 film. Given that MnAl2O4 nodules (and not Mn2SiO4 films) 

were the most common oxide species present after intercritical annealing, as well as the 

substrate/coating interfaces examined in this work, it is not expected that this is a dominant reactive 

wetting mechanism for this substrate. 

A significant contributor to the observed degree of reactive wetting is likely to be from 

oxide wetting by the bath metal, as seen in Figure 5.10 (–30°C dp) and Figure 5.12 (–10°C dp) 

where the Fe2Al5-xZnx crystals were in direct contact with the MnAl2O4 nodules. The oxide wetting 
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mechanism had previously been described by Bellhouse and McDermid [64] for unspeciated Mn-

Al-Si oxides and small Mn-rich oxide nodules and was attributed to the chemistry and size of the 

oxides. Similar to the work of Bellhouse and McDermid, the wetting of the oxides in this work is 

attributed to the nano-scale of the oxides and their chemical composition (i.e. they were rich in Mn 

and Al but contained no detectable Si). 

The oxide cracking and spalling mechanism, whereby bath metal infiltrates the substrate-

oxide interface and allows the formation of Fe2Al5-xZnx underneath the oxide, is also proposed to 

be an important, albeit secondary, reactive wetting mechanism for the substrate in this 

investigation. Evidence of this mechanism was seen for all processing conditions explored (Figure 

5.10 (–30°C dp) and Figure 5.12 (–10°C dp)), and these images corroborate the findings of several 

authors [18,25,29,33,66] working on 1G AHSS [18,25,29,33] and prototype medium-Mn 3G 

AHSS [34,66] grades. Bellhouse and McDermid [33] postulated that oxide spalling and cracking 

could occur upon cooling from the peak annealing temperature to the bath equilibration 

temperature due to the differences in the coefficients of thermal expansion of the substrate and 

surface oxide species. Internal oxide cracking might have also created routes into which the liquid 

metal could ingress, as seen in Figure 5.10 (–30°C dp) and Figure 5.12 (–10°C dp). 

However, an additional mechanism for Zn ingress into the substrate is proposed to be via 

the selective dissolution of MnO, MnSiO3, and Mn2SiO4 during the flash pickling process. 

Previous work by the present authors [46] showed that the flash pickling used to restore the 

substrate surfaces also dissolved some of the internal oxide structures that were connected to the 

surface. These partially-dissolved structures were preserved during the intercritical annealing step 

and could allow for bath metal infiltration and mechanical interlock of the coating with the 

substrate. This is particularly well illustrated in Figure 5.10 (–30°C dp) and Figure 5.12 (–10°C 
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dp), which show a network of MnAl2O4 with Zn ingress where Mn-Si oxides might have been 

dissolved during flash pickling.  

From the above evidence, it can be concluded that the austenitization step (Figure 5.1) 

results in solute depletion of the near-surface matrix, leaving behind a low alloy content, almost 

fully-dense, metallic Fe layer with a surface that is populated with small, dispersed Mn2Al2O4 

oxides and extruded Fe nodules. No significant additional oxidation occurs during intercritical 

annealing because the time and temperature (120 s at 710°C) are insufficient for significant 

outward diffusion of solute from deeper within the bulk, especially because the existing internal 

oxides act as diffusion barriers. Given that the external oxides are small, dispersed, and nodular, 

there is a large area fraction of relatively solute-free surface Fe available to be reactively wet by 

the galvanizing bath by the well-established Fe dissolution and Fe2Al5-xZnx precipitation and 

growth reactive wetting process. A summative schematic of the evolution of the substrate surface 

during the two-stage thermal cycle and subsequent immersion in the galvanizing bath is shown in 

Figure 5.13. 

.  
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Figure 5.13: Summative schematic showing the evolution of surface and near-surface structures 

at each stage in the thermal cycle. 

 

5.6 Conclusions 

The reactive wetting of a prototype 0.15C-5.6Mn-1.9Al-1.1Si (wt%) third-generation 

advanced high-strength steel was achieved by a conventional Zn(Al,Fe) continuous galvanizing 

bath containing 0.2 wt% dissolved Al. The austenitization treatment (890°C for 600 s, dew point 

of –10°C) served to pre-oxidize the near-surface solutes, and most of these oxides were removed 

during the subsequent flash pickling treatment. Following this, intercritical annealing (710°C for 

120 s) was performed in a wide span of process atmosphere pO2 (dew points of –30, –10, or +5°C), 

resulting in successful reactive wetting and adherent galvanized coatings.  

The pre-immersion oxides following the intercritical anneal were discrete and dispersed 

nano-scaled MnAl2O4, which meant that much of the substrate Fe was accessible for reactive 

wetting by the galvanizing bath metal. Moreover, the internal oxidation of ignoble alloying 

elements resulted in the extrusion of Fe nodules at the surface and increased the available surface 



PhD Thesis – D. Pallisco – McMaster University – Materials Science & Engineering – 2021  

172 

area for Fe dissolution and the formation of the desired Fe2Al5-xZnx interfacial layer. In addition, 

there was evidence of several secondary reactive wetting mechanisms that had previously been 

identified for low-alloyed 1G AHSS and model 0.1C-6Mn-2Si-(0-0.05)Sn (wt%) substrates, 

namely oxide cracking and lift-off, and oxide bridging by the liquid metal bath. Furthermore, liquid 

bath metal penetration into the substrate occurred through a combination of internal oxide cracking 

and the newly proposed reactive wetting mechanism of infiltration via porous internal oxide 

structures that manifested due to the dissolution of MnO, MnSiO3, and Mn2SiO4 during flash 

pickling. These mechanisms resulted in high-quality coatings with an integral Fe2Al5-xZnx 

interfacial layer, irrespective of dew point employed during intercritical annealing. The coatings 

resisted significant cracking and flaking during uniaxial tension and three-point bending.  

In conclusion, this work showcases a prospective processing route to facilitate the 

galvanizing of medium-Mn 3G AHSS by selectively oxidizing the near-surface solute during the 

austenitization step and dissolving the external oxides by flash pickling. During intercritical 

annealing, no significant additional external oxidation would occur and the substrate could then 

be reactively wet by a conventional galvanizing bath after intercritical annealing at a wide range 

of process atmosphere pO2.  
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6 Global Discussion 

This chapter will present a summative discussion of the main results from Chapters 3 to 5. 

The microstructural and mechanical property development of the alloy will be discussed first and 

lead into an analysis of the effects of process atmosphere pO2 on the selective oxidation and 

reactive wetting of the substrate.  

6.1 Microstructural and Mechanical Property Development 

The microstructural and mechanical property evolution of the experimental alloy in the 

present work was determined as a function of starting microstructure and CGL-compatible 

intercritical annealing parameters. It was determined that the mechanical properties achieved were 

related to the morphology and chemistry of the retained austenite in the final microstructure, which 

affected its mechanical and chemical stability (and therefore its TRIP kinetics), as well as its 

stacking fault energy (and therefore its TWIP kinetics).  

 A comparison of the CR-665°C and MF-665°C SEM (Figure 3.5(a-b)) and TEM (Figure 

3.10 and Figure 3.11) micrographs demonstrates the clear role of starting microstructure on the 

morphology of the microstructures obtained after intercritical annealing. The retained austenite in 

the MF-665°C sample was lamellar (Figure 3.5(b) and Figure 3.11), as opposed to the polygonal 

retained austenite in the CR-665°C sample (Figure 3.5(a) and Figure 3.10). Previous work on low-

alloy TRIP and medium-Mn steels has shown that the lamellar retained austenite is more 

mechanically stable than polygonal retained austenite due to the mechanical constraint imposed 

by surrounding high-strength phases (namely martensite and/or bainitic ferrite) [1–4]. In addition 

to its higher mechanical stability, it has been proposed that lamellar retained austenite is more 

chemically stable because the C and Mn from the surrounding martensite only need diffuse across 

the relatively small half-lath retained austenite width (~50 nm) instead of a larger polygonal 
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retained austenite grain (at least ~100 nm), leading to a more significant accumulation of C within 

the lath-like retained austenite and, thus, higher chemical stability [5,6].  

In the present work, these hypotheses are supported by comparing the volume fraction of 

retained austenite as a function of true strain for the CR-665°C and MF-665°C samples in Figure 

3.9(b). Examination of this plot shows that these samples had approximately the same initial 

volume fraction of retained austenite (0.23-0.25) after intercritical annealing; however, the CR-

665°C sample had accelerated TRIP kinetics compared to the MF-665°C sample. It is also 

important to note that the MF-665°C sample did not exhaust the TRIP effect, i.e., the retained 

austenite therein was hyperstable and did not completely transform to martensite during 

deformation. An additional point of comparison of the chemical stability of the retained austenite 

in these samples can be made by examining their respective chemical compositions in Table 3.4. 

The experimentally determined C content was higher for the retained austenite in the MF-665°C 

samples than for the CR-665°C samples, which supports the argument that the lamellar retained 

austenite in the MF-665°C sample was more chemically stable due to the shorter diffusion 

distances for C enrichment from the surrounding martensite. Consequently, the calculated SFE of 

the CR-665°C samples was lower than that of the MF-665°C samples (approximately 15 vs. 18 

mJ/m2) (Table 3.4), which are within the typically accepted range for the activation of the TWIP 

effect [7]. Indeed, some evidence of deformation twinning was observed via TEM (Figure 3.10 

and Figure 3.11), however, this mechanism was likely not sufficient to provide the required work 

hardening rates to achieve the 3G AHSS mechanical property target envelope of 24,000 MPa% ≤ 

UTS × TE ≤ 40,000 MPa% [8–10], as shown in Table 3.3.   

As shown in Table 3.3 and Figure 3.6, improved mechanical properties were obtained for 

the MF-710°C and MF-740°C samples relative to the CR-665°C and MF-665°C samples, with the 
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best combination of strength and ductility offered by the MF-710°C treatment. It should be noted 

that both the MF-710°C and MF-740°C samples achieved the general mechanical property targets 

for 3G AHSS [8,9], as shown in Table 3.3. Similar to the MF-665°C samples, the MF-710°C and 

MF-740°C samples had lamellar retained austenite (see SEM images in Figure 3.5(c-d) and TEM 

micrographs in Figure 3.12 and Figure 3.13). The retained austenite in these samples likely had 

similar mechanical stability to the retained austenite in the MF-665°C sample, but had different 

chemical compositions (Table 3.4) and, thus, lower chemical stabilities. Thus, the overall TRIP 

kinetics were more rapid for the MF-710°C and MF-740°C samples than for the CR-665°C and 

MF-665°C samples, leading to improved work hardening rates for the former two compared to the 

latter two (Figure 4.6(c)). The TRIP effect was exhausted more rapidly in the case of the MF-

740°C sample relative to the MF-710°C sample (Figure 3.9), implying that the chemical stability 

of the retained austenite decreased with increasing annealing temperature. This is in agreement 

with Steineder et al. [11,12], who showed showing that higher intercritical annealing temperatures 

resulted in the formation of more intercritical austenite with a lower C and Mn content.  

The inflections in the work hardening rate plot (Figure 3.6(c)) suggested that a plasticity-

enhancing mechanism was activated, and this was experimentally confirmed via XRD (Figure 3.9) 

and TEM (Figure 3.12 and Figure 3.13). A quantitative assessment of the TWIP kinetics was not 

performed, but the differences in the mechanical properties observed between the MF-710°C and 

MF-740°C samples can be largely explained by the differences in TRIP kinetics in these samples, 

as evidenced by the TRIP kinetics data shown in Figure 3.9. To summarize, the retained austenite 

in the MF-740°C samples transformed more rapidly than in the MF-710°C samples (Figure 3.9), 

which resulted in higher initial work hardening rates (Figure 3.6(c)) for the MF-740°C samples. 

However, the retained austenite in the MF-740°C samples completely transformed to martensite 
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(i.e., the TRIP effect was exhausted) at a lower true strains (Figure 3.9) compared to the MF-710°C 

samples, which resulted in the onset of plastic instability at lower strains and, thus, the observed 

lower total elongation (Figure 3.6(a), Table 3.3).  

It should be noted that all of the experimental heat treatments resulted in significant post-

uniform elongations (in excess of true strains of 0.6), as documented in Figure 3.7. This is 

promising for alloy formability as it is known that there is a correlation between cross-sectional 

area reduction at fracture in uniaxial tension and performance in local forming operations, such as 

hole expansion ratio and bending [13–16].  

The work presented in Chapter 3 allowed for the identification of a thermal processing 

route that could achieve 3G AHSS mechanical property targets using CGL-compatible intercritical 

annealing parameters. Moreover, it was shown that the mechanical properties were sensitive to 

intercritical annealing parameters due to their effect on the chemical stability of the retained 

austenite, which affected TRIP kinetics. Accordingly, an intercritical annealing temperature could 

be strategically selected to tailor the strength-ductility balance of the steel. It was also 

demonstrated that the desired lamellar morphology of retained austenite could be achieved from a 

mostly martensitic starting microstructure. The MF-710°C processing cycle was identified as a 

candidate heat treatment for the subsequent selective oxidation and reactive wetting trials that were 

presented in Chapters 4 and 5, respectively, as discussed in the following section. 

6.2 Selective Oxidation and Reactive Wetting 

The selective oxidation study in Chapter 4 sought to determine the effect of process 

atmosphere pO2 during both the MF and IA stages of the MF-710°C processing cycle selected 

from the results discussed in Chapter 3. The FIB-prepared trench cuts in Figure 4.3 show a 

compact, multi-layered, and complex external oxide structure formed regardless of the pO2 
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employed during the MF treatment. All samples exhibited some degree of external oxidation, even 

at the highest dew point investigated (+5°C, Figure 4.2, Figure 4.3, Figure 4.6, and Figure 4.8). In 

addition to possible oxidation during heating to the peak temperature, this has been attributed to 

the accelerated diffusion of solute through the heavily dislocated cold-rolled martensitic 

microstructure. Previous work by Rapp [17] on Ag-In alloys indirectly verified that cold work 

increases solute diffusivity and, thus, increased the pO2 required for the transition from external to 

internal oxidation.  

 The MF -10°C dp external oxide structure (Figure 4.10) documented in this work is 

somewhat unique compared to previously documented external oxide structures observed on 1G 

AHSS [18–21] and a model 0.2C-6Mn-2Si-(0-0.05Sn) (wt%) steel [22,23]. In the present case, the 

external co-precipitation of MnSiO3, Mn2SiO4, and MnAl2O4 nodules (rather than layers) beneath 

a compact MnO layer (Figure 4.10) after the MF -10°C dp anneal is inextricably tied to the 

excellent reactive wetting that was observed for the samples presented in Chapter 5 (Figure 5.3 

and Figure 5.4), i.e., MF (-10°C dp)+IA (-30°C dp, -10°C dp, or +5°C dp). The external oxide 

layer arising from the MF –10℃ dp annealing treatment was too thick (approximately 150-200 

nm) (Figure 4.3, Figure 4.6, and Figure 4.10) to attempt intercritical annealing and galvanizing 

without an intermediate flash pickling treatment, as previous studies have shown that a typical 4 s 

immersion time can only reduce approximately 80 nm of MnO [24]. Moreover, the aluminothermic 

reduction of other oxide species, such as MnSiO3, Mn2SiO4, and MnAl2O4, has not been 

experimentally proven. A conventional HCl-based flash pickling solution effectively removed the 

MnO and Mn-Si oxides [25–27] (Figure 4.12). As shown in Figure 4.12, Figure 5.10, and Figure 

5.12, the MnAl2O4 nodules present after intercritical annealing were sufficiently spaced that these 

nodules did not preclude reactive wetting of the substrate by the galvanizing bath.  
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In addition, the MF annealing step resulted in the formation of an extensive internal oxide 

network ranging from approximately 6 to 10 μm in depth depending on the dew point (Figure 4.5 

and Figure 4.7). The formation of this internal oxide network had two primary consequences for 

the external pre-immersion structures on the substrate surface: (1) the extrusion of Fe nodules 

(Figure 4.2), and (2) the effective depletion of solute from the near-surface region (Region 5 in 

Figure 4.10 and Figure 4.11; Region 1 in Figure 4.12 and Figure 4.13; Region 4 in Figure 4.15 and 

Figure 4.16). The extrusion of Fe nodules is due to the volumetric expansion associated with 

internal oxidation, has been documented by several authors [28–32] and is known to facilitate 

direct reactive wetting by increasing the amount of metallic Fe available to react with the 

galvanizing bath metal [31,32]. The internal oxidation of Mn, Si, and Al resulted in a multi-micron 

deep solute-depleted layer of metallic Fe at the substrate surface. Meanwhile, the extensive internal 

oxide network retarded the diffusion of solute from deeper within the substrate (at the bulk 

composition) to the solute-depleted surface. The calculations presented in Chapter 4 (Figure 4.21) 

show that 120 s at 710°C would be insufficient to restore the solute-depleted surface layer, and 

thus, no significant additional selective oxidation occurred during intercritical annealing (Figure 

4.6 and Figure 4.14). Accordingly, the most significant contributor to the reactive wetting observed 

for this substrate is the solute-depleted and highly textured surface metallic Fe layer caused by the 

pre-oxidation of near-surface solute and extrusion of Fe nodules.  

Several secondary reactive wetting mechanisms were leveraged in order to fully reactively 

wet the substrate despite the antecedent MnAl2O4 nodules (Figure 4.4, Figure 4.14, Figure 5.2). 

Some comparisons can be made with previous work on model 0.2C-6Mn-2Si-(0-0.05Sn) (wt%) 

steels by Pourmajidian and McDermid [33], who showed that improvements in coating quality 

were achieved after annealing at 690°C for 120 s by using higher dew points (-30°C and +5°C vs. 
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-50°C) and by making minor Sn additions to retard external oxidation kinetics. Their Sn-added 

grade that was intercritically annealed at –30℃ and +5℃ dew points was completely reactively 

wetted by means of previously documented mechanisms such as aluminothermic reduction of 

MnO, oxide bridging, molten bath metal ingress between the oxide and substrate, and oxide lift-

off. In the present case, excellent reactive wetting was achieved for all conditions explored (Figure 

5.3, Figure 5.4, and Figure 5.9(a-c)). In this work, no evidence of aluminothermic reduction was 

observed and there was only a single observation of Mn2SiO4 oxide film bridging by Fe2Al5-xZnx 

crystals (Figure 5.10, location B). Instead, the secondary reactive wetting mechanisms were the 

wetting and lift-off of MnAl2O4 nodules, as documented via TEM-EELS analysis (Figure 5.10 and 

Figure 5.12). In addition, a novel mechanism of bath metal infiltration via partially dissolved 

internal oxide structures has been proposed in this thesis to explain the veins of Zn and Fe-Al 

compounds embedded in the top 200 nm of substrate (Figure 5.10 and Figure 5.12). The 

publications by Pourmajidian and McDermid [23,33,34] undeniably show that this is not necessary 

for good reactive wetting of medium-Mn substrates, since their steels were not flash pickled and 

were successfully galvanized without this mechanism. However, the present work shows that 

medium-Mn substrates that are processed in a two-stage annealing treatment with intermediate 

flash pickling may have some near-surface channels from selectively dissolved oxides which can 

be effectively impregnated by liquid bath metal. The infiltrated bath metal solidified without 

significant shrinkage porosity (Figure 5.10 and Figure 5.12), provided mechanical interlocking of 

the coating with the substrate, and did not adversely affect the bending performance or coating 

adherence of the material (Figure 5.4 and Figure 5.5).  

Accordingly, this substrate (and similar) would likely be strong candidates for processing 

through conventional CGL infrastructure and would not necessarily require strategies such as high 
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dew point annealing or surface-active element alloying additions. The two-stage thermal cycle 

simultaneously promotes more robust mechanical properties than a single-step intercritical 

annealing cycle while facilitating reactive wetting of the substrate. A summative schematic 

showing the evolution of the substrate bulk and surface at each step in the processing route is 

presented in Figure 6.1. 

 
Figure 6.1: Summative schematic showing the evolution of the surface and bulk structures at 

each stage in the processing cycle, leading to the desired final bulk microstructure and successful 

galvanizing of the substrate. 
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7  Conclusions 

It has been determined that CGL-compatible annealing parameters can be selected for 

medium-Mn 3G AHSS grades that result in the desired mechanical property targets and the 

formation of high-quality galvanized coatings. The key findings from the present work are 

summarized below. 

The prototype 0.15C-6Mn-1.9Al-1.1 Si (wt%) steel achieved the general mechanical 

property targets for 3G AHSS using a two-stage CGL-compatible intercritical annealing treatment. 

The MF annealing step (890°C for 600 s) resulted in a 80% martensitic-20% ferritic microstructure 

with no detectable retained austenite. Subsequent intercritical annealing for 120 s from this 

martensitic-ferritic microstructure resulted in significant volume fractions of lamellar retained 

austenite whose chemical composition was a strong function of intercritical annealing temperature. 

As a result, several different mechanical property profiles were obtained due to differences in TRIP 

kinetics. The MF-710°C samples had the highest UTS × TE combination, which was attributed to 

these samples having a retained austenite chemical composition which enabled gradual exhaustion 

of the TRIP effect due to an appropriate 
sM  , as well as extensive mechanical twinning due to an 

appropriate stacking fault energy. Although the properties of the experimental substrate in this 

work were highly sensitive to IA temperature, it was determined that the desired 3G AHSS 

mechanical properties could be achieved using CGL-compatible thermal processing routes.  

The effects of process atmosphere pO2 on internal and external oxidation during each 

annealing step were determined. The MF treatment at dew points of -30°C, -10°C, and +5°C 

resulted in the formation of a 150-200 nm thick, compact external oxide layer comprising MnO, 

MnAl2O4 and MnSiO3/Mn2SiO4. Only discrete nodules of MnAl2O4 remained after flash pickling. 

No significant changes to the external oxide thickness or chemical speciation with process 

atmosphere dew point were found after intercritical annealing at 710°C for 120 s, since the solute 
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in the near-surface matrix had already selectively oxidized during the prior MF annealing step. 

The pre-immersion surface microstructure, therefore, comprised dispersed MnAl2O4 nodules 

(approximately 50 nm thick) and extruded Fe nodules from the oxide molar volume increase 

associated with internal oxidation. The internal grain boundary oxides had a core-shell oxide 

morphology, with Mn2SiO4 shells surrounding Al2O3 and MnAl2O4 cores. Subsequent intercritical 

annealing at 710°C for 120s at a dew point of -30°C, -10°C, or +5°C did not significantly alter the 

internal oxidation depth or oxide morphology.  

Successful reactive wetting was achieved for the experimental substrate by a conventional 

Zn(Al,Fe) continuous galvanizing bath containing 0.2 wt% dissolved Al using a 4 s immersion 

time. High-quality, formable galvanized coatings were formed when using an MF dew point of -

10°C and all experimental IA dew points. The dominant reactive wetting mechanism was direct 

dissolution and wetting of the solute depleted Fe surface by the liquid bath metal on account of the 

large area fraction of metallic Fe available arising from the flash pickling treatment and the 

extruded Fe nodules from internal oxidation. Several secondary reactive wetting mechanisms such 

as oxide cracking and lift-off, oxide wetting, and oxide bridging were documented. Moreover, bath 

metal penetration into the substrate by infiltration into partially dissolved internal oxide structures 

was identified as a novel reactive wetting mechanism. The coatings resisted cracking or flaking 

during three-point bending.  
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8  Opportunities for Future Research 

8.1 Future Research Directions 

There are numerous research directions worthy of future investigation that would accelerate the 

industrial development and implementation of galvanized medium-Mn 3G AHSS for automotive 

applications. Some of the next steps that could be explored as a continuation of the work presented 

in this thesis are: 

1) Modifying the chemical compositions of the prototype substrate to include micro-alloying 

elements (such as V, Nb, Ti). It is expected that the precipitation strengthening effects of 

V/Nb/Ti-carbides/nitrides/carbonitrides would improve the mechanical properties of the 

substrate. However, it would be helpful to determine the extent to which the retained 

austenite laths that surround these particles would be depleted in C (and therefore the extent 

to which the retained austenite would be chemically destabilized relative to a V/Nb/Ti-free 

reference alloy). This would likely affect the thermal processing requirements, TRIP/TWIP 

kinetics, formability, etc.  

2) Modifying the chemical compositions of the prototype substrate to include surface-active 

elements (such as Sn, Sb, Bi).  Surface active elements have been shown to retard selective 

oxidation kinetics and thus improve reactive wetting [1–7]. This thesis has shown that the 

two-stage processing of medium-Mn substrates can result in a relatively pure Fe surface 

that is available to react with the galvanizing bath due to the oxidation of solute near the 

surface during austenitization. However, the surface-active element alloying strategy may 

be beneficial for medium-Mn substrates undergoing a one-stage intercritical annealing 

process without the surface solute-depleting effects of the austenitization step. In these 

cases, it would be essential to know whether these additions would deleteriously impact 
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complex forming processes (such as hole-expansion and bending) due to grain boundary 

embrittlement [8].  

3) Additional formability testing, including high strain rate mechanical property assessment. 

The mechanical properties and fracture mechanisms of medium-Mn 3G AHSS in bending, 

plane strain, biaxial tension, hole expansion, and other common forming operations should 

be documented in order for these alloys to be applied by the industry. It would also be 

helpful to know the strain rate sensitivity of medium-Mn 3G AHSS in order to determine 

optimal forming process windows and model the deformation of vehicle components 

during crash events.  

4) Weldability studies. Resistance spot welding (RSW) is a common joining technique for 

automotive sheet, so the dynamic resistance profile, heat generation, and weld development 

during the RSW process must be well-understood for 3G AHSS. Galvanized coatings are 

known to affect the RSW process and alter the dynamic resistance curve  [9,10]. Moreover, 

work on a 0.1C-2Mn-0.7Si steel has shown that the internal Mn and Si oxides that form 

during annealing can increase the overall resistance of the faying surfaces, decrease the 

heat generation during welding, and shift the weld lobe curve to higher values of applied 

current or welding cycle time  [11]. Appropriate modifications to the weld schedule should 

be made to accommodate these changes. 

5) Modelling of the selective oxidation process. Though many efforts to model the selective 

oxidation of medium-Mn 3G AHSS alloys under CGL conditions are underway by various 

research groups, these efforts have primarily focused on thermodynamic considerations. 

Ideally the results would converge to a model (like that of Wagner [12], with accurate 



PhD Thesis – D. Pallisco – McMaster University – Materials Science & Engineering – 2021  

195 

values of g*, diffusion coefficients, etc.) that would account for the kinetics of the 

formation of complex oxides observed in this and many other works.  

6) Reactive wetting of medium-Mn 3G AHSS by other bath compositions (such as galvanneal 

or various Zn-Al-Mg alloys). The effects of bath chemistry and process atmosphere pO2 on 

the reactive wetting; coating phase morphology and distribution; interfacial layer formation 

and breakdown; and corrosion performance would be interesting to document. 

7) Fatigue performance of coated medium-Mn 3G AHSS. This would be a two-pronged 

investigation to determine the resistance of the substrate to failure by fatigue, in addition 

to the determination of the effects of repeated loading on the intactness and corrosion 

resistance of the galvanized coating.  
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