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ABSTRACT

TRIP-assisted steels combine high strength and good ductility, which makes them
attractive to the automotive industry. Simultaneously, galvanizing is essential for the
corrosion resistance of these steels. In industrial practice, the processing of TRIP-assisted
steels and galvanizing process must be combined.

Two Al-alloyed TRIP-assisted steels (1.0Al: 0.2C-1.5Mn-0.5Si-1.0Al (wt.%) and
1.5Al: 0.2C-1.5Mn-1.5A1 (wt.%)) were investigated in the present research work, where
two points are noteworthy. First, the experimental processing routes in the present work
are compatible with the continuous galvanizing process; second, it has been shown that
the two steels exhibit good galvanizability. The initial microstructure and its evolution
during plastic deformation of the two steels were examined. The kinetics of phase
transformations taking place during thermal processing and plastic deformation were
discussed. These results were linked to the work hardening behaviour with kinematic
hardening taken into account.

[t was confirmed that the retained austenite in the steels obtained through the
present galvanizing heat treatments contributed to the work hardening behaviour by
transforming to martensite during plastic deformation. The 1.5Al steel exhibited a better

work hardening behaviour due to the more stable retained austenite.

iii



Retained austenite of higher stability transformed to martensite more gradually

during plastic deformation, efficiently attenuating decreases in the instantaneous work

hardening rate, do/de , and giving rise to a smoother evolution of the incremental work
hardening coefficient, d(Lno)/d(Lne). One of the attenuating mechanisms was the

development of back stresses, which contributed kinematic hardening to the overall work
hardening. Gradual transformation of retained austenite to martensite continuously
supplied new obstacles to dislocations and delayed the saturation of back stresses.

Based on the present work and the previous work, it seems possible to process
galvanizable Al-alloyed TRIP assisted steels using continuous galvanizing thermal cycles,
which implies the possibility to combine continuous galvanizing and thermal processing

of TRIP-assisted steels.
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CHAPTER 1: INTRODUCTION

The development of high-strength steels for the automotive industry is stimulated
by the need to reduce vehicle weight in order to improve fuel efficiency while
continually improving passenger safety. Higher strength steels allow reduced sheet
thickness without losing component strength. It should be kept in mind that good
formability must not be sacrificed while improving the strength of steels. Thus, an
optimum balance between strength and formability is always desirable for the automotive
industry. Compared with other steels such as interstitial free, bake hardening, dual phase,

and martensitic steels, TRIP-assisted steels seem to well meet the requirement.

1.1 TRIP-assisted Steels

The acronym, TRIP, which stands for transformation-induced plasticity, was first
introduced by Zackay et al. (1967) to highlight the fact that plasticity can be enhanced by
the austenite-to-martensite transformation that takes place during the straining of some

austenitic stainless steels. Bhadeshia and Honeycombe (2006) reserved the term “TRIP-

1
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assisted” for steels in which the austenite (more precisely metastable retained austenite)
is a minor phase in the overall microstructure and undergoes martensitic transformation
during deformation. TRIP-assisted steels are usually low alloy steels. These steels
contain a multiphase microstructure of a ferrite matrix, bainitic ferrite, retained austenite
and possibly martensite. Retained austenite is obtained through an isothermal bainitic
transformation, where precipitation of carbides is suppressed by using alloying element
additions such as Si [Matsumura et al. (1987)] or Al [Mahieu et al. (2002a), Jacques et al.
(2001a), De Meyer et al. (1999a)].

There are two kinds of TRIP-assisted steels, which undergo different thermo-
mechanical processing routes. One is hot rolled and the other one is cold rolled. Hot
rolled TRIP-assisted steels start from hot-rolled strips which are fully austenitic. After
finish rolling, hot strips going through a run-out table (ROT) are cooled using controlled
cooling processes and coiled at a controlled temperature to obtain the desired multiphase
microstructure. Figure 1.1 a) is an illustration of the cooling and coiling processes for a
0.233C-1.540Mn-1.365Si (wt.%) hot-rolled TRIP-assisted steel; the cooling and coiling
processes are superimposed on a CCT diagram in Figure 1.1 b) to illustrate the phase
transformations taking place during processing [Wu and Li (2006)]. In this case, a
three-stage cooling process is utilized to bring the sheet to the coiling temperature of

~400 °C. The first water cooling avoids relaxation after deformation and retains a high

2
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Finish Rolling

Air cooling
Vater cooling  Water cooling
H*H H+H Coiling
X J
Y
Run-out-Table

a) Controlled cooling and coiling processes
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b) controlled cooling processes superimposed on a CCT diagram

Figure 1.1 Schematic illustration of thermomechanical controlled processing (TMCP)
of hot-rolled TRIP-assisted steels [Wu and Li (2006)]
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dislocation density in austenite. The subsequent air cooling allows the formation of
polygonal ferrite, and, simultaneously, the carbon concentration in the remaining
austenite is enhanced. The second water cooling stage is needed to avoid pearlite
formation. The final step is coiling and leads to bainitic transformation and further
carbon enrichment of the remaining austenite, which is retained at room temperature.
Hot-rolling can only be used to produce strip down to a gauge of 3 mm. Cold-rolling, on
the other hand, is routinely used to produce thinner-gauge strip. The processing of cold-
rolled TRIP-assisted steels is a two-stage (intercritical annealing and isothermal bainitic
transformation) heat treatment route. Producing cold-rolled TRIP-assisted steels is one
task of the present research work. The thermal processing route will be explained in

detail in Chapter 2.

1.2 Galvanizing of TRIP-assisted Steels

The use of thinner gauge strips requires that steels must be corrosion resistant in
order to retain their mechanical properties. Zinc coatings are predominantly used to
protect steels against corrosion. Typical processing methods used to produce zinc
coatings include hot-dip galvanizing, thermal spraying and electrodeposition. Hot-dip
galvanizing can be conduced through a batch process or a continuous process. The

continuous process is more advantageous for coiled steel strips.

4
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The structure of a zinc coated steel consists of 1) the overlay or coating alloy, 2)
an inter-facial layer between the overlay and the substrate steel, and 3) the substrate steel.
The interfacial layer, termed inhibition layer, is essential in inhibiting the formation
Fe-Zn intermetallics, which are brittle. To produce a ductile coating, low Al additions
(0.1 ~ 0.3wt.%) to molten zinc are used in order to form the continuous inhibition layer
of Fe;AlsZny (n) [Marder (2000)]. Before the formation of the inhibition layer, molten
zinc must wet the steel surface. However, this can be obstructed by the oxides of Mn and
Si, commonly used as alloying elements of TRIP-assisted steels [Mahieu et al. (2002b)
and (2001)]. It was shown that the wettability of the steel surface can be improved when
substituting Al partially or completely for Si [Bellhouse and McDermid (2008), Bell-
house et al. (2007), Mahieu et al. (2002b)].

Another problem when galvanizing TRIP-assisted steels is that current
continuous galvanizing lines are usually not compatible with the thermal processing
routes of TRIP-assisted steels. The important work attempting to produce TRIP-assisted
steels with desirable mechanical properties using heat treatment routes compatible with
the continuous galvanizing process has been done by Bellhouse and McDermid (2007)
and Mertens and McDermid (2005). The compatibility between the continuous
galvanizing and processing of galvanizable TRIP-assisted steels will be reviewed in

detail in Chapter 2.
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CHAPTER 2: LITERATURE REVIEW

2.1 Processing of TRIP-assisted Steels

This section focuses on the processing of cold-rolled TRIP-assisted steels, of
which the initial microstructure consists of deformed proeutectoid ferrite and pearlite.
Proeutectoid ferrite is the ferrite coming from prior austenite during cooling from the
austenite or austenite-ferrite phase fields. The processing route comprises two stages:
Stage I - Intercritical Annealing (IA) and Stage II - Isothermal Bainitic Transformation
(IBT) (Figure 2.1).

In Stage I, the steel is annealed at a temperature between the Ac; and Ac; to form
a two-phase microstructure of ferrite and austenite. The steel is then quenched to a lower
temperature (Stage II), where some of the intercritical austenite transforms to bainitic
ferrite. Simultaneously, the remaining austenite is enriched with carbon and as a result it
is retained to room temperature after subsequent quenching. Details of the micro-
structural evolution during these two key stages will be given in §2.1.1 and §2.1.2. In

addition, the effects of alloying elements on the both processing stages will be discussed.

6
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Particular emphasis is placed on the effect of Al as it has been used to obtain the
galvanizable TRIP-assisted steels used in the present research work [Bellhouse and

McDermid (2008), Bellhouse and McDermid (2007), Bellhouse et al. (2007)].

A Stage I . Stage IT
.-’-\c 3 ; ;
i ; ' Stage I: Intercritical Annealing

Axcl_ ________ e Recrystallization of ferrite

‘;‘ ' e Formation of austenite

2 ' Stage II: Isothermal Bainitic Transformation
§ e Bainitic transformation

E e Stabilization of retained austenite

Time

Figure 2.1 Schematic two-stage processing of cold-rolled TRIP-assisted steels

2.1.1 Intercritical Annealing

The objective of intercritical annealing is to obtain intercritical austenite. Its
amount can be controlled by the selection of annealing temperature; the higher the
annealing temperature, the larger the amount of austenite. In previous work, the amount
of intercritical austenite was frequently selected between 30 - 60% [e.g. Lee et al. (2004),

Mahieu et al. (2002a), Jacques et al. (2001a), Kim et al. (2001)]. The intercritical



M.A.Sc. Thesis - Y. Bian McMaster - Materials Science & Engineering

annealing temperature needs to be uniquely determined for each steel since the
composition of the steel affects Ac; and Acs. It was shown that Al additions not only
increase Ac; and Acs but also expand the two-phase region [De Meyer et al. (1999a),
Garcia- Gonzalez (2005)]. As a result, a higher intercritical annealing temperature is
required for Al-alloyed TRIP-assisted steels.

Samajdar et al. (1998) found that, during intercritical annealing of TRIP-assisted
steels, austenite nucleates within pearlite colonies. This transformation includes two steps,
which are the spheroidization of cementite and the nucleation and growth of austenite
from the spheroidized cementite particles. This process occurs rapidly leading to
complete pearlite dissolution [Speich et al. (1981)]. Subsequently, austenite may nucleate
and form at ferrite grain boundaries.

In addition to the formation of austenite, recrystallization of proeutectoid ferrite
also takes place during intercritical annealing [Garcia-Gonzalez (2005), Huang et al.
(2004), Samajdar et al. (1998)]. The process of recrystallization replaces deformed
proeutectoid ferrite grains with equiaxed grains. The driving force of recrystallization is
the energy stored in the steel due to cold rolling. Upon annealing, the stored energy is
released by recrystallizaion [Huang et al. (2004)]. It was shown that ferrite re-
crystallization is rapid and usually starts during heating to the intercritical annealing

temperature. In the work of Garcia-Gonzalez (2005), the intercritical annealing

8
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temperature did not affect the percentage of recrystallized ferrite too significantly, but it
was affected by the steel composition. When a lower-Al steel (0.15C-1.52Mn-0.31Si-
0.051A1 (wt.%)) and a higher-Al steel (0.15C-1.52Mn-0.31Si-1.0Al (wt.%)) were both
intercritically annealed to produce 35% and 55% austenite (i.e. 65% and 45% ferrite),
respectively, it was shown that 55% of the ferrite had recrystallized in the lower-Al steel
for the both intercritical annealing temperatures, compared to a recrystallized fraction of
75% in the higher-Al steel for the both annealing temperatures. This implies that Al
additions encourage ferrite recrystallization. Garcia-Gonzalez (2005) also found that
there was a relation between austenite formation and ferrite recrystallization. The rate of
austenite formation from unrecrystallized ferrite is very rapid, and decreased once ferrite
recrystallization was completed. Huang et al. (2004) stated that ferrite recrystallization
interacts strongly with austenite formation, and this interaction affects not only the
kinetics of austenite formation but also the spatial distribution and morphology of
austenite.

Following intercritical annealing, “new” ferrite grains may form upon quenching
to the lower isothermal bainitic transformation temperature. Figure 2.2 shows a CCT
diagram for a steel which was intercritically annealed at 770°C, where 35% austenite was
produced. It is clear that ferrite formation begins immediately upon cooling from the

intercritical annealing temperature. Such ferrite formation has also been reported else-
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Figure 2.2 CCT diagram from Tinercritical Anneating=770°C (35% intercritical austenite),
Steel composition: 0.15C-1.52Mn-0.31Si-1.041 (wt.%) [Garcia-Gonzalez (2005)]

where [Suh et al. (2007), Huang et al. (2004), Lee et al. (2004), Kim et al. (2001), Minote
et al. (1996)], and was occasionally referred to as intercritical ferrite growth. It is worth
noting that, accompanying the formation of “new” ferrite, carbon is rejected to untrans-
formed austenite, and thus causes carbon enrichment of the remaining austenite. Al has
been observed to increase the formation of “new” ferrite [Garcia-Gonzalez (2005), Suh et
al. (2007)]. In the work of Suh et al. (2007), it was shown that as much as 50% of the
intercritical austenite transformed to ferrite when a 0.15C-1.47Mn-0.30Si- 0.98 Al (wt.%)

steel was cooled at a rate of 20°C/s to a bainitic transformation temperature of 450°C.
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This ferrite formation can be avoided using a very high cooling rate. For example, a
cooling rate of 120°C/s was necessary to avoid significant transformation of interciritical
austenite to ferrite for a 1.2wt.%Mn steel and 50°C/s was required in the case of a

2.4wt.%Mn steel [Garcia-Gonzalez (2005), Brandt (1997)].

2.1.2 Isothermal Bainitic Transformation

Following Intercritical Annealing (Stage I), TRIP-assisted steels are usually
quenched to a lower temperature where the Isothermal Bainitic Transformation (IBT)
takes place (Stage II). During Stage II, the remaining austenite starts to transform to
bainitic ferrite without carbide formation. Conventionally, the isothermal bainitic
transformation temperature was selected around 400 °C [De Cooman (2004)].

Different transformation mechanisms have been proposed for the isothermal
bainitic transformation of TRIP-assisted steels. These are 1) displacive or diffusionless, 2)
diffusional and 3) coupled diffusional/displacive mechanisms. Several investigators
[Gaude-Fugarolas and Jacques (2006), Jacques (2004), Jacques et al. (1999), Girault et al.
(1999)] have extensively investigated the isothermal bainitic transformation and
suggested that the majority of experimental observations can be interpreted in terms of
the displacive mechanism postulated by Bhadeshia and Edmonds (1980). It states that the

bainite reaction involves repeated nucleation and growth of small sub-units of super-
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saturated bainitic ferrite, and partitioning of carbon occurs only after the growth stops.
Carbon can either form a distribution of carbides or redistribute into the surrounding
untransformed austenite. The bainite reaction is therefore a nucleation-controlled trans-
formation. The process is schematically shown in Figure 2.3. Diffusionless growth
requires that transformation occurs at a temperature below T, where the free energy of
bainite is less than that of austenite of the same composition. A locus of the T
temperature as a function of carbon concentration forms the Ty curve, which is shown in
Figure 2.4. In this figure, austenite with a carbon concentration to the left of the Ty
boundary can transform without any diffusion; diffusionless transformation is thermo-

dynamically impossible if the austenite carbon concentration exceeds the Ty curve.
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Figure 2.3 Schematic illustration of the microstructural features relevant
in the kinetic description of a bainitic microstructure [Bhadeshia (2001)]
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Figure 2.4 Schematic illustration of the origin of the T, construction
on the Fe-C phase diagram [Bhadeshia and Honeycombe (2006)]

In the particular case of TRIP-assisted steels, bainitic transformation kinetics are
different in at least two ways from the above description. The first is that the relatively
small austenite grain size limits the repeated nucleation of sub-units (the autocatalytic
effect). The second is that the precipitation of carbides must be suppressed in order to
reject as much carbon as possible into the surrounding austenite to chemically stabilize it.

Jacques (2004) proposed that a small intercritical austenite grain size on the order

of a few microns inhibits the autocatalytic nucleation of sub-units which was described

13



M.A.Sc. Thesis - Y. Bian McMaster - Materials Science & Engineering

earlier [Bhadeshia and Edmonds (1980)]. In the case of the bainitic transformation in
TRIP-assisted steels and due to the small grain size, bainite sub-units can only nucleate
as parallel platelets that completely cross the austenite grain. To make this clear, the two
nucleation mechanisms are schematically compared in Figure 2.5. It is evident that the
much larger grain boundary area resulting from small grains promotes sub-unit
nucleation. As a result, the bainitic transformation from fine-grained austenite starts

earlier but proceeds at a slower rate [Jacques (2004)].

a) large austenite grains b) small austenite grains

Figure 2.5 Schematic illustration of two bainite growth mechanisms [Jacques (2004)]
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The kinetics of bainitic transformation in TRIP-assisted steels is dependent on the
hold temperature [Mertens et al. (2003), Girault et al. (1999), Jacques et al. (1999)].
Figure 2.6 shows that a higher hold temperature increases the rate of bainitic trans-
formation. Jacques et al. (1999) and Girault et al. (1999) attributed this effect to the
unique nucleation mechanism within fine-grained austenite. To understand this, it is
important to realize that the initial nucleation of bainite sub-units gives rise to
heterogeneous carbon distribution in the small austenite grain and this restricts the
opportunity for the nucleation of the next sub-units. The build-up of carbon near
bainite/austenite interfaces persists more significantly at a lower holding temperature,
and hinders further bainite reaction. At a higher temperature, the heterogeneity of carbon
distribution is released due to the thermal activation of carbon diffusion, and thus the
global transformation kinetics appear faster.

The isothermal bainitic transformation temperature also affects the carbon
content of the retained austenite. It was previously mentioned that further transformation
is impossible when the austenite carbon concentration reaches the Ty curve. Figure 2.7
shows that the phase transformation terminates earlier at a higher holding temperature
and leads to a lower carbon content in retained austenite. This is not desirable because
the lower carbon content makes the final retained austenite less resistant to the trans-

formation to martensite upon quenching or plastic deformation.
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Figure 2.6 Bainitic transformation kinetics showing the effect of hold temperatures
(Steel: 0.11C-1.53Mn-1.50Si (wt.%)) [Girault et al. (1999)]
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Figure 2.7 Ultimate austenite carbon contents affected by holding temperatures (dots)
(Steel composition: 0.11C-1.53Mn-1.50Si (wt.%)) [Girault et al. (1999)]
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It should be noted that, in addition to the isothermal bainitic transformation
temperature, the hold time at this temperature also affects the ultimate retained austenite
carbon content. Figure 2.8 clearly shows that, in case of a lower holding temperature, a
higher carbon content can be obtained only if the hold time is long enough. If the hold
time is not sufficient, the carbon content in austenite can not reach the Ty line. A more
important consequence shown by Figure 2.8 is that precipitation of carbides occurs more
easily at a higher holding temperature, which significantly decreases the carbon content
in retained austenite and must be avoided in processing TRIP-assisted steels. Traint et al.
(2002) reported that carbides started to precipitate between 450 ~ 475 °C and this

temperature range was not significantly affected by the composition of steels.
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Figure 2.8 Equilibrium phase diagram calculated using ThermoCalc®
schematically showing the carbon concentration process in austenite
(Steel composition: 0.21C-1.45M-1.49Si (wt.%)) [Hashimoto et al. (2004)]
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The suppression of carbide precipitation in TRIP-assisted steels is achieved by
using various alloying elements. These elements can be Si, Al, P or Cu. The mechanism
by which these elements suppress carbide precipitation might be that these elements are
not soluble in carbides [Thelning (1984)]. Si is an alloying element conventionally used
in TRIP-assisted steels as it also imparts a significant solid solution hardening effect
[Matsumura et al. (1987)], but its oxides often lead to poor quality zinc coatings [Mahieu
et al. (2002b) and (2001)]. The principle reason for the use of Al is to improve the
galvanizability of TRIP-assisted steels [Bellhouse and McDermid (2008), Bellhouse et al.
(2007), Mahieu et al. (2002b)], which will be reviewed in detail in §2.1.3.

Most of studies indicated that Al additions enhanced the kinetics of bainitic
transformation, as seen by comparing a 1.5Si steel with a 1.0Al steel (Figure 2.9)
[Soliman and Palkowski (2008), Mertens et al. (2003), Mahieu et al. (2002a), Jacques et
al. (2001a)]. Using ThermoCalc®, Soliman and Palkowski (2008) calculated the driving
force of the transformation of austenite to ferrite (AG" ) for two steels with varying Al
contents (Figure 2.10). It confirms that a higher Al content gives rise to faster bainitic
transformation kinetics. It should be pointed out that, in the work of Soliman and
Palkowski (2008), a cooling rate of 50 °C/s from intercritical annealing to isothermal
bainitic transformation was used and their dilatometric experiments indicated that no

ferrite formation occurred during the cooling. Mahieu et al. (2002a) and Jacques et al.
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(2001a) used cooling rates of 50 °C/s and 70 °C/s, respectively, and they also did not
report the ferrite formation during the cooling from intercritical annealing to isothermal
bainitic transformation. Mertens et al. (2003) did not report the cooling rates in their
work. It was mentioned in §2.1.1 that ferrite formation can occur during quenching from
intercritical annealing to isothermal bainitic transformation, leading to carbon enrichment
of the remaining austenite before the start of bainitic transformation. In this case, the

kinetics of isothermal bainitic transformation could be changed by ferrite formation.

Vh/Vbmax

1000

Holding time (s)

Figure 2.9 Effect of Al on bainitic transformation kinetics at 410°C (1.041: 0.12C-
1.5Mn-1.041 (wt.%), 1.5Si: 0.15C-1.5Mn-1.5Si (wt.%)) [Mertens et al. (2003)]

ThermoCacl® calculations also indicated that a higher Al content moved the T

line to right (Figure 2.11) [Soliman and Palkowski (2008)], which implies that retained
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Figure 2.10 Calculated driving force of transformation from austenite to ferrite
(Steel 1: 0.278C-1.48Mn-0.852Si-0.228A1 (wt. %), Steel 2: 0.254C-
1.37Mn-0.869Si-0.643A1 (wt.%)) [Soliman and Palkowski (2008)]
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Figure 2.11 Calculated Ty curves showing the effect of Al additions
(Steel 1: 0.278C-1.48Mn-0.852Si-0.228A1 (wt.%), Steel 2: 0.254C-
1.37Mn-0.869Si-0.643A1 (wt.%)) [Soliman and Palkowski (2008)]

austenite in a higher-Al alloyed TRIP-assisted steel is able to obtain a higher carbon
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content in the case of a proper bainitic transformation hold time. It can be seen that the
combined effects of faster bainitic transformation kinetics and a right-shifted T line due
to Al additions can make the isothermal bainitic transformation of Al-alloyed TRIP-
assisted steels very different from that of Si-alloyed TRIP-assisted steels.

Kim et al. (2001) and Brandt (1997) showed that bainitic transformation does not
take place immediately upon the steel being quenched to the isothermal bainitic trans-
formation temperature, which can also be seen in Figure 2.9. An incubation time exists
between the initial hold and the start of bainite formation. In the work of Brandt (1997), a
0.26C-1.22Mn-1.58Si-0.05A1 (wt.%) steel exhibited an incubation time of 40 s. Ghosh
and Olson (2001) stated that two things are happening during the incubation time. The
first is the continuation of ferrite formation that starts upon quenching from the inter-
critical annealing to isothermal bainitic transformation temperatures; the second is the

homogenization of carbon distribution within ferrite and austenite.

2.1.3 Compatibility between Thermal Processing of TRIP-assisted Steels and
Continuous Galvanizing

The conventional thermal processing route of cold-rolled TRIP-assisted steels has
been discussed in the last two sub-sections. It was mentioned, in Chapter 1, that the
continuous galvanizing process, compared with the batch process, is more advantageous

in hot-dip galvanizing of coiled steel strips. The issues when combining the conventional
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thermal processing route of cold-rolled TRIP-assisted steels and a continuous galvanizing
line, as well as the important work that has been done, will be reviewed in this sub-
section, starting with a brief description of the continuous galvanizing process.

Most of current continuous galvanizing lines comprise cleaning, continuous
annealing, hot-dipping, and subsequent cooling or galvannealing processes [Marder
(2000)]. Before thermal processing, the steel strip is usually cleaned using sodium
hydroxide (NaOH) with concentrations varying from 1.5 to 2.5% to remove rolling oils,
loose soils, surface carbon and iron fines. The cleaning section is then followed by a
continuous annealing section which performs two functions - deoxidation of the steel
surface and thermal processing of the steel to obtain the desired properties. A No/H,
reducing atmosphere at about 500-760 °C is used during annealing to further remove
residual organic contaminants and reduce surface oxides, which make the strip surface
difficult to be wetted by molten zinc. Annealing atmospheres are usually composed of
5-20vol.% H; (balance N;) with a controlled water vapour content to control the oxygen
partial pressure. On exiting the annealing furnaces, through a gas jet section, the steel
strip is cooled down to a temperature suitable for subsequent immersion into the molten
zinc bath. The zinc bath temperature, depending on the bath composition, is usually
about 450~470 °C. A typical dipping time is around 4 seconds. Upon exiting the zinc pot,

the excess liquid metal is forced backed into the bath by gas wiping dies, which are
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designed to precisely control and maintain a uniform coating thickness. After galvanizing,
the steel strip moves up to a cooling tower where the coating is cooled down, or is trans-
formed to an annealing furnace for galvannealing. To combine the current continuous
galvanizing line with the thermal processing route of cold-rolled TRIP-assisted steels, at
least two issues must be solved.

First, the current continuous galvanizing line usually does not have an isothermal
holding process suitable for bainitic transformation of TRIP-assisted steels (Stage II in
Figure 2.1). As already mentioned, this stage is conventionally conducted at ~400 °C [De
Cooman (2004)]. Nevertheless, this temperature must be changed to the zinc bath
temperature, which is about 450 ~ 470 °C, to make the processing route compatible with
the galvanizing line. The much higher bainitic transformation temperature gives rise to
faster bainitic transformation kinetics, a lower carbon content of the retained austenite,
and more chance for the decomposition of retained austenite to ferrite and carbides, as
discussed in §2.1.2. Carbide precipitation results in both a low amount of retained
austenite and a low carbon content of the retained austenite, which is not desirable in
producing TRIP-assisted steels.

Second, the reducing atmosphere used in the current continuous galvanizing line
(the mixture of N, and H,) is reducing for iron oxides but not for the oxides of Mn, Si

and Al. Mahieu et al. (2002b) and (2001) showed that a large amount of Mn,Si04 formed
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on the steel surface while galvanizing a conventional C-Mn-Si TRIP-assisted steel. This
oxide was unable to be reduced by the atmosphere of 95vol.% N, + 5vol.% H, (dew
point: -30 °C) and hindered molten zinc wetting the steel surface. It was shown that the
wettability of the steel surface was improved when Al was substituted partially or
completely for Si [Mahieu et al. (2002b)]. Bellhouse et al. (2007) investigated the
galvanizability of the 0.23C-1.52Mn-0.558Si-1.05A1 (wt.%) and 0.20C- 1.55Mn-1.52Al
(wt.%) steels, which are also the research objectives of the present work, and showed that,
despite the presence of some oxides, good reactive wetting occurred during galvanizing
in a zinc bath containing effective 0.2wt.% Al using the atmospheres of 95vol.% N, +
5vol.% H; (dew point: -30 °C) and 80vol.% N, + 20vol.% H, (dew point: -53 °C). It was
also shown that Mn and Si tended to be oxidized externally and Al tended to be oxidized
internally. MnO, Al,03, MnAl,0O4 and Mn,SiO4 were identified on the 0.23C-1.52Mn-
0.55Si-1.05A1 (wt.%) steel surface immediately prior to galvanizing; MnO, Al,O;, and
MnAlLO4 were identified on the 0.20C-1.55Mn-0.025Si-1.52A1 (wt.%) steel surface
immediately prior to galvanizing. After galvanizing [Bellhouse and McDermid (2008)],
the formed inhibition layer contained a mixture of Fe;Als and FeAl;. It was pointed out
that the oxide-containing surface was able to be wetted due to two mechanisms. First,
when Mn was in the form of MnO, the oxide was reduced by Al in the zinc bath. Second,

when Mn was in the form of Mn,Si104, Zn bridging of the oxide particles occurred. The
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presence of Al,O3 was not observed to be detrimental to the reactive wetting.

As previously discussed, Al additions affect both intercritical annealing and
isothermal bainitic transformation during the thermal processing, resulting in 1)
encouragement of ferrite formation, 2) faster bainitic transformation kinetics and 3)
right-shifted T line. Furthermore, Al is not as a good solid solution strengthener as Si
[Jacques et al. (2001a)].

Using thermal processing routes compatible with the continuous galvanizing
process, i.e. the isothermal bainitic transformation temperature was selected at 465 °C,
which are called galvanizing heat treatments in this thesis, Mertens and McDermid (2005)
and Bellhouse and McDermid (2007) investigated the optimum thermal processing
parameters for a series of Si-Al alloyed TRIP-assisted steels, where Al was substituted
for Si in intervals of 0.5wt.% such that the total Al + Si content of the steel was
maintained at 1.5wt.%. It was shown that, although it was difficult to obtain the desired
retained austenite in the Si-alloyed steel, a certain amount of retained austenite was
obtained with substitution of Si by Al. Especially, approximately 10 ~ 15vol.% retained
austenite was achieved in the 0.23C-1.52Mn-0.55Si-1.05A1 (wt.%) and 0.20C-1.55Mn-
1.52A1 (wt.%) steels [Bellhouse and McDermid (2007)]. The true ultimate tensile
strength (UTS) and uniform elongation (g,) were approximately 1,000 MPa and 0.20,

respectively, for the 0.23C-1.52Mn-0.55Si-1.05A1 (wt.%) steel. These values were about
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800 MPa and 0.25, respectively, for the 0.20C-1.55Mn-1.52A1 (wt.%) steel. These
properties are comparable with those of other Al-alloyed TRIP-assisted steels obtained

through conventional thermal processing routes, which are shown in Table 2.1.

Table 2.1 Properties of conventionally-processed TRIP-assisted steels containing Al

Isothermal Bainitc
Steel (wt.%) Trans- UTS / g, Source
formation Temperature

0.11C-1.55Mn- o

0.059Si-1.5A1 370 ~430 °C 700 MPa/0.22 Jacques et al. (2001a)
0.183C-1.56Mn- o 2

0.02Si-1.73A1 400°C 633 MPa/0.24 Mabhieu et al. (2002a)
0.31C-1.57Mn- - De Meyer et al.

0.34Si-1.23Al AEl saliEs (1999a)

This indicates possibility of producing TRIP-assisted steels using galvanizing heat
treatments, which have properties comparable to conventionally processed alloys.
Combining the thermal processing and continuous galvanizing of TRIP-assisted steels

appears promising when Al alloying element is used.
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2.2 Strain Hardening of TRIP-assisted Steels

The superior combination of strength and ductility exhibited by TRIP-assisted
steels is traditionally attributed to two mechanisms that dynamically enhance the
sustainability of the work hardening rate (do/de) of the steels. In other words, the
enhanced do/de can be sustained until high strains. The two mechanisms are 1) the
TRIP effect and 2) the composite strengthening effect [Jacques (2004)]. A third
hardening mechanism, which is rarely reported in the literature, is kinematic hardening.

All three mechanisms are reviewed in detail below.

2.2.1 TRIP Effect

In TRIP-assisted steels, deformation results in the gradual conversion of retained
austenite into martensite. Jacques et al. (2001b) proposed that, due to the shape change
and volume expansion accompanying the transformation from retained austenite to
martensite, extra dislocations are generated in the surrounding ferrite in addition to the
dislocations associated with normal strain hardening. The extra dislocations improve the
local strength of the ferrite grains. Figure 2.12 is a TEM micrograph showing the

dislocations generated in the surrounding ferrite. Through a theoretical calculation based
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on the elastic-plastic analysis of Hill (1950), Jacques et al. (2001b) showed a
correspondence between the strain-induced transformation rate and the strength-ductility

balance of TRIP-assisted steels.

Figure 2.12 TEM micrograph illustrating the dislocations generated in ferrite
at the tip of strain-induced martensitic variants [Jacques (2004)]

Perlade et al. (2003) proposed that the austenite phase is also strengthened due to the
TRIP effect. The argument is that strain-induced martensitic plates (Figure 2.13) partition
austenite grains, and this process decreases the dislocation mean free path. Since the
amount of retained austenite decreases through strain-induced martensitic transformation,

the contribution of such austenite strengthening is probably minor.
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Figure 2.13 Schematic morphology evolution of
strain-induced martensite [Perlade et al. (2003)]

2.2.2 Composite Strengthening Effect

[t is clear that the microstructure of TRIP-assisted steels resembles that of a
composite material. The yield strengths of ferrite, bainitic ferrite, austenite and
martensite measured using neutron diffraction are about 500 MPa, 650 MPa, 900 MPa
and 2000 MPa, respectively. As a result of the large variability of the strengths of the
different phases, stress and strain partitioning takes place during loading and dictates the
macroscopic stress-strain behaviour. In addition, the amounts of austenite and martensite
continuously change during deformation, and this will dynamically modify the stress and
strain partitioning. Based on the stresses carried on by the BCC (ferrite and bainitic
ferrite) and FCC (retained austenite) phases, which were evaluated using neutron
diffraction, Jacques (2004) calculated the global stress using the law of mixtures,

equation (2.1), with the martensitic term excluded. When the calculated results were
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compared to the measured macroscopic stress, a clear discrepancy was observed as
shown by the shaded area in Figure 2.14. This discrepancy corresponds to the

strengthening resulting from the continuously transformed martensite.
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Figure 2.14 Comparison of the macroscopic stress and the stress calculated
without taking into account the martensitic phase [Jacques (2004)]

[t is worth noting that Bhadeshia (2002) argued that the excellent mechanical
properties of TRIP-assisted steels are mainly due to the composite strengthening effect,
and it is possible that the role of the TRIP effect has been exaggerated when calling these

steels “TRIP-assisted” steels. Nonetheless, the strengthening contribution due to
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martensite formation should not be ignored because martensite can comprise as much as
20% of the total microstructure. In addition, martensite formation may play an important
role in enhancing the work hardening rate and delaying the onset of plastic instability, as

will be discussed in §2.4.

2.3 Kinematic Hardening

Another hardening mechanism which is rarely reported for TRIP-assisted steels is
“kinematic hardening”, due to the development of back stresses in a material. In this
section, first a general review of the development and measurement of back stresses will
be presented, and then some studies concerning kinematic hardening in “hard phase

dispersed” steels will be summarized.

2.3.1 Development of Back Stresses

Figure 2.15 is a schematic diagram showing a system consisting of a soft matrix
with hard particles. During plastic deformation of the system, the soft matrix plastically
flows, but the hard particles do not. Thus, incompatible deformation between the matrix
and hard particles occurs. When a dislocation by-passes the hard particle, it leaves a

dislocation loop around the particle. As more and more dislocation loops pile up, the
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result is unrelaxed strain surrounding the particle. As a result, internal stresses supported
by the hard particle are produced in this area [Embury (1987), Brown and Stobbs
(1971a)]. These stresses are referred to as back stresses. It should also be pointed out that
dislocation loops can also disappear, causing plastic relaxation. This process of plastic

relaxation relieves unrelaxed strain and reduces internal stresses.

Figure 2.15 Schematic illustration showing the development of
internal stresses due to incompatible deformation between hard
particles and the soft matrix, adapted from Embury (1987)

Using an experimental material that comprised undeformable spherical silica
particles in a soft copper matrix, Brown and Stobbs (1971b) showed that the value of
unrelaxed strain linearly increases with the square root of the macroscopically imposed
plastic strain provided that the plastic relaxation process around hard particles is not
significant. Brown and Stobbs (1971b) also proposed a microscopic model describing

the development of internal stresses, where the value of internal stresses linearly
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increases with the volume fraction of hard particles and the square root of plastic strain:

8be %
oy = fig) = afu( j (2.2)
Try

where, o is the internal stress, ¢, is the macroscopic plastic strain, ¢, is the unrelaxed
strain, fis the volume fraction of hard particles, b is the burger’s vector, x is the shear
modulus of the matrix, r is the particle radius and « is a constant associated with the
particle shape and size.

The internal stresses are directional in that they impede forward plastic flow, but
aid reverse plastic flow, which is why they are also referred to as “back stresses”. Here-
inafter, only the term “back stresses’ will be used. Since these back stresses must be

overcome during forward loading, they increase the forward flow stress. This

contribution to the overall work hardening of a material is called kinematic hardening.

2.3.2 Measurement of Back Stresses

Back stresses in two-phase materials have been conventionally investigated using
the Bauschinger test, which is schematically shown in Figure 2.16. The sample is loaded
to a pre-set strain, unloaded, and then compressed to obtain both a forward flow curve
and a reverse flow curve. To compare the forward curve and the reverse curve more

easily, the reverse curve is usually reflected to the same quadrant as the forward flow
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curve. By comparing the extrapolated flow curve (i.e. the flow curve if the loading was
continued without interruption) and the reflected reverse curve, two important features
can be observed [Orowan (1959)]:
1) part of the hardening in the forward direction is permanently removed in the
reverse flow, which gives rise to a discrepancy between the forward flow curve and
the reflected reverse flow curve, termed permanent softening (Ac),
2) yielding during reverse flow is gradual, which means that the absolute value of the
elastic limit is reduced in reverse flow. This reduction of the reverse elastic limit was
termed transient softening. It is what was originally observed by Bauschinger, and

named the Bauschinger effect.

Extrapolated forward curve

Reflected reverse curve

¢ offset
&
\Reverse flow curve

_——-—'

Figure 2.16 Schematic illustration of the Bauschinger test
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Since back stresses impede forward flow, the forward flow stress (o) can be

expressed as a linear sum of three terms [Ibrahim (1974)]:

Gp =0(+0C, +0g (2.3)
where oy is an initial yield stress, o, 1S the contribution of dislocation forest hardening
(isotropic hardening), and op is the back stress. It must be pointed out that o is different
from the initial macroscopic yield stress (oy), where oy is generally affected by transient
strengthening effects associated with initial dislocation locking and o excludes transient
sources of flow resistance [Bate and Wilson (1986), Wilson (1965)]. Ibrahim (1974)
determined ¢ by extrapolating the part of the stress-strain curve corresponding to
homogeneous deformation back to zero plastic strain, as shown in Figure 2.16. Assuming
that the effect of changes in oy, during forward and reverse flow can be neglected and
that directional back stresses are not significantly relaxed during unloading, the reverse
flow stress (oR) can be expressed using the equation:

Gp=0¢+0y, —Op. (2.4)
Using equations (2.3) and (2.4), the value of back stresses can be derived [Ibrahim

(1974)] as:

- —GC
oy =¥. (2.5)

This is in agreement with Atkinson et al. (1974), who argued that the value of the back

stress equals half of the permanent softening (Ac), as shown in Figure 2.16.

The overall work hardening contains two contributions, g, from isotropic
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hardening and op from kinematic hardening. The fraction of the kinematic component
within the overall work hardening, termed the Bauschinger Effect Ratio (B.E.R.), can be
expressed as [Moan (1977)]:

BER =t e OB (2.6)
G +0p  Op =0,

Wilson (1965) first estimated back stresses in the matrix using X-ray diffraction
and showed that the ratio between the magnitudes of back stresses and permanent
softening was about 0.53. If using the methodology of Ibrahim (1974), the reverse flow
stress (oR) is determined by extrapolating the part of the reflected reverse flow curve
parallel to the extrapolated forward flow curve back to zero reverse plastic strain (Figure
2.16), the back stress is found to be exactly one half of the permanent softening, in
excellent agreement with the measured value of Wilson (1965).

The disadvantage of using permanent softening to determine back stresses is that
a large reverse flow is needed, which is not always practical to perform experimentally.
Moan (1977) used an offset strain to obtain an offset reverse flow stress, oge, and used
equation (2.5) to calculate back stresses with og replaced by og.. Determination of oy, is
illustrated in Figure 2.16. The advantage of this method is that only a very small reversal
is required. Goel et al. (1983) also used this method to investigate the Bauschinger effect

in a dual phase steel. As can be seen in Figure 2.16, the offset strain method over-
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estimates the value of back stresses. However, Lloyd (1977) showed that the variation of
back stresses with pre-strains was not affected. Note that org in Figure 2.16 is the reverse
elastic limit, but it is very hard to determine because of the gradual elastic-plastic
transition seen during reverse loading. As such, this quantity is not very useful.

Sinclair (2001) and Spencer (2004) used loading/unloading/reloading tests to
measure back stresses. There was no compression used during their experiments. This

method was used in the present research work, and it will be explained in detail in

Chapter 4.

2.3.3 Back Stresses in Hard Phase Dispersed Steels

Uko (1978) investigated the Bauschinger effect of some spheroidized plain
carbon steels and measured back stresses using the permanent softening method. These
steels had a soft ferrite matrix with hard spherical Fe;C particles. Other properties of the
steels are shown in Table 2.2. The work of Uko (1978) showed that the development of
back stresses in these steels agreed well with the model of Brown and Stobbs (1971b), i.e.
back stress linearly increased with the square root of pre-strain (Figure 2.17 a)) and
linearly increased with the volume fraction of hard particles (Figure 2.17 b)).

Goel et al. (1983) studied the Bauschinger effect of a dual phase steel. They

measured back stresses using the offset strain method (0.002 offset). Their results
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showed that back stresses increased initially with the volume fraction of martensite. A
decrease in back stresses was observed when the volume fraction of martensite exceeded
~20%. They attributed this decrease to the relaxation effect resulting from the martensite

islands being too closely spaced. Their data is shown in Figure 2.18.

Table 2.2 Property parameters of the plain carbon steels used by Uko (1978)

Steel wt.% Carbon vol.% Fe;C particles Average particle diameter (pm)

1015 0.15 1.94 0.84
1035 0.35 5.68 0.89
1095 0.95 16.91 0.72

Gerbase et al. (1979) evaluated back stresses in dual phase steels using the
permanent softening method, and their results are shown in Figure 2.19. The results
differ form those of Uko (1978) and Goel et al. (1983) in that the back stress rose very
rapidly at small pre-strains (up to 0.01), and then remained at a roughly constant value.
Gerbase et al. (1979) argued that back stresses saturated quickly due to strong relaxation
mechanisms associated with the yielding or fracture of the non-ferritic phases. Thus, high
strength of the hard phase is essential to maintain unrelaxed strain and develop back

stresses.
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Figure 2.17 Back stresses in spheroidized carbon steels,

re-plotted using the data of Uko (1978)
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Figure 2.19 Back stresses in a dual phase steel as a function of pre-strains
showing the saturation takes place at about e=0.01 [Gerbase et al. (1979)]
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In TRIP-assisted steels, neutron diffraction [Jacques et al. (2006)] showed that
retained austenite yields shortly after the Luder’s plateau, but martensite is much
stronger and can remain elastic up to the onset of necking. This means incompatible
deformation must occur during plastic deformation of TRIP-assisted steels. The resulting
back stresses will influence the flow stress and work hardening rate of TRIP-assisted
steels. Furthermore, the influence of kinematic hardening on the overall work hardening
of TRIP-assisted steels is expected to be more complicated than in spheroidized carbon
steels and dual phase steels, where the volume fraction of hard phases remains constant
during plastic deformation. TRIP-assisted steels comprise an evolving microstructure, in
which the amounts of retained austenite and martensite change with applied strain. For
this reason, back stresses in TRIP-assisted steels need to be studied in detail and this is

one of the objectives of this thesis, as described in Chapter 3.

2.4 Models Characterizing the Evolution of do/de

It was stated in §2.2 that a material must have a sustained work hardening rate
(do/de ) to achieve the highly desirable combination of high strength and excellent
ductility. Plots of do/de vs. ¢ or do/de vs. ¢ have been widely used to illustrate

the evolution of do/de . However, these plots do not fully characterize the dynamic
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progression of do/de . The modified Swift equation, equation (2.7), has been frequently
used to analyze the plastic flow of dual phase steels consisting of ferrite, martensite, and
possibly retained austenite, which can also transform to martensite upon deformation
[Reed-Hill et al. (1973), Cribb ad Rigsbee (1979), Jha et al. (1987)].

e=g;+Co" 2.7
where ¢ is the true strain, o 1is the true stress, &, is the initial true strain at yielding,
and C and m are material constants. The logarithmic form of equation (2.7),

differentiated with respect to ¢, is given by

Ln(d—“j =(1-m)Lno — LnCm. (2.8)
de

For a system which obeys equation (2.7), it can be seen that a plot of Ln(da/ dg) Versus
Lno  will have a slope of (1-m), which is indicative of the decreasing rate of do/ds .
As pointed out by Cribb and Rigsbee (1979), the value of m can be used as a measure of
a material’s capability to resist processes such as dynamic recovery, which tend to
decrease do/de.

It was shown that two or three stages of tensile deformation of dual phase steels
could be distinguished using a Ln(da/ ds) vs. Lno plot [Reed-Hill et al. (1973),
Cribb and Rigsbee (1979), Jha et al. (1987)]. Figure 2.20 shows the Ln(do/dg) vs.

Lno plot of a mill-produced dual phase steel [Cribb and Rigsbee (1979)]. This steel
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Figure 2.20 Ln(dO'/ dg) vs. Lno plot of a commercial dual phase steel
exhibiting three work hardening stages [Cribb and Rigsbee (1979)]

exhibited a 380 MPa yield stress, a UTS of 690 MPa and a total elongation of
approximately 0.27. Three stages of deformation in addition to the initial stage marked
with “transition” can be observed in Figure 2.20. The transition stage is associated with
multiple slip starting in the largest grains and spreading into neighbouring grains. Stage 1
arises from general yielding of the ferrite matrix. In Stage 2, the decrease in work
hardening rates (do/de ) is attenuated due to two mechanisms operating in the material.
The first is incompatible deformation between the deforming ferrite and the rigid
martensite and/or retained austenite particles. The incompatible deformation produces
back stresses, which increase the flow stress and contribute to work hardening through
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kinematic hardening. The second is the transformation of retained austenite to martensite,
which is essentially the TRIP effect occurring in TRIP-assisted steels. This trans-
formation leads to hardening mechanisms such as additional dislocation strengthening
and composite strengthening mentioned in §2.2. As a result, decreases of the work
hardening rate are further attenuated. The work hardening rate decreases more rapidly in
stage 3. Several mechanisms could be operative in this stage. Further deformation gives
rise to dislocation cross-slips and dynamic recovery, resulting in dislocation annihilation.
Decohesion between the ferrite and martensite could also occur as a result of void
nucleation and higher internal stresses. During this stage, the work hardening rate
deceases until the onset of necking where work hardening is not sufficient to support the
increase in flow stress.

As a comparable case, TRIP-assisted steels typically contain ferrite, retained
austenite, and a minority of martensite in addition to bainitic ferrite. Ferrite is the
principal source of plastic deformation; martensite and transforming retained austenite
are second phases dynamically altering the work hardening rate of the material. Stage 2
(Figure 2.20) is an important process for TRIP-assisted steels in order to maintain high
work hardening rates and achieve the desired balance between strength and ductility
since considerable retained austenite to martensite transformation takes place in this

stage [e.g. De Cooman (2004)].
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CHAPTER 3: RESEARCH OBJECTIVE

Since cold rolling is widely used in the production of thinner-gauge steel strip for
light-weight vehicle design, this research will focus on two cold-rolled TRIP-assisted
steels heat treated through routes compatible with the continuous galvanizing process. In
other words, the isothermal bainitic transfor