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The newly developed multiphase transformation-induced plasticity (TRIP)

steels are of interest for industrial applications because of their excellent

combination of high strength and ductility. Their performance can be

successfully controlled by designing an optimum balance in the volume fractions

of ferrite, bainite and retained austenite. The characteristics of the retained

austenite are considered to be the main key to achieving the desired final

properties. Against this background, the effects of retained austenite

characteristics, such as volume fraction, carbon concentration, size and shape,

on the behaviour of TRIP steels have been studied. The crystallographic

orientation of the retained austenite was measured by electron backscattered

diffraction (EBSD). The effect of initial cold-rolling reduction on the

microtexture development of the retained austenite was studied on an

aluminium-containing TRIP steel. The results show that, by increasing the

cold-rolling reduction before the final austempering, the main components of

the face-centred cubic phase, i.e. copper, brass and Goss, dominate the texture of

the retained austenite. In contrast, the copper and Goss components of the

retained austenite are absent in the texture of lightly deformed sheets. The

features of the preferred orientation of the retained austenite are discussed and

explained in terms of the annealing texture of the recrystallized ferrite and

bainite.

1. Introduction

High-strength transformation-induced plasticity (TRIP)-

assisted steels have been developed for innovative design

applications in the automotive industry (Takahashi, 2003; De

Cooman, 2004; De Cooman et al., 2004). Multiphase TRIP-

assisted steels contain ferrite, bainite or martensite and

approximately 5–15% retained austenite. Transformation of

the retained austenite to martensite by straining not only

increases the work-hardening capacity of the steel but also

provides good ductility and stretching formability during

forming operations (Sugimoto, Iida et al., 2000; Sugimoto,

Sakaguchi et al., 2000; Sugimoto et al., 2002; Lee, Kim, Song &

Lee, 2002; Lee et al., 2004) by postponing strain localization.

This not only improves the performance of the steel during the

forming operation but also positively affects the final opera-

tional conditions by improving the strength and shock-

absorption potential. Such a suitable combination of proper-

ties can only be achieved by appropriately engineering the

microstructure of the final product, which, in turn, requires a

detailed understanding of the transformation behaviour of the

retained austenite under strain.

Retained austenite is an important microstructural consti-

tuent of TRIP steels. The volume fraction, distribution and

transformation characteristics of the retained austenite

directly affect the TRIP behaviour. The optimum amount of

retained austenite with accurately tuned transformation

characteristics (i.e. control of its stability) is of crucial impor-

tance for the forming behaviour of the steel (Sugimoto, Iida et

al., 2000; Sugimoto et al., 2002; Lee, Kim, Song & Lee, 2002).

Processing parameters such as chemical composition, inter-

critical annealing temperature, bainitic holding temperature

and time have been widely studied in TRIP-assisted steel

sheets for industrial applications (Baik et al., 2001; Girault et

al., 1999; Saleh & Priestner, 2001; Wang & Hsu, 2005; Kim et

al., 2001). A controlled rolling temperature and strain path are

also important thermomechanical conditions in the manu-

facturing process of TRIP steels (Skalova et al., 2006; Timo-

khina et al., 2003; Ryu et al., 2002). In this way, the size, shape,

volume fraction and carbon concentration of the retained

austenite and the types of surrounding phase are optimized

(Ryu et al., 2002; Basuki & Aernoudt, 1999; Eberle et al., 1999;

Luo et al., 2003). In order to obtain maximum benefit from the

TRIP effect, processing conditions such as temperature, strain
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rate, strain path and stress state during the forming operation

also need to be taken into consideration (De Cooman, 2004;

Pyshmintsev et al., 2002; Furnémont et al., 2003).

The effect of retained austenite characteristics on TRIP

behaviour has been extensively studied (De Cooman, 2004;

De Cooman et al., 2004; De Meyer et al., 1999), and the

available data and results are sufficient to predict its influence

on the mechanical properties and formability of TRIP-assisted

steel sheets. However, there has not yet been a systematic

study of the microtexture of retained austenite and its orien-

tation relationship with respect to other phases. The texture of

the retained austenite might affect its stability during the

forming processes. In the present study, the transformation

stability of individual texture components of the retained

austenite phase of a TRIP-assisted steel after thermo-

mechanical processing was examined using orientation

imaging microscopy (OIM), also known as electron back-

scatter diffraction (EBSD).

In this research, a recently developed commercial grade Al-

containing TRIP-assisted steel was investigated instead of a

conventional grade Si-alloyed TRIP steel. The effect of initial

cold-rolling reduction on microtexture development in the

retained austenite and the associated formation mechanisms

are discussed.

2. Experimental

An aluminium-containing TRIP-assisted steel was employed

in this study. The chemical composition and critical tempera-

tures of this steel are shown in Table 1. The critical tempera-

tures were measured by a dilatometry test under heating and

cooling conditions of 5 K min�1 on a cylindrical sample, which

was cut and machined from the as-received hot-rolled mate-

rial.

Hot rolling of the initial block was carried out to a thickness

of 2.7 or 3.7 mm. The final rolling temperature was 1223 K,

and after rolling the sheets were air-cooled to room

temperature. After removal of the surface oxide layer, the 2.7

or 3.7 mm-thick hot bands were cold rolled to 0.6 mm sheets

with 65% (A1) and 84% reduction (A3) in thickness,

respectively. Table 2 displays the variations in the heat treat-

ment parameters that were used in this research. One group of

A1 and A3 cold-rolled sheets was intercritically annealed at

1083 K for 5 min, quenched to 672 K in a salt bath for 3 min

and then air-cooled to room temperature (this regime of heat

treatment was denominated T1). Another group of samples

was annealed at 1033 K (close to the Ac1 temperature, i.e. the

temperature at which austenite begins to form during heating)

(regime T2) to investigate the recrystallization behaviour of

the deformed ferrite matrix. It is believed that at this

temperature the recrystallization of ferrite will be complete,

while the transformation to austenite will be negligible.

All EBSD studies were executed in the rolling direction/

normal direction (RD–ND) section of the annealed sheets

after appropriate sample preparation, which included

mechanical grinding and polishing up to 1 mm diamond paste,

followed by electropolishing with A2 Struers electrolyte at

room temperature. The EBSD measurements were carried out

on the above-mentioned samples using an FEI XL30 ESEM

equipped with an LaB6 filament operated at an acceleration

voltage of 25 kV. The EBSD patterns were acquired using the

TSL OIM software (TexSem Laboratories, 2010) attached to

the ESEM. The samples were mapped with a step size of

80 nm on a hexagonal scan grid at a magnification of 4000�.

Finally, TSL OIM (Version 4.6) was used for post-processing

the orientation data.

The amount of retained austenite was measured by X-ray

diffraction (Mo K� radiation). The intensities (I�) of the

(220)� and (311)� austenite, and the (211)� ferrite peaks (I�),

were measured at room temperature and, from their averaged

intensities, the fraction of retained austenite (f�R) was calcu-

lated using the following equation (Lee, Kim, Oh & Lee, 2002;

Miller, 1964, 1968):

f�R ¼ 1:4I�
I� þ 1:4I�

: ð1Þ

3. Results and discussion

The orientation distribution of the retained austenite phase, as

derived from the microtexture of this phase, was calculated by

and is presented as orientation distribution functions (ODFs).

Fig. 1 shows the ODFs of the retained austenite phase after

cold rolling to reductions of 65% (A1T1, Fig. 1a) and 84%

(A3T1, Fig. 1b), followed by subsequent annealing at 1083 K.

The retained austenite texture of the 65% cold-rolled

sample (A1T1) contains the brass component ({011}h211i) and

extends along the � fibre towards the S component

({123}h634i). The so-called P texture component ({011}h122i)
is observed in the texture of the retained austenite, whereas

the copper, Goss and cube components are not present (cf.

Fig. 1a). Indeed, these components of the face-centred cubic

(f.c.c.) texture are observed in deformed austenite in carbon
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Table 1
The chemical composition and equilibrium critical temperatures of the
steel.

Chemical composition (wt%) Critical temperatures (K)

C Mn Si P S Al Ac1 Ac3

0.27 1.48 0.28 0.015 0.001 1.08 1019 1243

Table 2
The processing parameters of the thermomechanical experiments.

Sample code

Degree of
cold-rolling
reduction (%)

Annealing
temperature and
time (K, min)

Austempering
temperature and
time (K, min)

A1T1 65 1083, 5 673, 3
A3T1 84 1083, 5 673, 3
A1T2 65 1033, 5 673, 3
A3T2 84 1033, 5 673, 3
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steels (Verlinden et al., 2001; Hutchinson et al., 1998; Regle et

al., 2004).

The TRIP steel after 84% cold rolling and heat treatment

shows a different texture. The intensity of the texture

components is weaker than at the lower cold reduction

(A1T1). Moreover, under the A3T1 conditions, the copper

({112}h111i), Goss ({011}h100i) and cube ({001}h100i)
components, which are not observed under the former

conditions, have developed as local texture components of the

retained austenite (Fig. 1b), whereas the intensity of the P

component has decreased slightly in comparison with the

ODF of Fig. 1(a). In fact, all texture components appear with

similar intensities in the A3T1 sample.

The general mechanism of recrystallization and phase

transformation in cold-rolled TRIP-assisted steels has been

well studied by other researchers (Petrov et al., 2001; Huang et

al., 2004). In the initial heating stage of the annealing treat-

ment, the recrystallization of the deformed ferrite will be

completed, while spherodization of the pearlitic cementite

takes place by a concurrent diffusion process. In the second

stage of the annealing treatment, during

soaking above the Ac1 temperature, the

austenite nucleates at the grain bound-

aries and near the carbon-rich regions.

The existence of retained austenite

(about 8.6%) in the initial hot band is

proved by X-ray diffraction (Fig. 2a).

This austenite transforms to martensite

during cold rolling, which is proved by

the disappearance of the (220) and

(311) austenite peaks from the X-ray

diffraction patterns (Figs. 2b and 2c).

Accordingly, it is expected that the

mechanism of recrystallization and

phase transformation is similar to that

reported by Petrov et al. (2001).

In this work, it is observed that the

intercritical annealing of a cold-rolled

sheet at 1083 K for 5 min results in

complete recrystallization of the

deformed ferrite coexisting with the

austenite phase.

It has been reported elsewhere that,

by increasing the cold-rolling reduction,

an intensive ferrite �-fibre texture

[(111)//ND] is developed in TRIP steels

(Emadoddin & Akbarzadeh, 2005),

which is similar to the texture devel-

oped in other body-centred cubic

(b.c.c.) materials (Walentek et al., 2005;

Ray & Jonas, 1990). Although the defi-

nition of the �-fibre components of the

deformed material decreases during the

annealing process (Petrov et al., 2001;

Samajdar et al., 1998; De Meyer et al.,

2001; Zaefferer et al., 2004), it could be

concluded that, when the TRIP steel is

annealed at a constant temperature,

stronger recrystallization texture

components are formed in the vicinity

of the �-fibre texture when an increased

rolling strain is imposed prior to

annealing.

By annealing the cold-rolled samples

at 1033 K (A1T2 and A3T2; Table 2),

only the recrystallization of the

deformed ferrite grains is completed.
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Figure 1
ODFs displaying the texture of the retained austenite that forms after intercritical annealing at
1083 K and austempering at 673 K in (a) 65% and (b) 84% cold-rolled sheets (EBSD data).
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After rapid cooling, it is expected that the texture of the

recrystallized ferrite will not change. Also, with regard to the

onset temperature of the ferrite-to-austenite transition, the

volume fraction of the austenite phase at this temperature

would be negligibly small, and thus the texture change of the

ferrite grains can be neglected. Hence, the EBSD measure-

ments on the samples at room temperature will reflect the

preferred orientations of the recrystallized ferrite grains from

the intercritical region.

The microtexture of the ferrite grains after recrystallization

as determined by EBSD is shown in Fig. 3. Different initial

cold-rolling reductions result in different texture components

and intensities in the recrystallized material. After annealing,

the more deformed (84% cold-rolling reduction) sample

shows a strong rotated-cube ({001}h110i) texture component

with an intensity of 4.5 times random, and an {8 8 11}h110i
texture component with an intensity of 2.5 times random. The

latter component is rotated approximately 10� away from the

{111}h011i component along the �-fibre direction. Recrys-

tallized ferrite in the 65% cold-rolled sheets displays the

highest intensity of 4.5 on the {883}h258i texture component

and a set of low-intensity texture components aligned along

the so-called transformation fibre (Akbarzadeh, 1994) (or

ferrite � fibre). Therefore, it could be supposed that, because

of the low reduction, the typical {111}huvwi recrystallization

texture is not able to develop in this case and the ferrite simply

reverts back to the hot band texture. Similar texture compo-

nents have been experimentally observed and discussed by

others (Hutchinson et al., 1998; Petrov et al., 2001; Samajdar et

al., 1998; De Meyer et al., 2001).

As explained earlier, by reheating the TRIP steel to 1083 K,

the austenite nucleates more frequently at the recrystallized

ferrite grain boundaries in the carbon-rich regions of the

microstructure. It has been shown that the {111}h110i ferrite

grains may be preferentially selected for transformation and

are the first to be consumed by the newly formed austenite

grains (Inagaki, 1998). Hence, the intensity of this component

in the recrystallized ferrite would decrease after the �-to-�
transformation (Petrov et al., 2001). The measured ferrite

texture at 1083 K (Fig. 4) and comparison with the texture
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Figure 3
’2 = 45� sections of ODFs representing the texture components of
recrystallized ferrite. TRIP steels with initial cold-rolling reductions of (a)
65% and (b) 84% were annealed at 1033 K for 5 min. The thick solid line
shows the position of the transformation fibres (ferrite � fibres) and the
dashed lines the positions of the � (or ND) fibres.

Figure 2
X-ray diffraction patterns of (a) the hot-rolled sample, (b) the 65% cold-
rolled sample and (c) the 84% cold-rolled sample.
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components of ferrite at 1033 K (Fig. 3) show that ferrite

grains with �-fibre components are preferentially transformed

to austenite during heating within the intercritical region. It is

also believed that the Kurdjumov–Sachs (KS) orientation

relationship is more probable and has been confirmed in the

�-to-� transformation of C–Mn–Si TRIP-assisted steel

(Zaefferer et al., 2004).

Considering the orientation relationship between the

parent phase (�) and the product phase (�) on heating, and

knowing the preferred orientation of recrystallized ferrite

(Fig. 3), the austenite texture in the intercritical region can be

predicted and compared with the measured texture of the

residual austenite, assuming that the latter does not change

upon quenching to room temperature. By making this

assumption, the effect of solute carbon in retained austenite

on the development of the crystallographic texture is ignored.

It may not be excluded, though, that in a commercial TRIP

steel annealing treatment the austenite stabilization, which is a

result of bainite formation during the bainite holding stage of

the annealing cycle, is orientation.

The observed texture components of the austenite phase for

the highly deformed sample are slightly different from those

observed in the lightly deformed samples. The strong rotated

cube and the {111}h011i components of the recrystallized

ferrite grains in the 84% cold-rolled sample give rise to

copper, brass and Goss texture components in the austenite.

Conversely, in the lightly deformed sample (A1T1), the

weaker near {001}h100i and {554}h225i components of the

recrystallized ferrite grains (Fig. 3a) essentially develop brass,

weak Goss and copper components in the transformed

austenite. Moreover, it seems that the brass component in the

final retained austenite texture (Fig. 1a), assuming that it did

not change during the transformation of austenite to bainitic

ferrite, can originate from the recrystallized {554}h225i
component of ferrite during austenitization. Fig. 5 presents the

predicted orientations of high-temperature austenite, which

can be obtained by transformation of {554}h225i-oriented

ferrite grains, assuming that the �-to-� transformation obeys

the KS orientation relationship and without variant selection.

Although the measurement of the austenite texture at high

temperature was not possible, all of the predicted orientations

of the austenite can be confirmed by the retained austenite

texture (Fig. 1).

The preferred orientations of austenite that transform to

bainite are also important for the formation of the final

texture of the retained austenite and should be considered

separately. Those austenite orientations which preferentially

transform to bainite are expected to be absent from the final

texture of the retained austenite. This situation is valid when

research papers

1194 E. Emadoddin et al. � Retained austenite texture in TRIP steel J. Appl. Cryst. (2011). 44, 1190–1197

Figure 4
’2 = 45� sections of ODFs representing the texture components of ferrite
in the final microstructures of (a) the A1T1 and (b) the A3T1 TRIP steel
samples. This texture shows the ferrite grain texture components after
intercritical annealing. The dashed lines indicate the �-fibre positions on
the ODFs.

Figure 5
A model of the �-phase texture after KS transformation of a single
{554}h225i b.c.c. orientation to the � phase. One of the products is brass
and another is rotated Goss.
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we suppose that the transformed fraction of austenite to pro-

eutectoid ferrite is very small when the cooling is fast enough.

Otherwise, if some ferrite forms during cooling, the orienta-

tion change of the retained austenite might be more signifi-

cant. It can be supposed that, during subsequent

austempering, the bainite (in the absence of polygonal ferrite)

nucleates on the austenite–ferrite interface and the orienta-

tion of the product phase coincides with the austenite phase

according to the KS relationship. There are clear signs that the

main f.c.c. texture components of austenite, i.e. copper, S, Goss

and brass, change mainly to the �- and �-fibre components of

the b.c.c. bainitic ferrite (Verlinden et al., 2001; De Meyer et

al., 2001).

In this study, the bainite after isothermal transformation

was separated from the initial pro-eutectoid (polygonal)

ferrite by inspection of the image quality of the Kikuchi

patterns of b.c.c. crystals (Petrov et al., 2007). The lower image

quality of bainite is due to the high dislocation density in the

bainitic ferrite laths and it can be distinguished from the

polygonal ferrite. Fig. 6 illustrates the image-quality map of

bainite for the A1T1 and A3T1 samples. The ODFs corre-

sponding to the highlighted points of Fig. 6 are shown in Fig. 7.

The bainite texture was recognized by the �-fibre components

and also by the Goss component for both samples at this ODF

section.

It is important to observe that the weak Goss and copper

components of the austenite phase in the A1T1 sample

completely transform to bainite and, as shown in Fig. 1(a), that

the retained austenite texture is free of these components.

Indeed, the lighter cold-rolling reduction leads to a coarse

austenite grain size at the intercritical annealing temperature,

so that, after transformation to bainite, coarser bainite colo-

nies would form (Fig. 6a). Consequently, according to the

retained austenite phase map, a less disperse and larger grain

size of retained austenite is observed (Fig. 8a) in sample A1T1.

Thus, it may be concluded that the bainite has nucleated on

the Goss and copper orientation and all of these austenite

grains have completely transformed to bainite. Other auste-

nite orientations, such as the brass and S components, have

only partially transformed and the retained austenite texture

includes these orientations.

In contrast with the low cold-rolling reduction, the heavily

deformed sample provides a finer austenite grain size, spread

over a wide range of orientations, because of the finer

recrystallized ferrite grain size and consequently the higher

number of austenite nucleation sites. By transformation of this

austenite to bainite during the isothermal holding treatment, it

is expected that finer bainite colonies will form (Fig. 6b),
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Figure 6
Image-quality map showing the bainite texture in (a) the A1T1 and (b)
the A3T1 samples.

Figure 7
’2 = 45� sections of ODFs, representing the texture components of
highlighted bainite shown in Fig. 6, for (a) the A1T1 and (b) the A3T1
samples.

Figure 8
Retained austenite phase map, showing the size and distribution of
retained austenite in (a) the A1T1 and (b) the A3T1 samples
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surrounded by finer and more disperse retained austenite

grains (Fig. 8b). Furthermore, this implies that an increased

volume fraction of retained austenite is formed compared with

the less deformed A1T1 samples. This assumption is confirmed

by the measured volume fractions of retained austenite for

both rolling reductions (Fig. 9).

For the A3T1 sample, the austenite grains with Goss and

copper components start to transform to bainite earlier,

similar to the effect observed in the A1T1 sample. However, it

seems that, under heavy cold-rolling reduction, the small

austenitic grains and the recrystallized polygonal ferrite

prevent the completion of the bainitic transformation.

Therefore, it is concluded that more austenite with these

texture components is retained in the final microstructure,

which is confirmed by the experimental observation (Fig. 1b).

4. Conclusion

From the results of experimental work carried out on the

effect of initial cold rolling on the microtexture development

of retained austenite in intercritically annealed TRIP steel, the

following conclusions can be drawn:

(a) The main texture components of the retained austenite

are along the f.c.c. � fibre with components of brass, copper

and Goss, and their appearance and intensity depend on the

initial degree of cold-rolling reduction.

(b) In the lightly cold-rolled sample, retained austenite

grains with copper and Goss orientations are absent from the

final microstructure, which indicates that these components of

the high-temperature austenite phase transform preferentially

to bainite during austempering.

(c) In contrast with the lightly cold-rolled sheets, heavily

deformed samples contain retained austenite with all major

texture components of the � fibre after annealing and

austempering. Under these conditions, the bainitic transfor-

mation does not complete to consume all copper and Goss

components of the austenite. The lower intensity of the brass

components for the A3T1 samples compared with the A1T1

sample also shows that there is a selective transformation to

bainite of high-temperature austenite with these orientations.
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