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Abstract

The present paper deals with the evolution of microstructure and texture of a TWIP-steel during cold rolling. With increasing

strains, different deformation mechanisms become active. TEM observations show the presence of deformation twinning at low

strains ðe < 0:1Þ. As the strain increases the volume fraction of twins increases. At higher strain levels, non-homogeneous defor-

mation mechanisms such as shear band formation become active. This evolution of the microstructure is reflected in the formation

of the texture. The brass orientation {1 1 0}h112i is dominant at every strain level. Its intensity increases as strain increases, while

additional texture components develop at different strain levels: the E {1 1 1}h110i and F orientation {1 1 1}h112i as well as the S
orientation {1 2 3}h634i. Compared to these orientations the copper orientation intensity remains rather low.

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The development of steels for a variety of automotive

applications is focused on an increase of strength com-

bined with the preservation or improvement of its

formability. The increase of strength enables car man-
ufacturers to reduce the weight of the car, whereas the

increase of ductility allows for more complex car design.

Dispersed phase steels such as transformation induced

plasticity (TRIP) steels combine these properties, mak-

ing them very attractive for the automobile industry.

Their product of ultimate tensile strength and elonga-

tion to failure-ductility-value can be as high as 25,000

MPa%. Homogeneous austenitic steels, alloyed with C,
Cr, Ni, Mo, Mn and Si have even higher RmA-values:
35,000–40,000 MPa% [1]. The high work hardening

plays a dominant role during deformation and results in

excellent mechanical properties. The mechanisms, re-

sponsible for this high work hardening, are related to
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the stacking fault energy (SFE) of the austenitic phase.

The SFE changes with the alloy composition and the

deformation temperature. Its magnitude controls the

ease of cross-slip, and thus different deformation

mechanisms can be activated at different stages of de-

formation [2,3]. As the SFE decreases the stacking faults
become wider and cross-slip more difficult and me-

chanical twinning is favoured.

Most austenitic steels, such as austenitic stainless

steels [4] and high manganese Hadfield steels [5], have

low-to-moderate SFE and therefore tend to form ex-

tended stacking faults, deformation twins and planar

dislocation structures. These different lattice defects

strongly influence the stress strain response and the
evolution of the texture during cold rolling.

Extensive mechanical twinning is observed in au-

stenitic high manganese steels alloyed with carbon [6] or

alloyed with aluminium and silicon [7]. Gr€assel et al. [7]
observed that mechanical twinning becomes dominant

when the Mn content reaches 25 wt%, the Al content is

higher than 3 wt% and the Si content is between 2 and 3

wt%, and when the C content is low. They reported high
RmA-values of over 50,000 MPa%; these values were
ll rights reserved.
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largely due to a very high ductility, A ¼ 80%. They in-

troduced the term twinning induced plasticity (TWIP).

The aim of this research is to obtain a better insight in

the active deformation mechanisms of FeMnAlSi

TWIP-steels during cold rolling in order to assess their
potential as strip products. A Fe–30Mn–3Al–3Si TWIP-

alloy was cast, hot rolled and annealed. Subsequently,

the alloy was cold rolled with different degrees of de-

formation. The evolution of the microstructure was

analysed by means of light optical microscopy and

transmission electron microscopy (TEM). The different

deformation mechanisms – especially mechanical twin-

ning – were visualised. The effects of these mechanisms
was analysed by crystallographic texture measurements.

Orientation intensity and volume fraction plots at dif-

ferent cold rolling strains help to monitor the overall

orientation evolution of the grains in the material during

the process.
2. Experimental procedure

2.1. Material

The alloy was melted in a vacuum induction furnace

and ingot cast (290 mm · 250 mm · 120 mm). The

chemical composition of the alloy, measured by induc-

tively coupled plasma mass spectrometry (ICP-MS) us-
ing the standard addition method, is given in Table 1. A

11.2 mm thick plate was cut from the ingot, homogen-

ised in an air furnace at 1200 �C, hot rolled at 1100 �C in

a single pass to a thickness of 7 mm (e¼ 0.47) and coil

cooled in a furnace from 600 �C (T0) following an

imposed exponential temperature decrease: T ¼ T
ð 100
100þtÞ

0 ,
where T is the temperature in �C and t is the time in

hours. The factor (1 0 0) in the exponent exhibits the unit

hours.

2.2. Cold rolling procedure

Eight samples were cut from the hot rolled and an-

nealed plate and cold rolled at room temperature using a
Table 1

Chemical analysis of the TWIP-steel (wt%) determined by ICP-MS

C Mn Si S Al Fe

0.0049 29.4 3.0 0.0033 3.3 Balance

Table 2

Parameters of the cold rolling process

Sample 1 2 3

True strain e ¼ ln t0
t

� �
0.1 0.21 0.43

Engineering strain q ¼ t0�t
t0

0.10 0.20 0.35

Number of passes 6 11 21
laboratory rolling mill equipped with a roll diameter of

200 mm. The rolling direction was the same as for the

hot rolling. The cold rolling was done without reversing

the rolling direction and a lubricant was applied on

the rolls. Details of the rolling procedure are given in
Table 2.

2.3. Microscopy

Samples were taken from the hot rolled and annealed

plate. They were polished and etched at room tempera-

ture using a two stage etching procedure [8] to reveal the

grain boundaries. Specimens for TEMwere cut out at the
centre of three cold rolled samples along the longitudinal

direction (e¼ 0.10, 0.21 and 1.05). They were mechani-

cally polished to a thickness of 0.1 mm. Thin foils were

prepared using a double jet TENUPOL-3 electrolytic

polisher at a voltage of 32 V and a temperature between

10 and 15 �C. The electrolyte contained 5 vol% of per-

chloric acid and 95 vol% of acetic acid. The thin foils were

examined in a CM-200 FEG Philips TEM equipped with
a Schottky field emitter. The TEM was operated at an

acceleration voltage of 200 kV.

2.4. Texture determination

Quantitative texture measurements were performed

by X-ray diffraction with CuKa1
radiation. On the centre

layer of all cold rolled specimens four incomplete
(0� < a < 80�) pole figures ({1 1 1}, {2 0 0}, {2 2 0} and

{1 1 3}) were measured in the back reflection mode by

using a fully automated Siemens D500 texture goniom-

eter and using CuKa1
radiation. The orientation distri-

bution functions (ODFs) were calculated from the four

measured and corrected pole figures using the series

expansion method [9–11]. In addition the volume frac-

tions of the most important orientation components
were calculated directly from the experimentally mea-

sured pole figures using a spread of 16.5� around the

exact position.
3. Results

3.1. Microstructure

The hot rolling and annealing treatment resulted in a

fully austenitic microstructure as can be deduced from
4 5 6 7 8

0.69 1.05 1.39 1.90 2.30

0.50 0.65 0.75 0.85 0.90

31 44 53 65 100
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diffraction analyses. The microstructures of the as hot

rolled and annealed samples show more or less equiaxial

austenitic grains with a significant amount of coherent

annealing twins (Fig. 1). The average grain size is about

40 lm.
Based on the chemical composition (Table 1) of the

TWIP-steel the SFE has been estimated by thermody-

namic calculations [7] and also using an empirical for-

mula based on X-ray diffraction line profiles and

regression analysis of commercial austenitic stainless

steels [12]. Both methods result in nearly the same value

of about 40 mJ/m2. Mechanical properties of the hot

rolled annealed TWIP material are given in Table 3. A
high product of ultimate tensile strength and elongation

to failure-value of about 40,000 MPa has been obtained.

Besides the profuse presence of annealing twins

(Fig. 1) the hot rolled and annealed samples contain

many stacking faults (SF), consistent with the calculated

value of the SFE (Fig. 2). The type of the SFs in the

material was determined from the nature of outer

thickness fringes following the two-beam bright field
(BF)/axial dark field (ADF) imaging procedure of Fultz

and Howe [13]. The SFs were characterised as extrinsic

type of SFs (Fig. 3).

At a cold rolling strain of e¼ 0.10 straight deforma-

tion twins are already present in more than 50% of the

grains (Fig. 4). Generally, only one twinning system is

active in each grain; the twinning system having a suit-

able orientation with respect to the rolling direction;
twins formed on {1 1 1} planes with maximum resolved

shear stress. Grains without mechanical deformation

twins contain a high density of planar dislocation
Fig. 1. Longitudinal section of the as hot rolled and annealed TWIP-

steel revealing equiaxied grains containing annealing twins (etched).

Table 3

Mechanical properties of the TWIP-steel measured in a uniaxial tensile

test

YS (MPa) UTS (MPa) E (GPa) A (%) n (–)

300 650 189 60 0.41
structures (Fig. 4). At a degree of deformation 0.21,

nearly every grain has accommodated the strain by ac-

tivating a twinning system (Fig. 5). Twinning as primary

deformation mechanism leads to nanoscale layered

structures because of the small thickness of the twins
(between 100 and 50 nm see Fig. 5 top left). In between

the mechanical twins dislocations are formed. In some

cases a second set of twins is observed. At e¼ 0.10 the

twins appear as straight lines. At e¼ 0.21 the previously

formed twin boundaries tend to bend towards the roll-

ing direction. At large strains it is difficult to observe the

active deformation mechanisms in the grains because of

the elongation and the fragmentation of the grains.
TEM observations show a band like lamellar structure

for a rolling strain of 1.05 (Fig. 6). Some of these

lamellae contain twins. Neither XRD measurements

nor TEM observation revealed the presence of e- or

a-martensite before and after cold rolling.

3.2. Texture evolution

From the u2 ¼ 45� sections of the orientation distri-

bution functions (Fig. 7) calculated for the eight cold
Fig. 2. Two-beam BF image of overlapping SFs in the as hot rolled

annealed alloy (zone axis [0 1 1] and g ¼ ð02�2Þ).

Fig. 3. Two-beam BF and ADF image of a SF, indicating top and

bottom of the specimen and the extrinsic nature of the fault (zone axis

[0 1 1] and g ¼ ð02�2Þ (a) and g ¼ ð0�22Þ(b)).
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rolling strains (Fig. 2), the rolling texture can generally

be interpreted as being essentially a brass-type texture

{1 1 0}h112i with a spread towards the Goss-type tex-

ture {1 1 0}h001i. Besides these orientations other im-

portant texture components (Table 4, Figs. 8 and 9) are
situated in these sections, except for the S-orientation
Fig. 5. e¼ 0.21: BF (left) and ADF (right) g ¼ ð111Þ images of the as cold rol

presence of twins. A detail (·50) of the twins inside the grain is represented

�20%).

Fig. 6. e¼ 1.05: BF images of the as cold rolled material revealing S-shape

diffraction pattern).

Fig. 4. e¼ 0.10: BF images of the as cold rolled material. The left picture sho

seen in the bottom left grain). Grains that do not twin contain dislocations
lying on the b-fibre, which is the so-called skeleton line

of the texture and of great importance for fcc materials

(Fig. 9).

As the rolling strain increases the intensity of the

brass orientation increases gradually resulting at e¼ 2.30
in a total volume fraction of about 35% (using a spread
led material. The diffraction pattern (extra points) gives evidence of the

in the insets at the top left (volume fraction of the twins in this grain:

d lines: shear bands (left), some of them containing twins (right: see

ws several grains, some of them containing mechanical twins (as can be

(right picture).



Fig. 7. Evolution of texture during cold rolling: u2 ¼ 45� sections of

the ODFs of the TWIP-alloy for various rolling strains.

Table 4

Important crystallographic orientations of textured pure fcc metals

and alloys, their orientation, presence in a fibre and Euler angles at

u2 ¼ 45�

Name Orientation Fibre Euler angles:

g ¼ ½u1/45�

C, cube {0 0 1}h100i – [45 0 45]

G, Goss {1 1 0}h001i as [90 90 45]

B, brass {1 1 0}h112i ab [55 90 45]

RG, rot. Goss {1 1 0}h110i a [0 90 45]

E {1 1 1}h110i c [0 55 45] [60 55 45]

F {1 1 1}h112i c [30 55 45] [90 55 45]

Cu, copper {1 1 2}h111i bs [90 35 45]

CuT, copper twins {5 5 2}h115i s [90 74 45]

S {1 2 3}h634i b [59 37 63]

a-fibre: h110i parallel to ND

b-fibre: h110i tilted 60� from ND towards RD

c-fibre: h111i parallel to ND

s-fibre: h110i parallel to TD.

Fig. 8. Schematic representation of the important orientations in fcc

materials.
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of 16.5� around the ideal orientation: Fig. 9(b)) being

the most intense crystal orientation in the material. The
volume fraction of crystals with the S orientation

{1 2 3}h634i increases also with a similar rate in the

early stages of cold rolling but seems to saturate at strain

levels of 1.0. Besides, the position of the skeleton line (b-
fibre) evolves during deformation towards higher /
values. The increase of intensity followed by saturation

is also true for the Goss (on the a- and s-fibre) and the

copper twins orientations {5 5 2}h115i (on the s-fibre).
However, their volume fraction is clearly smaller. From

the evolution of the a-fibre it is clear that only few

crystals tend to orient themselves in a copper orientation
{1 1 2}h111i. On the exact copper position the intensity
increases a little bit, reaching a maximum at e¼ 0.43 (see

also the volume fraction evolution in Fig. 9(b)) and

decreasing at higher strain levels: e > 0:50. A closer look

at the a-fibre shows actually a shift on the copper peak

to / ¼ 55�. This tendency matches with the construction

of a c-fibre where both the E {1 1 1}h110i and the F

orientation {1 1 1}h112i are situated. Their volume

fraction increases remarkably in between e¼ 0.43 and
e¼ 0.69 and seems to saturate at high strain levels.
4. Discussion

Generally, TEM observations and texture evolution

correspond to the behaviour of other low-to-moderate

SFE fcc materials such as stainless steels, Hadfield steels
or Cu–Zn alloys with Zn content >25%. The presence of

annealing (or growth) twins (Fig. 1) in the hot rolled and

annealed material gives already evidence of the low va-

lue of the SFE (40 mJ/m2) [4,14]. In addition, a large

number of wide SFs have been observed in TEM

(Fig. 2), as may be expected for a low SFE material.

Extrinsic SFs are not so common [15]. They may result



Fig. 9. Evolution of the (a) different fibres and (b) volume fraction of important orientations using a spread of 16.5� around the exact position.

2010 S. Vercammen et al. / Acta Materialia 52 (2004) 2005–2012
from different mobilities for the leading and trailing

partial dislocations due to a difference in the resolved

shear stresses of the partials or due to pinning of partials

by forest dislocations or kinks. The alloying elements in
solid solution might also act as favourable elements in

reducing the dislocation mobility or raising the shear
stress for slip [6]. It should be noted that the presence of

extrinsic ESFs (Fig. 3), has also been reported in recent

studies on Hadfield steels [16]. This is consistent with the

occurrence of deformation twins during straining (see
below) because ESFs can be seen as preferential twin

nuclei.
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Similarly as for Hadfield steels [5], twinning is ob-

served as the primary deformation mechanism of the

TWIP-steel at the onset and early stage of cold rolling.

The SFs act as preferential nuclei and not much glide is

necessary before mechanical twins start to form. At a
degree of deformation of 0.10, 50% of the grains contain

twins. This behaviour differs from other low SFE fcc

metals because the twinning in these materials is pre-

ceded by the activation of multiple slip systems [17]. At

cold rolling strains of about 20% twins start to form in

brass Cu–30Zn [18]. Chowdhury et al. [14] report pro-

fuse twinning after 40% cold reduction in a AISI 316

stainless steel with an initial grain size within the range
of 70–100 lm, whereas Aernoudt et al. [19] report

twinning in drawn silver wires with initial grain size of

200 lm after 48% reduction of cross-section.

The primary occurrence of deformation twins in the

TWIP-steel at e¼ 0.10 is reflected in the growth re-

tardation, i.e. the weak intensity, of the copper ori-

entation (Fig. 9) and the formation of a moderate a-
fibre. This reduction in the density of the copper
orientation, which initiates the formation of the brass-

type texture, is known to be caused by mechanical

twinning, by which the copper orientation is trans-

formed to a position near the Goss orientation, the

copper twin orientation rotating into the Goss orien-

tation. Consequently, the Goss and copper twin ori-

entations increase their intensity gradually (s-fibre in

Fig. 9) while increasing the strain, as the amount of
mechanical twins increases drastically. In addition, the

twins start to bend towards the rolling direction. This

is due to the local accommodation of strain in the

grains, similarly to crystal lattice bending.

At the saturation of the Goss and the copper twin

orientations the c-fibre develops as can be seen in Fig. 9.

The increase of the E and the F orientations stems from

the rotation of {1 1 1} into the rolling plane. This is
believed to be a result of preferential slip on {1 1 1}

planes common to the twin plane, coplanar slip [18],

because of the small thickness of the twin lamellae

shortening the dislocation path for other slip systems.

Likewise, such behaviour results in an increase of / on

the b-fibre (a shift of the copper orientation towards

higher / values, Fig. 9).

At very high strain levels the deformation becomes
inhomogeneous as shear bands become visible (Fig. 6).

These bands are oriented at +35� and )35� to the RD

and are often referred to as a fish bone structure. This

behaviour is a result of the inhibition of crystallographic

slip as: (i) most of the grains are twinned and their

twinning planes have been reoriented parallel to the

rolling plane resulting in very low Schmid factors on

these slip systems and (ii) slip on other systems is lim-
ited. These grains make continued homogeneous de-

formation difficult and shear banding becomes the

dominant deformation mechanism [20].
Finally, it was also found that the mechanical prop-

erties (Table 3) were comparable to those mentioned by

Gr€assel at al. [7]. The twinning deformation mode plays

a very important role as it results in an extra strain

hardening due to the static hardening effect of twin
boundaries acting as strong barriers to slip propagation.
5. Conclusion

Both TEM observation (direct) and texture analysis

(indirect) show the evolution of the different deforma-

tion mechanisms, which are active at different cold

rolling strains. The investigated high manganese TWIP-

steel exhibits a pronounced brass-type texture evolution

already at low strain levels. The latter is a very stable

texture component in rolling deformation when octa-

hedral slip and mechanical twinning are active defor-
mation mechanisms. No pronounced copper orientation

develops. This behaviour stems from the early formation

of deformation twins in the material, similarly detected

in Fe–Mn–C Hadfield steels, and is related to the low

SFE of the material (40 mJ/m2). Indeed, TEM pictures

reveal the presence of a non-negligible amount of de-

formation twins at low strains. The twinned fraction

increases with increasing strain and consequently the
Goss and copper twin orientation develop. At higher

strains E and F are present. This is very likely due to the

alignment of twin lamellae parallel to the rolling plane.

It is believed that twinning acts as the primary defor-

mation mechanism in this low SFE austenitic TWIP-

steel, leading to nanoscale layered structures, resulting

in extreme mechanical properties.
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