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A B S T R A C T   

The interplay of microstructural mechanisms controlling the deformation-induced martensitic phase trans
formations and the texture formation in all phases of a metastable austenitic Cr-Mn-Ni steel was investigated 
using in situ synchrotron radiation diffraction under uniaxial compression and ex situ electron backscatter 
diffraction. With increasing deformation, the originally fully austenitic steel transformed to a mixture of 
γ-austenite, ε-martensite and ά-martensite. The face centred cubic γ-austenite formed a fibre texture {110} with 
respect to the deformation direction. The texture degree increased progressively with increasing deformation. 
The hexagonal close packed ε-martensite was preferentially oriented with the reciprocal direction {1013} along 
the load axis. The texture degree was nearly independent of the deformation extent. The body centred 
ά-martensite formed a mixed texture {100} & {111} along the deformation direction. The texture component 
{100} was very strong in the early stages of the ά-martensite formation, but it deteriorated with increasing 
deformation. The texture evolution is explained by the competition between the transformation texture, several 
deformation-induced mechanisms, which are highly sensitive to the local orientation of the grains with respect to 
the acting force, like the stacking fault formation and martensitic transformation in austenite, and the variant 
selection in both martensites and the twinning of ά-martensite.   

1. Introduction 

A characteristic property of metastable austenitic steels alloyed with 
several percent of Cr, Mn and Ni is the combination of high deform
ability, high strength and high strain hardening [1]. These characteris
tics are based on the transformation-induced plasticity (TRIP) and/or on 
the twinning-induced plasticity (TWIP) effects [2–4], and utilized, e.g., 
for absorption of the deformation energy in construction parts fabricated 
from the TRIP/TWIP steels [5,6]. Regarding the crystal plasticity, the 
TRIP/TWIP steels show a complex deformation behaviour. It comprises 
formation and slip of perfect dislocations, their dissociation, formation 
of stacking faults and twins in the face centred cubic (fcc) γ-austenite 
(space group Fm3m), and the deformation-induced transformation of 
faulted γ-austenite to hexagonal close packed (hcp) ε-martensite (SG 
P63/mmc) and to body centred cubic (bcc) ά-martensite (SG Im3m) 
[7–12]. The proportions of the active deformation mechanisms are 
controlled mainly by the stacking fault energy (SFE) of austenite, which 
depends on the chemical composition of the austenitic steel and on the 

deformation temperature [13–16]. The deformation of austenitic steels 
with low SFE (<20 mJ/m2) starts with the formation and dissociation of 
perfect dislocations, and proceeds by the formation of stacking faults, by 
their accumulation in deformation bands and by the transformation of 
γ-austenite to ε- and ά-martensites [17–20]. The main deformation 
mechanisms in austenitic steels with high SFE (>20 mJ/m2) are the 
dislocation glide and twinning [2,8,16]. 

The phase transformation γ → ε can be described as a periodic 
arrangement of stacking faults in deformation bands of austenite, in 
which the stacking faults are located on every second {111} lattice plane 
[9]. Especially the ε-martensite that is present at the intersections of the 
deformation bands, which form on the crystallographically equivalent 
lattice planes {111}, acts as nucleation site for ά-martensite [10,21–24]. 
The similarities in the crystal structures of γ-austenite and ε- and 
ά-martensites [19,23] lead to the orientation relationships (OR) that 
were described by Shoji and Nishiyama [25]. 
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and by Burgers [26]. 
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Consequently, the orientation relationship between γ-austenite and 
ά-martensite corresponds approximately to the Kurdjumov-Sachs (KS) 
OR [27]: 

{111}γ ‖ {110}ά &
〈

110
〉

γ
‖
〈

111
〉

ά
(3) 

Under uniaxial deformation via dislocation slip, fcc metals and alloys 
form typically fibre textures. Under compression, a {110} texture 
dominates that is a result of the grain rotation [28,29]. Regarding the 
texture formation, metastable austenitic steels show principally the 
same behaviour as other fcc metals and alloys [30–32]. Furthermore, as 
the orientation of the austenite grains towards the deformation direction 
influences the tendency of the stacking fault formation and hence the 
extent of the deformation-induced martensitic transformation [33–39], 
the deformation-induced texture formation in austenite affects the ac
tivity of the respective deformation mechanisms and finally the local 
amount of the phase transformations [40–42]. 

The interaction between the preferred orientation of crystallites and 
the dominant deformation mechanism was illustrated on several ex
amples in the past. In single-phase austenitic TWIP steels, which were 
subjected to uniaxial tensile deformation, a {111} fibre texture formed. 
The associated grain rotation facilitates the twinning activity, which, 
vice versa, intensifies the preferential orientation of crystallites 
[37,42,43]. In TRIP steels, the plastic deformations via dislocation slip 
and faulting of austenite and via phase transformation ε → ά act possibly 
as competing mechanisms regarding the texture evolution 
[30,31,44–47]. ε- and ά-martensites transformed during the plastic 
deformation exhibit distinct textures [45,48–50]. 

Several studies explained the texture formation in martensites by a 
selective transformation of austenite grains having a specific orientation 
with respect to the load direction [31,44,45,48,51,52]. Other reports 
considered the variant selection as a crucial reason for the texture for
mation in deformation-induced ά-martensite [53–61]. Due to the 
interplay between the applied stress and the transformation strain, not 
all crystallographically possible martensite variants, which are expected 
for the orientation relationships from Eqs. (1) to (3), really develop, as it 
was confirmed for the martensitic transformation during cooling 
[62,63]. Only the martensite variants were generated, in which the 
major component of the transformation strain was oriented parallel to 
the external (tensile) stress. In other words, the martensite variants are 
preferred, for which the transforming crystallites can expand along the 
tensile direction [55,58,61,64,65]. This kind of the variant selection was 
evidenced for both martensite phases, ε and ά [56,65]. 

In this work, the texture formation and the dependence of the texture 
degree on the deformation state were analysed in all phases of a uni
axially compressed metastable austenitic TRIP steel using in situ syn
chrotron XRD measurements. This experimental technique becomes 
more and more popular, mainly because of its huge information content 
[66–72]. The integral information about the texture development and 
phase transformations obtained from the synchrotron measurements is 
complemented by the local orientation relationships obtained from 
electron backscatter diffraction (EBSD) patterns of selected deformation 
states. The results of this study show the competition between the 
deformation and the transformation textures in austenite and in ε- and 
ά-martensites, illustrate the role of the variant selection during the 
deformation-induced martensitic transformation and contribute to the 
understanding of the interplay between the individual plastic defor
mation mechanisms in the austenitic TRIP steels. A consistent model 
explaining the evolution of the deformation texture in all phases 
appearing in plastically deformed high-alloy TRIP steels was developed, 

which is based on the stacking-fault mediated transformation process. 

2. Experimental details 

The metastable austenitic steel under study contained 16 wt% Cr, 7 
wt% Mn, 3 wt% Ni,1 wt% Si and 0.04 wt% C as confirmed using ICP 
spectrometry, combustion analysis (C) and X-ray fluorescence (Cr, Ni), 
corresponding to a designation X4CrMnNi 16-7-3. The SFE of this steel 
at room temperature is (8.1 ± 0.9) mJ/m2 [73]. In order to obtain a fine- 
grained microstructure that is required for statistically reliable XRD 
texture measurements, the samples for the in situ synchrotron diffraction 
experiments were produced from atomized powder using spark plasma 
sintering. These samples had a fully austenitic microstructure with a 
medium grain size of approx. 5 μm. 

The in situ synchrotron diffraction experiments were conducted at 
the High-Energy Materials Science (HEMS) beamline P07 (PETRA III/ 
DESY) at the X-ray energy of ~100 keV in the transmission diffraction 
geometry. The cylindrical samples (4 mm diameter, 8 mm height) were 
uniaxially compressed in a Bähr DIL-805 A/D deformation dilatometer 
up to the maximum force of 20 kN, which corresponds to a technical 
stress of 1590 MPa and to the (true) compression of 25%. The load 
applied to the sample was increased between the subsequent diffraction 
measurements. The experiment was conducted at room temperature. A 
beam size of 1 × 1 mm2 was used to cover a large sample volume 
(approx. 4 mm3) and to achieve a good statistical quality of the dif
fracted intensities. The direction of the primary beam was perpendicular 
to the loading direction. The diffraction patterns were recorded using a 
fast 2D detector (Perkin-Elmer, 2048 × 2048 px). The data acquisition 
time was 1 s per frame. The distance between the sample and the de
tector was 1169 mm. In this experimental setup, the maximum acces
sible magnitude of the diffraction vector (| q→| = 4πsinθ/λ) is 89 nm− 1. 
The wavelength of the radiation (0.01235 nm) was verified by diffrac
tion measurement carried out on the LaB6 standard from the National 
Institute of Standards and Technology (NIST). 

Preferred orientations of crystallites in individual phases were 
determined from the azimuthal distribution of the diffracted intensities 
[74] using the E-WIMV method [75], which is implemented in the 
MAUD program [76–78]. As the sample was not rotated around its own 
axis during the synchrotron radiation diffraction measurement, the 
texture degrees were determined from the single diffraction images 
recorded in each deformation step assuming that the preferred orien
tation of crystallites is rotationally symmetrical around the deformation 
direction. Still, it must be noted that a high reliability of this approach is 
only guaranteed, if a sufficiently high number of diffraction lines with 
different diffraction indices are used for calculation of the orientation 
distribution function (ODF) [79,80]. With | q→| ≤ 89 nm− 1, 8 diffraction 
lines of austenite (up to 422), 20 diffraction lines of ε-martensite (up to 
300) and 8 diffraction lines of ά-martensite (up to 400) were measured. 
For the sectional integration of the diffraction images, the program 
Fit2D [81] was utilized. The 2D diffraction rings were integrated over 
‘cake’ sections with the azimuthal extension of 5◦, which was a 
compromise between a good statistical quality of the integrated 
diffraction data and a good resolution in the orientation space. The in
tegrated data were processed using a Rietveld routine implemented in 
the MAUD program [76]. The refined parameters were the volume 
fractions of austenite and ε- and ά-martensites, their lattice parameters, 
the lattice stresses, the crystallite sizes, the microstrains and the degree 
of the preferred orientation in all phases, and the stacking fault proba
bilities for austenite and ε-martensite (for details, see [67]). 

Local orientation measurements that served as a proof of the variant 
selection were done using an EBSD analysis in a Zeiss Leo 1530 scanning 
electron microscope (SEM). The SEM was operated at 20 kV acceleration 
voltage. The EBSD system was Channel 5 from HKL. For these ex situ 
analyses, specimens after 10 and 25% true compression at room tem
perature were selected. They were ground and vibration polished using 
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colloidal silica and finally electropolished in order to avoid preparation- 
induced martensitic transformation. The scanned surface at 10% true 
compression amounted to 200 × 115 μm2, corresponding to approx. 
1000 austenite grains. The step size of the measurements was 75 nm. For 
the data analysis, a moderate clean-up was done, where unindexed 
pixels were replaced if at least 6 neighbouring pixels were assigned to 
the same phase and grain orientation. For the pole figure representations 
and orientation calculations, the MTEX toolbox [82,83] was employed. 

3. Results and discussion 

3.1. Texture evolution in γ-austenite 

The initial fine-grained austenitic steel exhibited a nearly random 
orientation distribution of crystallites, which was manifested by a uni
form intensity distribution along the Debye-Scherrer rings in the 2D 
synchrotron XRD pattern. During uniaxial compression, a {110} texture 
formed as expected for fcc materials [28–31,84]. The pole figures {111}, 
{100} and {110} of austenite obtained from the refined 2D diffraction 
data before compression and after 7%, 15% and 25% deformation are 
summarized in Figs. 1a-d. A gradual sharpening of the texture during the 
deformation process is visible from the increasing difference between 
the intensity maxima and minima in the respective pole figure. The 
plotted levels show the deviation from a random orientation distribution 
(1 on the intensity scale). Positions of the intensity maxima in the pole 
figures agree very well with the positions of the poles {111}, {100} and 
{110} calculated for the fibre texture {110}, cf. Fig. 1e. 

3.2. Texture evolution in ε-martensite 

During the sample compression, the metastable austenite trans
formed partly to hcp ε-martensite. First diffraction lines of ε-martensite 
were detected at 2% deformation, cf. section 3.4. In contrast to 
austenite, in which the texture degree increased steadily with increasing 
deformation, the crystallites of ε-martensite were strongly preferentially 
oriented already at a low load or, in other words, in the initial stage of 
the ε-martensite formation. The change in the degree of the preferred 
orientation of ε-martensite upon successive deformation seems to be 
smaller than for austenite. These experimental findings are illustrated by 
pronounced intensity maxima in all pole figures summarized in Fig. 2 
and by a relatively small change of the maximum and minimum in
tensities in the respective pole figures despite increasing sample 
deformation. 

The strong initial texture of ε-martensite suggests that the martens
itic transformation γ → ε occurs preferentially in the austenite grains, 
which are favourably oriented with respect to the deformation direction. 
According to the Shoji & Nishiyama OR from Eq. (1), the lattice plane 
(110)γ is almost parallel to the lattice plane (1103)ε, cf. Fig. 3. Thus, the 
observed fibre texture in ε-martensite, which is close to {1013}, is an 
expected consequence of the crystal lattice correspondence between 
austenite and ε-martensite. The anticipated appearance of the pole fig
ures {0001}, {1120} and {1013} of ε-martensite is depicted in Fig. 2d. 
The intensity maximum in the pole figure {1013} (right column in 
Figs. 2a-c) is relatively broad, because the lattice planes (110)γ and 
(1103)ε are mutually inclined by ~3◦. The interrelationships between 
the texture evolution in these phases are discussed in detail in section 
3.4. 

3.3. Texture evolution in bcc ά-martensite 

The onset of the bcc ά-martensite formation was detected at 5% 
compression. The pole figures {110}, {100} and {111} measured at 7%, 
15% and 25% deformation (Fig. 4) indicate the formation of a mixed 
{100} & {111} fibre texture, which is a typical feature of bcc metals 
under uniaxial compression [28,85]. The positions of the intensity 

maxima in the pole figures determined from the 2D XRD patterns 
(Figs. 4a-c) can be reproduced most successfully assuming a {111} fibre 
texture oriented along the deformation direction (centre of the pole 
figure) and a {100} fibre texture, which is slightly inclined (~ 5◦) from 
the deformation direction (cf. Fig. 4d). The symmetrical fibre texture 
{111}ά results from the coincidence of the poles 111α′ , 110γ and 1120ε, 
the inclined fibre texture {100}ά from the proximity of the poles 010α′, 
011γ and 0113ε (Fig. 3). 

The inclined texture {100}ά results from the Kurdjumov-Sachs OR of 
ά-martensite to the {110} preferred oriented austenite. In the 
Kurdjumov-Sachs OR from Eq. (3), the mutual tilt of the lattice planes 
(010)α′ and (011)γ is about 5◦ (see Fig. 3). This tilt leads to an inclination 
of the texture axis 〈100〉α′ from the deformation direction and, in the 
simulated pole figures (Fig. 4d), to a broadening of the originally distinct 
maxima of the pole densities to ring-shaped belts. In the pole figure 
{110}ά, the expected maxima of the pole density {100}α′ extend be
tween the azimuth angles (Ψ) 35◦ and 55◦ and beyond 80◦, in the pole 
figure {100}α′ between 0◦ and 10◦ and beyond 80◦, and in the pole figure 
{111}α′ between 48◦ and 62◦ (Fig. 4d). Texture {111}ά is also an 
intrinsic texture component of ά-martensite deformed in compression. 
The texture component {111}ά produces pole density rings having the 
average distances 35.3◦ and 90◦ from the centre of the pole figure 
{110}α′, 54.7◦ in the pole figure {100}α′, and 0◦ and 70.5◦ in the pole 
figure {111}ά. Some of the intensity rings of the texture component 
{111}α’ are located within the belts of the expected pole density maxima 
of the {100}α′ texture component. Like ε-martensite, also ά-martensite 
exhibits a strong texture already in the early stages of the deformation 
process. At the beginning of the ά-martensite formation, the dominant 
texture component is {100} (Fig. 4a), while the {111} component de
velops additionally at higher deformations (Fig. 4c). Still, both texture 
components become weaker with increasing deformation. The reasons 
for this behaviour are discussed in the following sections. 

3.4. Effect of the phase fractions on the preferred orientation of 
crystallites in individual phases 

As discussed above, the preferred orientation of crystallites in 
austenite is intensified at higher compressive deformations (Fig. 1). In 
contrast, the strongest textures in ε- and ά-martensites were observed in 
the early stages of the respective phase formation, and declined appar
ently with increasing plastic deformation of the TRIP steel (Figs. 2 and 
4). Quantitative correlations between the phase fractions and the texture 
degrees in individual phases that were obtained from the Rietveld 
refinement of the 2D diffraction patterns are shown in Fig. 5. As the 
phase fractions were refined together with the texture coefficients of the 
E-WIMV model in the MAUD routine, the phase compositions are not 
biased by the preferred orientation of crystallites in individual phases 
[86]. The texture degree is depicted in terms of the maximum intensity 
of selected poles (Fig. 5b) and in terms of the overall texture index 
(Fig. 5c), which is based on the refined coefficients (Cμ

l , where the 
indices l and μ stand for the order and the index of the symmetric 
functions) of the orientation distribution function [28]: 

J =
1

4π
∑

l,μ

[
Cμ

l

]2 (4) 

The analysis of the in situ XRD patterns revealed that the martensitic 
transformation of the originally austenitic sample starts at 2% 
compression (Fig. 5a). Although the crystallites of austenite are still 
almost randomly oriented at this deformation, the crystallites of 
ε-martensite, which is the first martensitic phase appearing upon load, 
are strongly textured. With increasing deformation, the maximum in
tensity of the pole 110γ (Fig. 5b) and the texture index of austenite 
(Fig. 5c) increase continuously. In contrast, the maximum intensity of 
the poles {1013}ε and {0001}ε and the texture index of ε-martensite 
remain constant up to the deformation of about 10%, at which 
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Fig. 1. Pole figures {111}, {100} and {110} of fcc austenite obtained from the refinement of the 2D diffraction patterns using the E-WIMV texture model [75]. (a) 
Undeformed state, (b), (c) and (d) after 7%, 15% and 25% compression, respectively. The deformation direction is located in the middle of the pole figures. The 
isolines correspond to 0.1 mrd (multiples of the random distribution) steps. The numerical values (max. and min.) quantify the texture degree in terms of the de
viation from a random orientation distribution (unity). (e) Positions of the intensity maxima in the pole figures {111}, {100} and {110} expected for the fibre 
texture {110}. 
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ά-martensite starts to form faster and at the expense of ε-martensite. At 
the deformations exceeding 10%, the density of the pole {1013}ε and 
the texture index of ε-martensite decrease slightly. At small de
formations between 5% and 7.5%, ά-martensite is a minor phase. The 
first crystallites of ά-martensite follow the texture of ε-martensite. They 

are oriented preferentially with their {100}α′ directions parallel to the 
load direction. With increasing amount of ά-martensite in the sample, i. 
e., at the deformations beyond 7.5%, the pole density {100}α′ and the 
texture index of ά-martensite decrease rapidly. The decay of the texture 
component {111}α′ is much less pronounced. 

Fig. 2. Pole figures {0001}, {1120} and {1013} of hcp ε-martensite after 7% (a), 15% (b) and 25% compression (c) obtained from the 2D diffraction patterns. (d) 
Positions of the highest pole densities calculated for ε-martensite having a {1013} texture inclined about 3◦ from the deformation direction. 
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The presence of a strong {1013} texture in ε-martensite is a conse
quence of the γ → ε transformation, which takes place via formation of 
stacking faults on every second lattice plane {111} of austenite [9,17] 
and which leads to the Shoji-Nishiyama orientation relationship [Eq. 
(1)]. The formation and the widening of stacking faults in austenite are 
promoted, when the external compressive force acts in a 〈100〉γ direction 
[33,87]. Therefore, ε-martensite is formed first in the austenite grains 
having a {100} orientation with respect to the compression direction 
[33,39]. Because of the proximity of the lattice planes (100)γ, (0112)ε 

and (0113)ε as well as the crystallographically equivalent ones (s. 
Fig. 3), the preferential martensitic transformation of the {100} oriented 
crystallites of austenite leads to a strong preferred orientation of the 
crystallites of ε-martensite that is close to {1013} already in the initial 
stage of the ε-martensite formation. However, the formation of the 
deformation texture {110}γ in austenite impedes the further martensitic 
transformation γ → ε, because the austenite crystallites rotate out of the 
{100}γ direction, which is favourable for the formation and widening of 
the stacking faults on the {111}γ planes. Still, as the reciprocal space 
directions {1013}ε are close to the reciprocal space directions {110}γ in 
the Shoji-Nishiyama orientation relationship (Fig. 3), the texture degree 
in ε-martensite does not change much during the deformation process 
(Fig. 5 b, c). 

The preferred orientation in ά-martensite is affected by the trans
formation texture of ε-martensite and by the Burgers orientation rela
tionship between ά- and ε-martensite (cf. Eq. (2)). The proximity of the 
poles 010ά,0112ε, 0113ε and 011γ (Fig. 3) favours the {100}ά texture at 
the beginning of the ά-martensite formation (Fig. 5b). With increasing 
deformation and with increasing amount of ά-martensite, the pole 
density {100}α′ and the texture index of ά-martensite decrease rapidly. 
The anticipated reasons for this behaviour are the variant selection and 
the incompatibility of some symmetry operations in ά-martensite with 
the symmetry operations in γ-austenite and ε-martensite, when these 
phases obey the Shoji-Nishiyama, Burgers and Kurdjumov-Sachs orien
tation relationships (Fig. 3). At a higher amount of ά-martensite in the 
plastically deformed sample, the formation of new ά-martensite nuclei 
with the initial orientation is inhibited, because they would produce 
large strain in the surrounding matrix [55], which is typically a defor
mation band containing ε-martensite having a slightly smaller molar 
volume than the ά-martensite [9]. Instead, the new ά-martensite crys
tallites nucleate and grow with different orientations, which reduce the 
deformation energy in the new local stress situation [88]. However, as 

these ά-martensite variants usually do not follow the original trans
formation texture, the texture degree in ά-martensite can decline with 
increasing deformation as observed experimentally (Fig. 5). Instead, the 
intrinsic bcc deformation texture {111} gains in importance, in partic
ular in further deformation stages. 

3.5. The variant selection 

The variant selection during the martensitic transformation that was 
derived from the texture development observed in the in situ synchro
tron radiation diffraction experiment was verified by the orientation 
analysis of individual phases using EBSD. For this purpose, a sample 
compressed to 10% was selected, as it represents early transformation 
stages, for which the transformation texture is most pronounced (cf. 
Figs. 2, 4 and 5). The results of the EBSD analysis are substantiated by 
the amount of a ‘transformation work’ that was calculated as the 
deformation energy resulting from the martensitic transformations γ → ε 
and ε → α′ under external stress. In general, the deformation energy is 
given by the double dot product of the strain tensor (εij) with the stress 
tensor (σij) [89]: 

W =
1
2

σij⋅εij (5)      

The deformation tensor describes the lattice deformation caused by 
the martensitic phase transformation for the respective orientation 
variant. For the phase transformation γ → ε following the Shoji & 
Nishiyama orientation relationship, the strain tensor can be expressed as 
[56,90]. 

εγ→ε =
1
24

⎡

⎣
2 2 − 1
2 2 − 1
− 1 − 1 − 4

⎤

⎦ (6) 

For the ε → α′ transformation following the Burgers orientation 
relationship, the strain tensor is given by [56,90]. 

εε→α′

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

̅̅̅
3

√
aα′

2aε
− 1 −

aα′

12aε
0

−
aα′

12aε

̅̅̅
8

√
aα′

3aε
− 1 0

0 0
̅̅̅
2

√
aα′

cε
− 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (7)  

where aε, cε and aα′ are the lattice parameters of the ε- and ά-martensites. 
For the calculation of the lattice strain, the values aε = 2.540 Å, cε =
4.111 Å and aα′ = 2.875 Å from [9] were used. Both transformation 
strain tensors, εγ→ε and εε→α′

, are oriented with respect to a reference 
frame of the respective parent phases. For the calculation of the trans
formation work according to Eq. (5), however, the strain tensor and the 
stress tensor must refer to the same coordinate system. Therefore, the 
strain tensors were rotated to comply with the orientation of the 
respective grain with respect to the applied load. In the case of the 
uniaxial load, the calculation of the transformation work is reduced to 
the product of the single component of the stress tensor describing the 
uniaxial load with the corresponding component of the appropriately 
rotated strain tensor εγ→ε(g) or εε→α′

(g). The rotation of the respective 
strain tensor and its dependence on the local grain orientation are 
expressed by the explicit dependence of εγ→ε(g) or εε→α′

(g) on the 
orientation matrix g. For compressive load, the variants with the highest 
negative value of the transformation work are considered as most 
favourable, because they can accommodate the compressive deforma
tion best. 

In the example shown in Fig. 6a, the ε- and ά-martensites form in a 

Fig. 3. Simplified stereographic projection showing the correspondence of the 
reciprocal space directions in fcc γ-austenite, hcp ε-martensite and bcc 
ά-martensite for the orientation relationships {111}γ ‖ {0001}ε ‖ {110}α′ and 
〈110〉γ ‖ 〈1120〉ε ‖ 〈111〉α′ from Eqs. (1) to (3). 
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deformation band, which is a part of an original austenite grain having 
the orientation marked by the large filled circle in Fig. 6d. The Euler 
angles of this grain are ϕ1 = 98◦, Φ = 43.6◦ and ϕ2 = 10.2◦. The ori
entations of the martensite regions are depicted in the inverse pole 
figures (Fig. 6e and f) by filled symbols. The normal direction to this 

deformation band, which is located on the lattice plane {111}γ (white 
dashed line in Fig. 6a), is inclined about 45◦ from the direction of the 
applied load. This orientation of the austenite grain is advantageous for 

the dissociation of the perfect dislocations a2
[
110

]
(111) and for widening 

of the stacking faults, as it can be seen on a high value of the Schmid 

Fig. 4. Pole figures of bcc ά-martensite after 7% (a), 15% (b) and 25% compression (c). (d) Stereographic projections of the pole density maxima expected for 
ά-martensite having a mixed texture {100} inclined about 5◦ from the deformation direction (black dashed-dotted lines and grey belts) and a {111} texture (grey 
dotted lines). 
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factor (0.483) of the leading partial dislocation a
6 [121](111) that was 

calculated using MTEX [82,83]. The maximum Schmid factors of perfect 
dislocations a

2 〈110〉{111} and of leading partial dislocations a
6 〈121〉

{111} calculated for other, crystallographically equivalent slip systems 
are summarized in Table 1. The two other austenite orientations visible 
in the orientation map (blue and green areas in Fig. 6a) do not exhibit 
pronounced stacking fault formation, as they are unfavourably oriented 
for the partial dislocation dissociation [33,36,39]. 

A high probability of the martensitic phase transformation γ → ε on 

the austenitic lattice plane 
(

111
)

in Fig. 6a is supported additionally by 

a highly negative transformation strain, which is − 0.171 for this 
particular transformation variant (see Table 1). In Table 1, the values of 
the transformation strain are expressed in terms of εzz

γ→ε, i.e., as single 
components of the deformation matrix εγ→ε from Eq. (6), which was 
rotated into the direction of the applied load. The transformation strain 

calculated for the crystallographically equivalent lattice planes 
(

111
)

γ
, 

(111)γ and 
(

111
)

γ 
of austenite is less negative than the transformation 

strain calculated for 
(

111
)

γ
, which means that the observed variant of 

ε-martensite (Fig. 6b) is most favoured also from the point of view of the 
transformation work. 

The example of the preferred ε-martensite variant from Fig. 6 and the 
results of the EBSD experiments carried out on other partially trans
formed austenite grains support the above claim that the martensitic 
transformation γ → ε occurs preferentially for the variants, which are 

associated with the maximum negative deformation energy. Concur
rently, this example illustrates the importance of the Schmid factor, 
which must be sufficiently high for the leading partial dislocation in 
order to facilitate the widening of the stacking faults in austenite. The 
examination of 50 austenite grains confirmed that in more than 90% of 
the cases, the ε-martensite variant with the minimum transformation 
strain in the load direction was formed. Additionally, the maximum 
Schmid factor criterion for partial dislocations was satisfied in all cases. 
This makes the orientation dependence of the Schmid factor quite 
important for the variant selection [53,54,65,91]. Fig. 7 compares the 
orientation dependence of the deformation energy obtained from εzz

γ→ε 

(panel a) with the orientation dependence of the Schmid factor of the 
leading partial dislocation (panel b). Both orientation dependencies are 
related to the orientation of the original austenite grain with respect to 
the deformation direction. From this comparison, it follows that the 
effect of the Schmid factor and the effect of the deformation energy are 
congruent. As the phase transformation γ → ε happens via formation of 
stacking faults in austenite, the strain tensor εγ→ε is related to the di
rection of the Burgers vector of the partial dislocations. Consequently, 
the Schmid factor of the leading partial dislocation and the deformation 
energy depend equally on the orientation of the transforming grain 
under external load as illustrated in Fig. 7. The comparison of Fig. 7 with 
Fig. 6d confirms once more that the orientation of the preferentially 
transformed austenitic grain from Fig. 6a is located within the range of 
the beneficial orientations indicated by a highly negative transformation 
work and high Schmid factor of the leading partial dislocations 
responsible for the propagation of the stacking faults. 

Fig. 5. Evolutions of the phase fractions (a), of the maximum intensity of the characteristic poles of individual phases (b) and the texture indices [Eq.(4)] (c) during 
the in situ compression test. 
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Analogous calculations of the transformation work were performed 
for all six variants of the ε → α′ transformation (Fig. 6f and i), which 
follow the Burgers orientation relationship from Eq. (2). The results of 
these calculations are summarized in Table 2. Also in this case, the 
martensitic variant with the highest negative transformation work 
dominates (V1 in Fig. 6c). The other variants (V2 and V3) balance the 

Fig. 6. EBSD orientation maps of austenite (a), ε-martensite (b) and ά-martensite (c) in the sample deformed at 10%. The load was applied in the vertical direction, 
the colour coding corresponds to the inverse pole figure in this direction. The trace of the deformation band (111) is highlighted by the dashed white line. V1, V2 and 
V3 are three different transformation variants of ά-martensite. The orientations of the coloured grains are depicted in inverse pole figures (d-f) and in stereographic 
projections (g-i) by filled symbols together with the orientations of the crystallographically equivalent transformation variants (open symbols). The centres of the 
stereographic projections correspond to the load direction, their x axes to the horizontal directions in panels (a-c). 

Table 1 

The Schmid factors of the perfect dislocations 
a
2
〈110〉 {111

}
and the leading 

partial dislocations 
a
6
〈121〉{111

}
in austenite, and the values of the trans

formation strain εzz
γ→ε for all transformation variants, which results from the 

crystallographic equivalence of the {111}γ planes. The values of the experi
mentally observed variant are highlighted.  

Slip plane (111)  (111)  (111) (111)  

max. Schmid factor (perfect 
dislocations) 

0.466 0.488 0.391 0.295 

max. Schmid factor (partial 
dislocations) 

0.483 0.464 0.384 0.316 

εzz
γ→ε ¡0.171 − 0.164 − 0.136 − 0.112  

Table 2 
The transformation strains calculated for all possible variants of ά-martensite, 
which can be formed from the ε-martensite having the observed orientation 
(Fig. 6b). The variants V1, V2 and V3 of ά-martensite were detected by EBSD 
(Fig. 6c).  

Variant V1 V3    V2 

εzz
ε→ά − 0.072 − 0.052 − 0.035 − 0.024 0.376 5.09 

Euler 
angles 
[◦] 

322.1/ 
5.2/45.5 

236.2/ 
50/36.5    

162.5/ 
42.9/60.5  
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volume expansion and the resulting shear [55,65,91]. V2 is twin-related 
to V1. Like for the first transformation step γ → ε, also the results of the ε 
→ α′ transformation were verified by the EBSD analysis of further 
deformation bands containing ά-martensite. 

3.6. Interplay between the transformation texture and the variant 
selection 

Although the probability of the martensitic transformation according 
to a specific variant is generally controlled by the transformation work, 
there are obvious differences in the texture development during the γ → 
ε and ε → α′ transformations (Fig. 5). The γ → ε transformation following 
the Shoji & Nishiyama orientation relationship can occur in four vari
ants, which are associated with differently oriented lattice planes {111}γ 

of austenite (Fig. 6). Still, due to the matching symmetry operations 3 
and 63/m in austenite and in ε-martensite, there are no additional 
orientation variants produced by the ε-martensite, which is formed from 
the parent austenite (cf. Fig. 3). Consequently, the macroscopic texture 
in ε-martensite follows the transformation texture γ → ε, which is 
controlled by the transformation work and by the Schmid factor of the 
partial dislocations a

6 〈121〉{111} in austenite, during the whole defor
mation process (Fig. 5). 

During the ε → α′ transformation, ά-martensite can form on the 
(0001)ε lattice planes of ε-martensite in six distinguishable (differently 
oriented) modifications related to the six crystallographically equivalent 
lattice planes {110}ά, cf. Fig. 6f and Table 2. As the symmetry operations 
along the directions 〈0001〉ε and 〈110〉ά are not matching (Fig. 3), the 
variants of ά-martensite, which are similarly favourable from the point 
of view of the transformation work, do not necessarily produce the 
macroscopic orientations of transformed ά-martensite corresponding to 
the transformation texture. The competition between the transformation 
texture obeying the Burgers orientation relationship and the variant 
selection of the ε → α′ transformation following the transformation work 
is visible in the dependence of the macroscopic texture in ά-martensite 
on the applied load (Fig. 5). At low deformations, the {100} texture in 
ά-martensite is dominated by the transformation texture as discussed in 
Section 3.4. At higher loads, additional ά-martensite variants with less 
favourable transformation work arise. These variants of ά-martensite do 
not necessarily comply with the initial transformation texture (Fig. 3). 
This effect is evidenced by the formation of twinned variants of 
ά-martensite (V2 in Fig. 6c), which compensate the shear strain induced 
by the volume expansion accompanying the phase transformation ε → α′

[55,65,90]. As the total volume expansion increases with increasing 
ά-martensite fraction, other orientation variants of ά-martensite are 
generated in larger quantities at higher external loads, thus the degree of 
the macroscopic texture in ά-martensite deteriorates with increasing 
deformation (Fig. 5). 

The interplay between the transformation texture controlled by the 
orientation relationship of consecutive phases, the number of possible 
orientation variants controlled by the crystal symmetries and the variant 
selection controlled by the transformation work is illustrated in Fig. 8. 
This figure shows the propagation of different grain orientations during 
the phase transformation γ → ε → α′. The first two panels depict orien
tations of the austenitic grains, which are oriented favourably (Fig. 8a) 
and unfavourably (Fig. 8b) to the external load from the point of view of 
the probability of the ε-martensite formation (cf. Fig. 7). Using the Shoji- 
Nishiyama orientation relationship, the austenite orientations from 
Fig. 8a and b were converted into the corresponding orientations of 
ε-martensite. Each orientation of austenite produced four orientations of 
ε-martensite, which form on one of the four crystallographically 
equivalent {111}γ lattice planes. The ε-martensite variant with the most 
negative transformation strain εzz

γ→ε is plotted in Fig. 8c and d in colour, 
the other variants are depicted by grey symbols. The shape of the sym
bols is kept the same for all orientations connected by the orientation 
relationship. 

Although the orientations of the austenite grains used for this 
simulation were distributed almost randomly (Fig. 8a and b), the ori
entations of the ε-martensite variants with most favourable trans
formation work are concentrated around the reciprocal space direction 
{1013}ε (Fig. 8c and d). This means that every austenite grain (having 
an arbitrary orientation with respect to the applied load in the original 
state) will produce local hcp crystallites of ε-martensite with orienta
tions, which are not far from {1013}ε. Thus, the variant selection during 
the martensitic transformation γ → ε helps to strengthen the macro
scopic texture in ε-martensite. Furthermore, the austenite orientations 
promoting the martensitic transformation (Fig. 8a) result in a stronger 
clustering of ε-martensite variants close to the reciprocal space direction 
{1013}ε (Fig. 8c). On the contrary, the deformation-induced preferred 
orientation {110}γ of austenite grains (Fig. 5c) counteracts the intensi
fication of the ε-martensite texture, because the {110}-oriented 
austenite grains are unfavourable from the point of view of the γ → ε 
transformation (cf. Figs. 7 and 8b). The formation of the {1013}ε texture 
(Fig. 2), whose degree is almost independent of the deformation state 
(Fig. 5b and c), is the result of the competition between a strong trans
formation texture and the evolving preferred orientation of austenite 
grains (Fig. 8a and b). The texture in austenite sharpens with increasing 
deformation (Fig. 1), but it reduces the tendency of austenite to trans
form to ε-martensite, in particular in {110}-textured austenite grains 
(Fig. 7). 

In Fig. 8e and f, the propagation of the grain orientations is shown for 
the ε → α′ transformation. Analogously to the first transformation step 
(γ → ε), all possible ά-martensite orientation variants following the 
Burgers orientation relationship (Eq. 2) were reproduced. For each 

Fig. 7. (a) Orientation dependence of the transformation work (expressed in terms of the minimum strain) calculated for the γ → ε transformation under uniaxial 
compression. (b) Orientation dependence of the maximum Schmid factor for leading partial dislocations with the Burgers vectors b

→
p = a

6〈211〉 in an fcc crystal 
structure under compressive load. The Schmid factors were calculated using the MTEX routine [82,83]. 
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crystallographically equivalent set of the variants, the variant with the 
highest negative transformation work was highlighted in the inverse 
pole figure (Figs. 8e and 8f) by colouring the respective symbols. For the 
favourable orientations of the original austenite (Fig. 8a), all highlighted 
ά-martensite variants (having low transformation work) accumulate 
near the reciprocal space direction {100}α′, which is in a good agree
ment with the fibre texture {100}α′ observed in ά-martensite (Fig. 4). 
This trend is supported also by the example shown in Fig. 6. 

Analogously to the γ → ε transformation, the favourable and the 
unfavourable orientations of parent austenite lead to the {100}α′ texture 
after the γ → ε → α′ transformation (Fig. 8e and f). Still, also for the ε → 
α′ transformation, the martensite variants formed from favourable 
austenite orientations (Fig. 8e) cluster more tightly than the unfav
ourable ones (Fig. 8f), and the sharpening of the {110}γ texture in 
austenite retards the formation of ά-martensite via γ → ε → α′ trans
formation. From this point of view, the texture {100}α′ in ά-martensite 
should be dominated by the phase transformation and the variant se
lection. This effect was observed at the beginning of the deformation 
process, where the amount of ά-martensite was low (Fig. 5). At larger 
amounts of ά-martensite in the highly deformed sample, however, the 
effect of the transformation texture competes against the formation of 

the ά-martensite variants, which have a high transformation work 
(Table 2), but compensate the volume expansion accompanying the ε → 
α′ transformation. 

The example in Fig. 6f shows that the new ά-martensite variants are 
twin-related to the first ones. The typical twin planes {211} in bcc 
metals [88,92], switch the ά-martensite orientations close to {100}α’ to 
the orientations close to {111}ά, as it can be seen in Fig. 6f for the variant 
V2. This effect can also be illustrated on the stereographic projection in 
Fig. 3, where the trace of the twin plane (112)α′ intersects the poles 
111α′ , 110α′ and 111α′ . As the need for the compensation of the volume 
expansion grows with increasing fraction of ά-martensite (and with 
increasing external load), the intensity of the texture component {111}ά
decreases much more slowly than the strength of the texture component 
{100}ά (Fig. 5b). 

4. Conclusions 

The in situ synchrotron radiation diffraction study carried out on a 
metastable austenitic steel under uniaxial compression revealed the in
formation about the deformation-induced changes of the phase 
composition and about the associated development of the preferred 

Fig. 8. Examples of the propagation of the grain orientations during the phase transformation of austenite (a, b) to ε-martensite (c, d) and ά-martensite (e, f). Left 
panels show the orientations of the original austenite grains, which are favourably oriented for the occurrence of the phase transformations. Right panels show the 
orientations of the grains, which are transformed from the unfavourably oriented austenite. Large coloured symbols in panels c) till f) mark the optimum variants 
with respect to the transformation work, while the orientations plotted by small grey symbols have unfavourable transformation works. The orientations of the grains 
connected by the respective orientation relationship are plotted using the same symbols. The encircled symbols mark the orientations of the variants from Fig. 6. 
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orientation of crystallites in individual phases. With increasing defor
mation, the original austenite formed a progressively strengthening 
{110} texture, and transformed to ε-martensite with a {1013} texture 
and later to ά-martensite with mixed {100} & {111} texture. In contrast 
to the {1013} texture of ε-martensite, whose degree stayed almost 
constant independent of the deformation degree, the preferred orien
tations of crystallites in ά-martensite deteriorated at higher de
formations and thus at larger ά-martensite fraction. With the aid of the 
local orientation measurements using electron backscatter diffraction 
and with the aid of the description of the fundamental processes 
accompanying the martensitic phase transformations, the different 
deformation behaviour of the phases was explained by the competition 
of several, partly counteracting mechanisms. These are (i) the mecha
nisms of the martensitic transformation γ → ε, i.e., the formation and 
wide dissociating of the partial dislocations and their dependence on the 
austenite orientation with respect to the applied load, (ii) the trans
formation texture, which is controlled by the respective orientation 
relationship between the consecutive phases, (iii) the variant selection 
following the beneficial transformation work and (iv) the formation of 
twinned orientations in ά-martensite that compensate the volume 
expansion during the ε → α′ transformation. 

The formation of the {110} texture in austenite under uniaxial load is 
an intrinsic phenomenon. However, it is unfavourable for the stacking 
fault formation and, therefore, impedes the phase transformation γ → ε 
at higher deformations. The {1013} texture in ε-martensite is a trans
formation texture, which results from the Shoji & Nishiyama orientation 
relationship between ε-martensite and the austenite grains, which are 
favourably oriented with respect to the formation and widening of the 
partial dislocations that is the first step to the ε-martensite formation. 
The ά-martensite shows a strong transformation texture {100} in early 
deformation stages. This texture results from the Burgers orientation 
relationship between ά-martensite and the parent ε-martensite. At 
higher deformations, additional variants of ά-martensite are created, 
which compensate the volume expansion caused by the ε → α′ trans
formation, but promote the strengthening of the {111} texture at the 
expense of the {100} texture. 
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I. Papadioti, N. Casati, S. Van Petegem, H. Van Swygenhoven, The effect of stress 
triaxiality on the phase transformation in transformation induced plasticity steels: 
experimental investigation and modelling the transformation kinetics, Mater. Sci. 
Eng. A 800 (2021) 140321, https://doi.org/10.1016/j.msea.2020.140321. 

[73] D. Rafaja, C. Krbetschek, C. Ullrich, S. Martin, Stacking fault energy in austenitic 
steels determined by using in situ X-ray diffraction during bending, J. Appl. 
Crystallogr. 47 (2014) 936–947, https://doi.org/10.1107/S1600576714007109. 

C. Ullrich et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/C2013-0-11769-2
https://doi.org/10.1016/C2013-0-11769-2
https://doi.org/10.1155/TSM.1.233
https://doi.org/10.1155/TSM.1.233
https://doi.org/10.1007/s11661-006-1042-6
https://doi.org/10.1007/s11661-006-1042-6
https://doi.org/10.1016/j.msea.2013.09.093
https://doi.org/10.1016/j.msea.2019.03.116
https://doi.org/10.1016/0001-6160(68)90118-1
https://doi.org/10.1016/0001-6160(68)90118-1
https://doi.org/10.1016/S1359-6454(99)00383-3
https://doi.org/10.1016/S0020-7403(97)00047-7
https://doi.org/10.1016/S0020-7403(97)00047-7
https://doi.org/10.1016/j.scriptamat.2006.06.004
https://doi.org/10.1016/j.actamat.2011.08.040
https://doi.org/10.1016/j.msea.2013.03.071
https://doi.org/10.1016/j.msea.2015.10.021
https://doi.org/10.1016/j.msea.2015.10.021
https://doi.org/10.1016/0001-6160(89)90123-5
https://doi.org/10.1016/0001-6160(89)90123-5
https://doi.org/10.1016/S1359-6454(00)00050-1
https://doi.org/10.1016/j.msea.2008.09.031
https://doi.org/10.1016/j.msea.2008.09.031
https://doi.org/10.1016/j.actamat.2011.08.031
https://doi.org/10.1016/S0921-5093(99)00349-4
https://doi.org/10.1063/1.2402474
https://doi.org/10.1063/1.2402474
https://doi.org/10.1016/j.actamat.2012.08.040
https://doi.org/10.1016/j.actamat.2012.08.040
https://doi.org/10.1016/j.matchar.2020.110244
https://doi.org/10.1016/S1359-6454(96)00222-4
https://doi.org/10.1016/j.msea.2006.05.107
https://doi.org/10.1016/j.msea.2006.05.107
https://doi.org/10.1016/j.msea.2017.07.010
https://doi.org/10.1016/j.msea.2017.07.010
https://doi.org/10.1016/0001-6160(70)90104-5
https://doi.org/10.1016/j.msea.2016.11.001
https://doi.org/10.1016/0001-6160(76)90052-3
https://doi.org/10.1016/0001-6160(76)90052-3
https://doi.org/10.1016/S1359-6454(00)00106-3
https://doi.org/10.1016/S1359-6454(00)00106-3
https://doi.org/10.1007/s11661-005-0003-9
https://doi.org/10.1007/s11661-005-0003-9
https://doi.org/10.1016/j.msea.2006.11.112
https://doi.org/10.1016/j.msea.2006.11.112
https://doi.org/10.1016/j.ijplas.2006.07.002
https://doi.org/10.1016/j.scriptamat.2015.03.014
https://doi.org/10.1016/j.actamat.2017.12.033
https://doi.org/10.1016/j.actamat.2017.12.033
https://doi.org/10.1016/j.msea.2015.09.108
https://doi.org/10.1016/j.msea.2015.09.108
https://doi.org/10.1007/s11661-020-05664-w
https://doi.org/10.1007/s11661-020-05664-w
https://doi.org/10.1016/S1359-6454(02)00577-3
https://doi.org/10.1016/j.scriptamat.2017.04.020
https://doi.org/10.1016/0001-6160(53)90083-2
https://doi.org/10.1016/0001-6160(53)90083-2
https://doi.org/10.1016/j.actamat.2013.11.001
https://doi.org/10.1016/j.actamat.2013.11.001
https://doi.org/10.1016/j.msea.2018.07.040
https://doi.org/10.1002/adem.201801101
https://doi.org/10.1016/j.msea.2020.139852
https://doi.org/10.1016/j.msea.2020.139637
https://doi.org/10.1016/j.msea.2020.140249
https://doi.org/10.1016/j.actamat.2020.07.038
https://doi.org/10.1016/j.actamat.2020.07.038
https://doi.org/10.1016/j.msea.2020.140321
https://doi.org/10.1107/S1600576714007109


Materials Characterization 176 (2021) 111132

14

[74] H.R. Wenk, S. Grigull, Synchrotron texture analysis with area detectors, J. Appl. 
Crystallogr. 36 (2003) 1040–1049, https://doi.org/10.1107/ 
S0021889803010136. 

[75] S. Matthies, G.W. Vinel, On the reproduction of the orientation distribution 
function of texturized samples from reduced pole figures using the conception of a 
conditional ghost correction, Phys. Status Solidi B 112 (1982) K111–K114, https:// 
doi.org/10.1002/pssb.2221120254. 

[76] L. Lutterotti, S. Matthies, H.R. Wenk, MAUD, A friendly Java program for material 
analysis using diffraction, IUCr Commission Powder Diffrac. Newslett. 21 (1999) 
14–15. 

[77] L. Lutterotti, D. Chateigner, S. Ferrari, J. Ricote, Texture, residual stress and 
structural analysis of thin films using a combined X-ray analysis, Thin Solid Films 
450 (2004) 34–41, https://doi.org/10.1016/j.tsf.2003.10.150. 

[78] L. Lutterotti, R. Vasin, H.R. Wenk, Rietveld texture analysis from synchrotron 
diffraction images. I. Calibration and basic analysis, Powder Diffract. 29 (2014) 
76–84, https://doi.org/10.1017/S0885715613001346. 

[79] D. Canelo-Yubero, G. Requena, F. Sket, C. Poletti, F. Warchomicka, J. Daniels, 
N. Schell, A. Stark, Load partition and microstructural evolution during in situ hot 
deformation of Ti-6Al-6V-2Sn alloys, Mater. Sci. Eng. A657 (2016) 244–256, 
https://doi.org/10.1016/j.msea.2016.01.059. 

[80] H.R. Wenk, L. Lutterotti, P. Kaercher, W. Kanitpanyacharoen, L. Miyagi, R. Vasin, 
Rietveld texture analysis from synchrotron diffraction images. II. Complex 
multiphase materials and diamond anvil cell experiments, Powder Diffract. 29 
(2014) 220–232, https://doi.org/10.1017/S0885715614000360. 

[81] A.P. Hammersley, ESRF Internal Report, ESRF97HA02T, FIT2D: An Introduction 
and Overview, ESRF, Grenoble, France, 1997. 

[82] R. Hielscher, H. Schaeben, A novel pole figure inversion method: specification of 
the MTEX algorithm, J. Appl. Crystallogr. 41 (2008) 1024–1037, https://doi.org/ 
10.1107/S0021889808030112. 

[83] F. Bachmann, R. Hielscher, H. Schaeben, Texture analysis with MTEX - free and 
open source software toolbox, Solid State Phenom. 160 (2010) 63–68, https://doi. 
org/10.4028/www.scientific.net/SSP.160.63. 

[84] E.A. Calnan, C.J.B. Clews, Deformation textures in face-centred cubic metals, Lond. 
Edinb. Phil. Mag. 7 (1950) 1085–1100, https://doi.org/10.1080/ 
14786445008561151. 

[85] A.D. Rollett, S.I. Wright, Typical textures in metals, in: U.F. Kocks, C.N. Tomé, H. 
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