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The aim of the present manuscript is to reveal the role of variant selection associated with the
y = ¢and y = ¢ — o transformations in the resulting texture of y, ¢ and o’ phases of FeMnCr
steels during uniaxial loading. Tensile tests were carried out at temperatures well above and
close to the martensite start temperature of the ¢ phase (M?%). Pole figures were obtained from the
cross-section of the fractured specimens by X-ray diffraction (XRD). The y (111) texture
developed regardless of test temperature. It was found that the ratio of diffracted intensity in the
0 and ~ 70 deg directions with respect to tensile axis notably changed with test temperature. The
difference was caused by variant selection accompanying the y — o’ transformation. At high
temperatures, ¢’ martensite formed only in the ~ 70 deg directions, where the mechanical
driving force is large. At lower temperatures, however, «” martensite formed in the ~ 70 and
0 deg directions as well. It is also shown that stress/strain-induced ¢ martensite can only form in
the ~ 70 deg directions. The results apply for all three examined steels.
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I. INTRODUCTION

STEELS exhibiting twinning-induced plasticity
(TWIP) and transformation-induced plasticity (TRIP)
are favored due to their unique combination of high
stress and elongation. Their industrial processing
involves shape giving, during which texture development
and phase transformations occur simultaneously (be-
sides other deformation mechanisms). Therefore, a
detailed understanding of the underlying mechanisms
and their interaction is of great importance. When
austenite is mechanically deformed, crystallographic
texture develops. When it undergoes transformation,
the product phase (ferrite, acicular ferrite, bainite, &
martensite, o’ martensite) is also textured. Since the
crystal orientation of the new phase is obtained through
phase transformation, the term ‘“‘transformation tex-
ture” was introduced. Transformation texture is gov-
erned by the texture of prior austenite, the
crystallographic correspondence between austenite and
the product phase, and stress. While the first two
determine all possible orientations of the new crystals,
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the latter specifies which orientations actually form
amonﬁ all. This is called “variant selection”. Miyaji
et all'l showed that variant selection acts simply due to
geometrical non-uniformity even if external load is
absent. Since then, the role of variant selection in
different steel types has been recognized by many
authors.”™¥ To predict the texture of the product
phases, models had been established based on the
observed {111} {011}, <110> ||(111),, orientation

relations.” ) When it comes to descrlbmg the texture
of austenite, difficulties arise. First, calculating the
austenite texture is rather complicated, since one specific
crystal orientation of the product hase can be inherited
from multiple parent orientations.”* This problem was
resolved with gﬁ)I’OmISll’lg results by the method of
Tomida er al'® which specifies that the orientation
relation of a nucleating ferrite and two adjoining
austenite grains is fulfilled. Second, the texture of
austenite can only be measured if there is a
notable amount of retained austenite. In such case, it
is possible to directly observe orientation relations
between the parent and product phases. The orientation
relationship between y and o ]phases and texture
evolution during tensile tests!''"'?! or rolling and anneal-
ing!'* ' were studied by many authors. In some of these
works, conclusions were deduced based on electron
backscattered diffraction (EBSD) analysis,!'®!"!3 while
in others it was done on orientation distribution
function (ODF) synthesis.''" '® Both methods define
texture through the orientation of unit cells, i.e., texture
components I However, due to variant selection,
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martensite formations occur preferably on those p{111}
planes—within an austenite unit cell—which are direc-
ted favorably with respect to applied stress or constraint
stress.l'**!1 On the macroscopic scale, consequently, a
series of {111} planes with favored orientations
undergo transformation, while non-favored oriented
planes do not. This predicts that due to variant
selection, the resulting texture cannot be accurately
characterized in terms of unit cell orientations. The aim
of the present work is to describe the role of variant
selection associated with deformation induced y — ¢
and y — o transformations in the final texture of
TWIP/TRIP steels with different Cr content. At first,
the case of uniaxial tensile loading is considered.

II. MATERIALS AND METHODS

Steels exhibiting both TWIP and TRIP behavior with
Cr content of 0.07, 2.26 and 6.12 (wt pct) were produced
and provided in the form of hot-rolled rods by the TU
Bergakademie Freiberg. The compositions of the exam-
ined steels are given in Table I.

Cylindric tensile test specimens with diameter of
5 mm and samples for differential scanning calorimeter
(DSC) examinations were machined from the hot-rolled
rods. Afterwards, specimens were solution treated at
1273 K (1000 °C) in a resistance heating furnace under
argon atmosphere for 30 minutes and subsequently
quenched in room temperature water. According to
XRD phase analysis, as-quenched (AQ) samples of all
three steel types consisted of thermally induced e
martensite and y austenite (Figure 1).

The ¢« y transformation temperatures were
obtained with a Netzsch 204 heat flux DSC. The
cylindric samples had 5 mm diameter and ~2 mm
thickness. DSC scans were performed under Ar atmo-
sphere using 10 K/min scan speed. The DSC curves and
the determined transformation temperatures are shown
in Figure 2. The ¢ <> y transformation temperatures are
summarized in Table II. The start and finish tempera-
tures refer to the ¢ < y transformations.

Tensile tests were performed at different temperatures
with an Instron 5982 universal mechanical tester
equipped with a specimen furnace. Prior to loading,
specimens were heated up to 573 K (300 °C) and held

Table I. Composition of the Examined Steels
Composition, Wt Pct
Steel Type C Mn Cr Si S
Steel 0.07 0.028 18 0.07 0.03 0.025
Steel 2.26 0.026 17.7 2.26 0.1 0.029
Steel 6.12 0.08 17.7 6.12 0.06 0.025
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Fig. 1—XRD spectra of the as-quenched samples.
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Fig. 2—DSC curves and transformation temperatures of the as-quenched samples.

Table II. The & < y Transformation Temperatures of the As-Quenched Samples

Steel M K (°C)

A, K (°C) A K (°C)

Steel 0.07 407 (134)
Steel 2.26 396 (123)
Steel 6.12 378 (105)

481 (208)
474 (201)
458 (185)

505 (232)
500 (227)
481 (208)

for 30 minutes to obtain pure austenitic state. After-
wards, the specimens were cooled down to the test
temperatures, namely: 473 K, 453 K, 433 K, 413 K, 398
K, 383 K (200 °C, 180 °C, 160 °C, 140 °C, 125 °C,
110 °C), and room temperature and they were loaded till
fracture. Subsequently, cross-section samples were pre-
pared from the gauge section of the tensile test speci-
mens for transmission electron microscopy (TEM) and
X-ray diffraction (XRD) texture examinations. Speci-
mens for TEM examinations were prepared by ion beam
milling. TEM examinations were carried out with a FEI
Tecnai G2 equipment with ASTAR system. Samples
were embedded in epoxy resin and mechanically pol-
ished. XRD measurements were carried out with a
Bruker D8 Advance type diffractometer equipped with
Eulerian cradle and CoKoa X-ray source, operating with
40 kV tube voltage and 40 mA tube current. The length
of the applied line focus was 20 mm while its width was
a few mm depending on the Bragg-angle, meaning that
the full cross-section of the samples were examined
during measurements. Incomplete pole figures were
measured to 6 = 75 deg tilting and were defocus
corrected. Figure 3. shows the diffracting {hkl} plane
series with a general orientation within a cylindrical
sample. Here, 0 is the angle between the normal of the
{hkl} plane series (N) and the direction of applied stress
(a1). On the presented pole figures, the center of the pole

METALLURGICAL AND MATERIALS TRANSACTIONS A

{hkl}

Fig. 3—The diffracting {hkl} plane series within a cylindrical
specimen. 6 is the angle between the normal of the {hkl} plane series
(N) and the direction of applied stress (a1).

figures (0 = 0 deg) correspond to the axis of applied
stress (o7) and 0 increases radially.

Recalculated pole figures were obtained usin]g the
harmonic method and positivity refinement.!'***!" Ori-
entation distribution functions (ODF) were calculated
with the equipment’s own software, TexEval. From the
data of pole figures, the ratio of net intensity at the
0 = 70 deg directions (summarized from 50 to 75 deg)
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and at & = 0 deg direction (from 0 to 20 deg) of y{111}
and o’{110} pole figures were calculated (Z,,;; and
Zy (10, respectively). Note that on the 111 standard
projection, 1 pole is at # = 0 deg and 3 poles can be
found at 0 = 70 deg.[20] Thus, the theoretical value of
Z,111y is 3 in the case of (111) fiber texture if variant
selection does not take place. Vice versa, notably

took place. In addition, the value of Z is close to 1 for all
(hkl) poles in the case of a randomly oriented structure.

III. RESULTS

Figure 4 shows the true stress—true strain curves of

different values for Z, 11, suggest that variant selection the steel tensile tested at different temperatures.
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Fig. 4—True stress-true strain curves obtained at different temperatures from the examined steels (a) Steel 0.07, (b) Steel 2.26P% and (¢) Steel

6.12.

1 dm

Fig. 5—Cross-section TEM phase maps of (a) Steel 0.07, (b) Steel 2.26 and (c) Steel 6.12 tensile tested at 398 K (125 °C). Cyan: y austenite, red:

& martensite, green: o martensite (Color figure online).
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According to XRD phase analysis, tensile-tested sam-
ples consisted of austenite, ¢ martensite and o
martensite.

In Figure 5, TEM phase maps taken from the
cross-section of Steel 0.07 (Figure 5(a)), Steel 2.26
(Figure 5(b)) and Steel 6.12 (Figure 5(c)) tensile tested
at 398 K (125°C) can be seen. On the images,
cyan-colored areas correspond to austenite, red corre-
sponds to ¢ martensite and green to " martensite. Note

9000 vi111} {101}
8000
7000 § ’§
£ 6000 o .=
5 " Y
o 5000 473 K (200°C)
© 4000 453 K (180°C)
£ 3000 433 K (160°C)
- 413 K (140°C
2000 398 K (125°C
1000 383K (110°C)
. 313 K (40°C)
50 51 52 53 54 55 56 57 5
(a) 2-Theta - Scale
9000 v{111}
8000
7000
g 6000
g 5000
9,4000
-5 3000

(e}

VA”\‘—“.—’./\\
g0 = o N
<

that the examined volume is too small to give reliable
information about the relative amount of the present
phases.

A. Texture

Figure 6 shows the sections of the obtained XRD
plots from which the Bragg angles of the y{111}, £{002}
and o’{110} reflections were determined. The relative
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Fig. 6—XRD plots obtained at different temperatures from the examined steels (a) Steel 0.07, (b) Steel 2.26 and (c) Steel 6.12.
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Fig. 7—The PHI1 = 0 ODF cuts of the y phase, obtained from of (a) Steel 0.07, (b) Steel 2.26 and (c) Steel 6.12 tested at 453 K.
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heights of the reflections change with test temperature
due to the developing texture of the phases.

The developed fiber texture of the y phase is clearly
seen on the PHI = 0 deg ODF cuts taken from the
steels tested at 453 K (Figure 7).

Figure 8 shows the measured y{111} (a, d, g, j, m, p),
£{002} (b, e, h, k, n, q) and &’{110} (c, f, I, 1, 0, r) XRD
pole figures of the steel tensile tested at different

temperatures. Pole density (measured intensity) is pro-
portional to the color saturation of the pole figures.

In Figures 8(a), (g) and (m), it can be seen that at 473
K (200 °C), the y{111} poles appear at 6 =~ 0 deg and at
0 ~ 70 deg. The poles at 0 ~ 0 deg are from those
{111}y = ¢ qee planes that are closely parallel with the
cross-section (perpendicular to the tensile axis), while
poles at 0 =~ 70 deg are tilted with 70 deg relative to the

y {111} £ {002} o {110}
o 3 ® 036 | 028 A ® 044
7 \ 072 Ve ©056 2 =
¥ N I=E DL, ®1.08 | L e084
, CASAC R 144 4 ™ CCERT!
Steel 0.07 ( g o) WK\ @ 1.81 i @ 1.40
s R s Lo T e 5 17 1 168
473 K B SPUTT] 253 e 1.96
° y  ®225
(2000C) ° §'§§ % ©253
f 7 ¢ 3.62 °281
8 4 5 g ©3.98 3.09
(a) / ( 434 (b) < 337
p & ©043 ] ®0.20
2 s ® 0386 IS ®0.40
® 130 © 060
®173 ©0.80
Steel 0.07 lLe2.16 L @100
® 260 {®1.20
313K ey TG =0303 Li® 140
3 - ®346 _ ® 160
(4OOC) m. Eh N ©3.90 ® 1.80
0P8 o T 433 © 2.00
s v ! 476 9220
S A 5.20 2.40
(d) (e)
- = ®0.40 7 ' ® 028
Steel 2.26 DA eow Bl 0
473 K N e~ ®1.20 SRR = 0084
: 0O e ® 159 ®1.12
(2000C) ) @0 N ~) (&s7, ® 199 @141
4 S ISl @ 2.39 [ ®169
I ®279 ® 197
®319 I @2
o358 Cem
. 3.99 281
SA 439 " ©309 =3
@ ) i @ ==
Steel 2.26 - ® 066 ®029 Joal) ®027
’ WG, Lo ®131 A P ®0.58 ( T & ®054
298 K 59 Nl @107 S ®0388 A7 i @081
Y AN SGHk © 263 v ® 117 AN TS ®1.09
(ZSOC) 8 ®329 1L e 146 S : [ ®1.36
®395 . e175 2 ® 163
5 © 461 e /] ®2.05 ® 1.90
® 527 ) ' ®234 0 N ®218
@593 ©263 A [l ®245
Ay & 069 : 292 R INF TS A 272
o g &< Si725 ©322 SO © 299
() A $i7.01 (k) = 351 n B ° 327
Steel 6.12 AN % ®040 036 R eoum
3 1) 2y AN @081 ©0.72 A e 3 ®0.89
473 K PSS, ® 121 : - e108 G0, reieNsy e 133
(Y ® 162 ¥ ® 144 2 ([T EESNE @ 1.77
(ZOOOC) ] ® 202 | ®1.80 XS5 =n ~ ©222
®243 A ® 217 X ® 266
®2383 L ®253 L.®311
— ©324 ® 289 ®355
© 364 ©325 Wien > ©3.99
) ) 4.05 361 \Zs s IR ) 4.44
< 3 446 ©397 7l © 488
m =/ DI 4.86 433 o L lig)e ©533
Steel 6.12 ( ) y > ; & i (n) 015 ( ) Z ®014
[BRIAN, ) ®0.30 < S = ©028
298 K ’% 045 i Wi N e 041
0 A @060 S\ A P © 055
(ZSOC) L 0075 L I Jii) @069
%000 NAE = P @ ® 063
= e 105 O T ©097
® 120 X PIRAS S, 7 ® 110
y 135 PO A ©124
- 150 ", N ©1.38
©165 | = ® 152
(p) (q) S © 1.80 (r) ~ A © 166

Fig. 8—Measured y{111} (a, d, g, j, m, p), ¢{002} (b, e, h, k, n, q) and «’{110} (c, f, i, [, o, r) pole figures of Steel 0.07, Steel 2.26 and Steel 6.12
tensile tested at 473 K (200 °C) and at room temperature (Color figure online).
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tensile axis. In other words, the y(111) fiber texture
formed during tensile loading which is in agreement with
the literature. However, at 473 K (200 °C), the pole
densities are high at 8 ~ 0 deg and low at 6 =~ 70 deg,
while at room temperature (313 K and 298 K, they are
high at 0 =~ 70 deg, and low at 0 ~ 0 deg (Figures 8(d),
(), and (p)). On the £{002} pole figures taken from 473
K (200 °C) high pole densities can only be observed at
0 ~ 70 deg directions, and more uniform distributions
are found at room temperature (313 K and 298 K,
Figures 8(b), (h), (n) and (e), (k), (q), respectively). In
Figures 8(c), (i), and (o), the «’{110} pole figures from
473 K (200 °C) also have high pole densities at the
0 ~ 70 deg directions. At 313 K and 298 K (40 °C and
25 °C), however, the pole distributions are completely
random (Figures 8(f), (1), and (r)). The above shown
pole figures correspond to the highest and the lowest test
temperatures and provide only qualitative information
about the pole distributions. To quantitatively show the
pole density variation of y and o phases in the whole
temperature range of all three steels, the ratio (Z) of
measured intensity at 0 =~ 70 deg and 0 ~ 0 deg of
{111} and &’{110} pole figures for all three steels are
shown in Figure 9.

As seen in Figure 9, both Z,(1;1y and Z (1,0, strongly
vary with test temperature. In the case of Steel 0.07, the
theoretical value of 3 is obtained for Z,;,;; below 413 K
(Figure 9(a)). This means that Z,; is identical to the
111 standard projection. However, Z,; decreases
from 400 K and goes below 1 at high temperatures. The
value below 3 means that within the (111)
textured austenite unit cells, the ~ 70 deg oriented
{111} = 70 dgeg planes underwent phase transformation,
while the p{111}y = ¢ 4ee planes did not. For the other
two steels, Z,(111 is between 3 and 1 at low temperatures
suggesting that more p{I111}y = 79 gee planes trans-
formed than y{111}y — ¢ 4 planes. At higher tempera-
tures, similarly to Steel 0.07, Z,¢ 11, decreases below 1.
For o’ martensite, Z,1o; is notably larger than 1 at
high temperatures and it is around 1 at low tempera-
tures. Accordingly, at high temperatures, «’{110} planes
are dominantly parallel with the ~ 70 deg directions and
are randomly oriented at low temperatures. Z;o2; Was
not calculated since thermally induced ¢ (with random
orientations) also could form (thermally formed ¢ was
present at some test temperatures) besides the stress/
strain-induced ¢. Furthermore, it will be shown later that
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Fig. 9—Net intensity ratio (Z) of the ~ 70 and 0 deg directions of the y{111} and o«’{110} pole figures vs test temperature of (a) Steel 0.07, (b)

Steel 2.26 and (c) Steel 6.12.
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Fig. 10—The absolute value of mechanical driving force (U) of the y — o’ and y — ¢ transformations per applied stress (a;) vs the angle between
tensile direction and normal of the habit plane (6).
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theoretically stress/strain-induced ¢ martensite can only
form at {111}y = 70 geg planes.

IV. DISCUSSION

To understand the fine details of the developed
texture, the effect of variant selection accompanying
the occurring phase transformations are taken into
account. To introduce the contribution of external stress
to martensitic transformations, the mechanical driving
force (U) of the y —» o’ and y — ¢ transformatlons Were
calculated according to (1) after Patel and Cohen'™ and
Seetharaman,® where o, is the applied stress, d is the
dilatation component and s is the shear component of
the transformation deformation. For the y — o’ trans-
formation, values of 6 = 0.03 and s = 0.26 were
used,?!) while in the case of 7 — &, the transformation
deformdtlon is a simple shear with 6 = 0 and s = 1/
V2.2 The dependency of U on @ is plotted in Figure 10.

U:§(5+5cos29+ssin26). 1]

In Figure 10, it can be seen that both U, — o’/s; and
U, — ./o, are maximal at 0 ~ 45 deg. However, since
the austenite phase developed a (111) texture, habit
planes are only available at the § = 0 deg and 6 = 70
deg orientations. From Figure 10, it is also apparent
that U, — o'/o, is almost 3 times larger at 0 ~ 70 deg
(0.087) than at 0 ~ 0 deg (0.030). According to this,
stress/strain-induced o” martensite plates form prefer-
ably on p{111}y - 79 gqce planes at hlgher temperatures
where the chemical driving force is weak.”* As the
{111} - o’{110} transformation occurred along the
{111} = 70 deg planes, the p{111}y ~ 70 qeg pole density
decreased, while that of o’{110}g ~ 70 ez increased.
(Consequently, Z,;;y decreased while  Z, 0y
increased.) At low temperatures, where the chemical
driving force is increased, the y — o transformation was
activated also on the {111}y = ¢ 4 planes where the
mechanical contribution is weaker. In that case, y — o
transformation occurred in both y{I11}y = 79 qee and
{111}y = ¢ qee planes. Consequently, y{111} pole den-
sity is decreased and «’{110} poles appear at both
0 ~ 0 deg and 6 ~ 70 deg directions. In the case of ¢
martensite, U, — ,/o; is notable at 0 ~ 70 deg (0.227)
and it is 0 at 0 = 0 deg. Thus, stress/strain-induced ¢
formation can occur only on {111}y - 70 qe¢ habit
planes, regardless of test temperature. Therefore, stress/
strain-induced ¢ {002} poles appear only at 0 ~ 70 deg.
(Note that ¢ can also form thermally without any
preferred orientation.) It was also seen that for Steel
0.07, the theoretical pole distribution of the 111 stan-
dard projection was obtained at low temperatures, while
this was not the case for Steel 2.26 and Steel 6.12. This
can be the result of two factors. First, M¢ is the highest
of Steel 0.07 (407 K compared to 396 K and 378 K).
Thus, it can be assumed that most thermally induced,
randomly oriented ¢ and consequently, the least stress/
strain induced, (002)g — 79 gee Oriented & formed in the
0.07 pct Cr steel compared to the other two. As a result,
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the effect of the y{111} = 70 geg = {002}y = 70 geg trans-
formation on the y{111}y = 79 4 pole density was the
least pronounced in Steel 0.07. Second, the effect of Cr
content on the stacking fault energy could play a role in
the texture development. This, however, needs further
investigation.

V. SUMMARY

After uniaxial tensile tests performed at different
temperatures on steels with varying Cr content showing
TWIP/TRIP behavior it was shown that the y(111) and
o’ (110) fiber texture developed and the {111} || £{001} ||
o’{011} crystallographic correlation (more precisely,
close to the p{111} || «’{011} correlat10n) was observed
which is in agreement with the literature.>” However,
notable differences were observed in diffracted p{111}
and o’{110} intensities between the 0 = 70 deg and
0 = 0 deg directions at various test temperatures. The
mechanical contribution of the stress/strain-induced
y — ¢ and the y — o transformations were calculated
and it was concluded that the observed intensity
differences are caused by variant selection which accom-
panies the stress/strain-induced y — ¢ and y — o trans-
formations. It is shown that at higher temperatures, o
martensite plates form preferably on y{111} planes that
are oriented 0 ~ 70 deg with respect to the tensile
direction, while at lower temperatures, plates form on all
available p{111} planes. It is also shown that stress/
strain-induced ¢ martensite can only form on 6 ~ 70 deg
{111} planes, while thermally induced ¢ forms on every
available {111} planes.
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