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The occurrence of stress-induced
a martensite in an (a+y) Fe-Cr-Ni alloy

K. WAKASA*, T. NAKAMURA

Department of Materials Science and ‘Engineering, Tokyo Institute of Technology,

O-okayama, Meguro-ku, Tokyo, Japan

The interaction of an applied stress with the displacive shear during the martensitic
transformation determined the K—S variants which formed in three types of tensile
specimens, with tensile directions of 0°, 45° and 90° to a rolling direction respectively.
The 3—6, 4—5 and 1—3 variants in a 0°-specimen, 1—5 and 4—5 variants in a 45°-
specimen and 4—4 and 3—6 variants in a 90°-specimen are chosen as K—S variants which
have the maximum value of U/c in respective tensile directions. These variants are related
to the occurrence of o’ martensite with particular orientations as (100),, (1 10),, and

(211)g.

1. Introduction

o' martensite is induced by a tensile stress in meta-
stable austenitic Fe—Cr—Ni steels [1-3], the rate
of transformation during straining depending upon
the crystallographic direction of the applied stress
[1], and the transformation structure depending
on the direction of the applied stress [2]. In order
to observe the anisotropic characteristics of mar-
tensite transformation, a <y phase recrystallized
material was used. The integrated intensity of the
(100),, (110), and (211), increases as the
amount of tensile deformation increases in the
specimen, with tensile directions of 0°, 45° and
90° to a rolling direction [3]. In the 0°- and 45°-
specimens, it was found that the proportional
change in the integrated intensity ratio (//7°) with
increasing tensile deformation for the (21 1), was
significantly larger than for the (100), and
(1 10),, but in the 90°-specimen the ratio changed
little with deformation. It is thus necessary to
estimate how these features are related to the
crystallographic direction of the applied stress.

2. Experimental procedure

The composition of the two-phase (a+7)
Fe—Cr—Ni steel used was 23.19%Cr, 4.91% Ni,
0.025%C, 1.47%Mo, 0.53%Si, 0.51%Mn, 0.91%

Al, 0.023%P and the balance Fe. 2.0mm thick
sheets with tensile directions of 0°, 45° and 90° to
a rolling direction were cut into tensile specimens
with gauge sections of 6.0mm x 18.0mm. The
specimens, that is, 0°-, 45°- and 90°-specimens,
were annealed for 1h at 1000°C to produce a
mean grain size of 8.0um and 52%y phase. The
resultant recrystallization textures in a and 7y
phase had (001),[110],, and (110),[332],
and (22 5),[232], components, respectively [3].

Tensile deformations were carried out in the
temperature range of —196° C to —50° C, using
an Instron type testing machine operated at a
crosshead speed of 0.5mmmin.™" The X-ray dif-
fraction patterns of « and 7y phase were obtained
with CoKa radiation to examine the effect of the
amount of deformation on the integrated intensity.

3. Results and discussion
3.1. The variation of the integrated
intensity ratio in the o and 7y phase

As the &' martensite is induced within vy phase of
the two-phase alloy by a tensile stress, it is expected
that the integrated intensities in diffracted-planes
of & phase will vary as the amount of deformation
increased, because the stress-induced o’ martensite
has the bce structure [1—-3]. In order to examine
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Figure 1 (a), (b) and (c). The variation of integrated intensity ratio (///°) with tensile strain at —150° C in tensilé speci-
mens having tensile directions of 0°, 45° and 90° to a rolling direction: ® (211),, 4 (200)y, ® (110)4, = (20 0),

2(200)y, 0 (111)y.

how the integrated intensity in the specimens de-
- formed to various tensile strains,-J; increases or de-
creases with respect to the integrated intensity of
the annealed specimen, 7°, at the diffracted-planes
of o and vy phase, the integrated intensity ratio of
I/I° was obtained. Consider, for example, the
results obtained at —150° C which are shown in
Figs. 1a, b and c. The intensity ratio in (111),,
(200), and (220), decreased with increasing
amounts of deformation and reached a zero value
because the vy phase had transformed to o’ marten-
site during strain. The amount of @’ martensite in-
creased as the amount of deformation increased
and test temperature decreased. This amount, for
example, was 52% (0°-specimen), 52% (45°-
specimen) and 52% (90°-specimen); 41% (0°), 41%
(45°) and 35% (90°); 46% (0°), 42% (45°) and
38% (90°); and 33%(0°), 28% (45°) and 12% (90°)
in fractured specimens at — 196, — 150, — 102 and
—350°C, respectively. In the specimens in which
o' martensites were found, the e martensite also
occurred. The amount of e martensite, however,
did not increase with increasing deformation, and
the largest recorded value was approximately 1.0%
at any test temperature of —196, —150 and
—102°C. The e martensite which formed at
—196, —150 and —102° C was first detected at
tensile strains below 1.0%, 1.0% and 5.0%, re-
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spectively. There was no evidence of e martensite

‘at-any strain at —50° C.

It is noted that the intensity ratio of the (21 1),
in the 0°- and 45°-specimens increased to >2.0
and >3.0 at fracture strain, respectively. In the
case of the 90°-specimen, the ratio of the (21 1),
was approximately 1.0, and the ratios of the
(200), and (110), were nearly 1.4 at fracture
strain. These results obtained by X-ray measure-
ment suggest the occurrence of & martensite
having orientations as (211),, (110), and
(100), parallel to the specimen surface. Similar
results to the above were obtained when the 0°-,
45°- and 90°-specimens were deformed to various
amounts of tensile strain of 1.0 to 67.0% at — 196,
—102 and —50°C. These results suggest that
particular &' variants of lath martensite are being
formed according to the crystallography of the
applied stress and the specimen.

3.2. The interaction of an applied stress
with the displacive shear during the
martensite transformation

In order to estimate the effect of an applied stress

on the formation of a particular o« variant, the

following equation given by Machlin and Weinig

[5] and Patel and Cohen [6] was used:

Ulo = vocosfcosA + g, cos?6 )



where Ufo = interaction of an applied stress with
the displacive shear, § = angle between the habit
plane normal and the direction of tensile axis, and
A =angle between the shear directio? and the
direction of tensile axis. The values of v, and €,
are equivalent to the components of the shear
strain and the tensile strain in the direction of the
particular transformation. In the present study,
the {111}, <(112), shear system [7] and the
{101}, (101), shear system [8] were used, as
these have been found to operate during the
martensite transformation. The values of v, and
€o are 0.192 and 0.089 for the {111}, (112),
shear system, as calculated by Kelly [7], and the
values of 7y, and €, are 0.224 and 0.026, re-
spectively. The orientation relationships between
the vy phase and the o martensite were the
Kurdjumov—Sachs relationships, reported by the
present authors [9]. As there are 24 Kurdjumov—
Sachs variants in the present Fe—Cr—Ni steel, it is
necessary to obtain the values of Ufo for each of
the variants in the relevant directions of the tensile
axis [2, 10]. In order to calculate these values, the
(200),-pole figure was determined from X-ray
measurements and is shown in Fig. 2. Two com-
ponents of a recrystallization texture in the v
phase were identified and indexed as (110),
[332], and (225), [232],. Tensile directions
were cheosen for two components to produce
directions of 0°, 45° and 90° to the rolling
direction. Fig. 3 shows the directions of the tensile
axis in the (001), standard stereographic pro-
jection. For the (110), [332], component, the

Figure 2_Recrystallization texture of the y phase: o
(110),[332},,0(225),[232],.
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Figure 3 Relevant directions of the tensile axis to cal-
culate the interaction of an applied stress with the dis-
placive shear during the martensic transformation.

directions of the tensile axis for the tensile di-
rections of 0°, 45° and 90° to the rolling direction
were [323],, [001], and [113],, respectively,
and for the (225), [232], component, the di-
rections which were equivalent to tensile directions
of 0°, 45° and 90° to the rolling direction were
[223],, [H]y and [H,],, respectively.

Table I shows the values of Ufo for the 24
variants of the six directions of the tensile axis in
the {111}, (112), shear system. In this shear
system, the habit plane and the direction of the
transformation were {112}, and (110),, re-
spectively. Therefore, only one value of Ufg is
given for each variant. Table II shows the values of
Ufo for the {101}, (101), shear system. In this
case, two values of Ufo are obtained for each
variant, because there are two sets of habit plane
and direction of transformation. These sets of
habit plane and direction of transformation were
determined as (0.602399, —0.777423,0.180912),
and [—0.154368, —0.159259, —0.046361],;
(0.180912,0.777424,0.602398),, and [—0.04636,
0.159295, —0.154368],, using the Bowles—Mac-
kenzie method [11].

3.3. The occurrence of stress-induced o'
martensite

It is expected from Figs. 1a, b and c that a par-

ticular o varant occurs during the martensitic

transformation. In order to clarify this, the values

of Ufo were calculated from the Equation 1, as

shown in Tables I and II. These values had either
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TABLE [ Values of U/o for the martensite transformation induced by a tensile stress in the {1 1 1}7 {11 2)7 shear

system

K-S relation Variant  Values of Ufo

Plane Direction notation Direction of tensile axis

ainaio |1 0 I] [I 11] 1-1 0.0624 —0.0406 —0.0115 0.0426 —0.0060 0.0175
foriy (i1} -2 0.0779 —0.0406 0.0000 0.0214 0.0000 0.0243
[11o] 111} -3 0.0779 0.0593 0.1106 0.1115 0.0675 0.0673
[to1) {111] -4 0.0674 0.0703 0.1103 0.1019 —0.0060 0.0175
[011] {111} -5 —0.0455 0.0703 0.0000 —0.0424 0.0000 —0.0190
[1t1o] (111 -6 —0.0455 0.0593 —0.0115 —0.0467 —0.0060 —0.0228

ai1naio) [T(_) 1] [il 1 241 —0.0024 —0.0406 —0.0146 —0.0025 —0.0099 0.0072
[orij 111} -2 0.0032 —0.0406 —0.0146 —0.0025 0.0000 0.0243
{rroj {11} -3 0.0032 0.0593 0.0216 0.0035 0.0581 0.0397
[1o1] {111] -4 —0.0024 0.0703 0.0250 0.0100 —0.0099 0.0072
[or1y[i11y -5 0.0036 0.0703 0.0250 0.0100 0.0000 —0.0145
[110] [111] -6 0.0036 0.0593 0.0216 0.0035 0.0035 —0.0252

a1D@10 [fol]I11] 3-1 0.0717  —0.0406 0.0000  0.0214  —0.0219  0.0000
foripiey -2 0.0547 —0.0406 —0.0115 0.0426 -0.0327 —0.0196
{r1o] {r11] -3 —0:0554 0.0593 —0.0115 —0.0467 0.0146 —0.0122
[to1] {111} -4 —0.0499 0.0703 0.0000 —0.0424 0.0249 0.0000
[orijrii] -s 0.1104 0.0703 0.1103 0.1019 0.1321 0.1477
110} [111] -6 0.1234 0.0593 0.1106 0.1115 0.1255 0.1499

Ainaioy [1o1](i11] 4-1 —0.0499  —0.0406  —0.0591 —0.0564  —0.0427 —0.0301
forijre1y -2 —0.0554 —0.0406 —0.0591 —0.0564 —0.0495 —0.0363
(t1oy (111} -3 0.0547 0.0593 0.0864 0.0873 0.0349 0.0174
frotj(rii} -4 0.0717 0.0703 0.1109 0.1046 0.0562 0.0355
[orijriiy -5 0.1234 - 0.0703 0.1109 0.1046 0.1324 0.1497
[110] [111] -6 0.1104 0.0593 0.0864 0.0873 0.1222 0.1417

plus or minus signs. It is assumed that the variants
having plus signs form during tensile testing and
the variants having minus values form during com-
pression deformation. Assuming that at the low
temperatures employed only teusile variants are
possible. Table III shows the variants having the
largest value of Ufo for the respective directions
of the tensile axis in the {111}, (112), and
{101}, <(101), shear system. (In the {101},
(101), shear system, a twin relationship exists

between the variants without a parenthesis and the-

variants with parenthesis.) The results obtained
in Fig. 1 may be summarized as follows:

(1) In 0°- and 45°-specimens, the integrated
intensity ratio of the (2 1 1), increased remarkably
with increasing amounts of deformation and was
>2.0 at fracture strain. This means that o' mar-
tensites having an orientation of (21 1), parallel
to the specimen surface occurs during straining.

(2) In the 90°-specimen, the integrated intensity
ratio of the (211), was approximately 1.0 at a
fracture strain, and the integrated intensities of the
(200), and (110), were nearly 1.5. This means
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that o' martensites having the orientations of
(100), and (1 1 0), occur parallel to the specimen
surface during straining.

It has already been noted (Section 3.1) that
these trends occurred at all testing temperatures.
In order to test the proposed model, the variants
which had the largest values for directions of the
tensile axis as [323],, [001], and [113], were
plotted on a stereographic net centred on (1 10),
[332],, and the variants in [223],, [H,], and
[H,], were also plotted on the stereographic net
centred (225), [232],. From these projections,
it followed that the orientation of (21 1), is near
the centre of the stereographic net for the 0°- and
45°specimens and the orientations of (1 00), and
(110), are near the centre of the stereographic
net in case of the 90°-specimen. The variants
which lead to the observed results are indicated
with an asterisk (*) in Table HI, namely, variants
3—6 and 4-5, 1-5, 4-4, 1-3, 4-5, and 3-6
occurred with respect to [323],, [001],,
[113],, [223],, [Hi]y and [H,], in case of
{111}y (112), shear system. In case of {101},
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TABLE 111 K-S variants having the largest value of U/o in two shear systems (A twin relationship was observed
between the variant without a parenthesis and the variant with a parenthesis.)

Shear system Direction of tensile axis

bra 1323] [001] [113] [223] (4, ] (4,1
fi11} 112> 3-6+ 1-4,1-5+ 4-4% 1-3% 3-5 3-6*
45+ 2-4,2-5 4-5 36 4-5% 4-5
3-4,3-5
4-4,4-5
{l 0 1} {101 1-5(1-2) 1-3(1-6)* 3-3(3-6) 1-6 (1-3)* 3-6 (3-3) 4-6 (4-3)
1-6 (1-3)* 2-3(2-6) 1-6 (1-3) 3-3 (3-6)* 4-6 (4-3) 3-6 (3-3)
3-3 (3-6)*
4-3 (4—6)

*K S variants which are in good agreement with the results obtained by X-ray analysis.

(101), shear system, 1-6(1-3), 1-3(1-6) and
3-3(3-6), 1-6(1—3) and 3—3(3-6), and 46
(4-3) occurred with respect to [323],, [001],,
[223], and [H,],. In this case, there were no
variants which satisfied the [113], and [H,],
tensile axes. It is therefore suggested that the
{111}, <112), shear system is the dominant
system in the present Fe—Cr—Ni alloy.

4. Conclusions

The values of Ufo for the 24 K-S variants for
relevant directions of the tensile axis have been cal-
culated from the equations which represented the
interaction of an applied stress with the displacive
shear during the martensitic transformation, in
order to examine the crystallographic relationship
during the formation of stress-induced o mar-
tensite. The main results obtained were as follows:

(1) In 0°- and 45°-specimens, the integrated
intensity ratio in the (2 1 1), was > 2.0 at fracture
strain in the temperature range — 196 to —50°C,
and the ratios in the (2 00), and the (1 10), were
below 1.0. This means that o martensite having a
(211), plane is produced during the trans-
formation.

(2) In 2 90°specimen deformed in the tempera-
ture range, the integrated intensity ratio in the
(211), was close to 1.0 at fracture strain and the
ratios in the (200), and (1 1 0), had the approxi-
mate values of 1.5. This means the formation of
o martensite with orientations of (100), and
(110), parallel to the specimen surface dominates
in this transformation.
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(3) In the {111}, <112), shear system which
dominates in the present Fe—Cr—Ni alloy, it is
deduced that the 3—6 and 45 variants in [323],
and 1-3 variantin [223],,1-5variant in [00 1],
and 4-—5 variant in [H,],, and 4—4 variant in
[113],and 3—6variant in [H, ], occur in the 0°-,
45°- and 90°- specimens, respectively.
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