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Investigation of In-Plane Biaxial Low Cycle Fatigued Austenitic
Stainless Steel AISI 321. II. Neutron Diffraction Stress Analysis
at the IBR-2 Pulsed Nuclear Reactor

The in-plane biaxial low cycle fatigued sample of the cruciform geometry from
austenitic stainless steel AISI 321 was investigated on the time-of-	ight neutron
Fourier stress-diffractometer. The lattice parameters in the austenite matrix and the
martensite inclusions created during the fatigue cycling as well as the martensite
volume fraction were measured along two mutually perpendicular planar axes of
the sample of the cruciform geometry by using the strain neutron scanner. The
phase total residual strain components were calculated using the stress equilibrium
relations. The separation of the residual stresses into macro- and microstresses was
performed using the mixture rule. The measurements of the applied load-phase
elastic strain responses were carried out on a uniaxial load machine. The strong
difference between the phase elastic moduli was found out.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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INTRODUCTION

The cruciform geometry sample of Krest-2 from a low carbon Ti-alloyed
metastable austenitic stainless steel of the Russian grade GOST 12X18H10T
(which is an analogue of the US grade AISI 321 H) was subjected to the in-plane
biaxial tensionÄcompression fatigue cycling up to 407 cycles with the frequency
of 0.5 Hz at the applied force of 17 kN on the Instron planar biaxial loading
machine at Foundation Institute for Materials Science (Bremen) (see details in
[1]). The neutron diffraction measurements with the Krest-2 sample were carried
out on the FSD stress-diffractometer at the IBR-2 pulsed nuclear reactor (Dubna)
in NovemberÄDecember 2006.

1. EXPERIMENT LAYOUT

To measure a radial distribution of the residual stresses in the sample of
Krest-2 (Fig. 1) it was installed on the Huber strain scanner at the FSD stress-
diffractometer. Two detectors at the scattering angles of ±90◦ (Fig. 2) were used
for simultaneous measurements of one of two planar and transverse components
of the lattice parameter, respectively. The both detectors consist of some geometry
focused ZnS-sections. The spectra from the sections of each detector were focused

Fig. 1. Sample of Krest-2 with
the coordinate system (x, y)

Fig. 2. Layout of the Krest-2 sample membrane with
the coordinate system (x, y, z); the y-axis is vertical
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electronically. The left detector was equipped with the multislit focused radial
collimator of 2 mm space resolution. As a thickness of the sample centre part Å
the 2 mm membrane Å was small, the both detectors measured the corresponding
lattice parameters averaged on the membrane thickness.

At the beginning of the experiment, the Krest-2 was installed with the ho-
rizontal orientation of the A1ÄA2 cycling direction (x-axis in Fig. 1) and the
vertical orientation of the B1ÄB2 cycling direction (y-axis in Fig. 1). In this case,
the layout of the strain scanning is shown in Fig. 2. The right and left detec-
tors measured the lattice parameters along the x-axis (the x-component) and the
z-axis (the z-component), respectively. To measure the lattice parameter along
the y-axis (the y-component) the sample was rotated through 90◦ about the z-axis,
so the A1ÄA2 cycling direction was vertical and the B1ÄB2 cycling direction was
horizontal. In this case, the right and left detectors measured the lattice parameters
along the y-axis (the y-component) and anew along the z-axis (the z-component),
respectively. Altogether, the four strain scans were performed along the x- and
y-axes to measure the planar x- and y-components of the residual stress tensor in
the austenite and martensite phases. The step of the scan along the x- and y-axes
was equal to be of 1.5 mm within the sample membrane of the 15 mm diameter.
Thus, ˇve points were measured on the membrane and one point on the leg at
r = 12 mm for each scan direction.

To measure the mechanical characterization (the applied load-phase elastic
strain responses) the sample of Krest-2 was installed inside the TIRA portable
electromechanical uniaxial load testing machine placed on the Huber strain scan-
ner (Fig. 3). The x-axis of the sample (Fig. 1) was directed along the horizontal
load axis that coincided with the scattering vector of the left detector. The y-axis

Fig. 3. Sample of Krest-2 inside the TIRA uniaxial load machine in the neutron beam
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of the sample was vertical. The radial collimator was removed to increase the
scattered beam intensity. Only axial components of the phase lattice parameters
were measured during the in-situ uniaxial stress rig experiment.

2. SPECTRA PROCESSING AND DETECTOR CALIBRATION

The diffraction spectra were processed by the Rietveld reˇnement method
(two spectra examples are presented in Figs. 4 and 5 for a Ge-sample and the
Krest-2 sample, respectively).

All sections of both detectors were calibrated by using the stress-free
Ge-powder sample. The Ge-lattice parameter a = 5.6575 
A was taken from
®The Powder Diffraction File¯.

Fig. 4. Diffraction spectrum of Ge-
powder from the right detector processed
by the Rietveld reˇnement method

Fig. 5. Diffraction spectrum of the Krest-2
sample from the right detector processed
by the Rietveld reˇnement method

3. RESULTS OF STRAIN SCANNING SPECTRA PROCESSING

In Fig. 6 (a, b), the results of the planar strain scanning measurements with
the right detector are presented as a radial distribution of the (x, y)-components of
the lattice parameters corresponding to the A1ÄA2 and B1ÄB2 cycling directions,
respectively, for the austenite and martensite phases. The planar data about the
austenite and martensite volume fractions are shown in Fig. 7 (a, b).

The transverse measurements (z-axis in Fig. 2) were carried out with the left
detector equipped with only ZnS-section and the radial collimator. In this case,
the accuracy of data was greatly worse due to strong decreasing of intensity. As
we were ˇrst of all interested in results of planar measurements, and also taking
into account unreliability of results of transverse measurements, we have refused
their consideration.
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Fig. 6. Radial dependence of the planar components of the phase lattice parameters: a Å
austenite phase; b Å martensite phase

4. PHASE a0-PROBLEM

As the austenite matrix is appreciably transformed during the fatigue cycling,
and the martensite phase is created in the same process, we could not in principle
have the stress-free reference samples of these phases to estimate the residual
strains and then the corresponding stresses. Actually, in our disposal there was
only an opportunity to make such estimations using results of the austenite lattice
parameter measurements on the sample legs, where the plastic deformation is
not reached (see Fig. 6 in [1]), and the stress equilibrium approach reviewed in
[2] to get martensite a0-lattice parameter. In this case, we distinctly understand
approximateness of the used approach due to possible inadequacy of the austenite
matrix properties in the membrane and the legs, respectively.
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Fig. 7. Radial dependence of the planar components of the phase volume fractions: a Å
austenite phase; b Å martensite phase

Austenite Matrix. As seen in Table 1, the results of the four scans measure-
ments of the planar austenite lattice parameters on the sample legs have almost
coincided within triple experimental error that gives the basis to calculate the
austenite a0-value by their simple averaging equaled to 3.59375(50) 
A.

Table 1. Legs austenite lattice parameters

Axis x-component [
A] y-component [
A]

x (0-A1 direction) 3.59563(22) 3.59489(22)

y (0-B2 direction) 3.59410(20) 3.59610(24)

Martensite Inclusions. To estimate the martensite a0-value we have used
the approach described in [2]. The phase total residual stress is the sum of the
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macrostress and the phase microstress:

〈tσp
j 〉 = Mσj + 〈μσp

j 〉, (1)

where the carets indicate that the stresses are averaged over the gauge volume
(hereinafter, the carets will be omitted for short); the superscripts M and μ denote
the macrostress, that is the same in each phase, and the microstress in the p-phase,
respectively; the superscript p is equal to a for austenite and m for martensite,
respectively; the subscript j indicates the stress component in a sampled point.
Each macrostress component must average to zero over the volume of a free
body:

M σ̄j =
1
V

∫
V

MσjdV = 0, (2)

and each phase microstress component must sum to zero when weighted by their
volume fraction:

μσa
j fa + μσm

j fm = 0, (3)

where fa and fm represent the volume fraction of austenite and martensite,
respectively (fa + fm = 1 by deˇnition). Using Eqs. (1)Ä(3) the macrostress
component and the phase microstress components may be determined:

Mσj = tσa
j fa + tσm

j fm, (4)

μσa
j = fm(tσa

j − tσm
j ), (5)

μσm
j = −fa(tσa

j − tσm
j ). (6)

Substituting Eq. (4) into Eq. (2) and taking into account that the measurements
were made in n-allocated points along i-axis (x or y) of the strain scanning, the
integral in Eq. (2) is transformed to a sum:

n∑
k=1

[tσa
i,j(xi,k)fa

i,j(xi,k) + tσm
i,j(xi,k)fm

i,j(xi,k)] = 0, (7)

where the coordinate xi,k corresponds to k-sampled point on i-axis.
The phase total stresses in the sample membrane are planar by deˇnition. In

this case, the triaxial Hooke's law may be transformed to the biaxial presentation
(the phase index is omitted):

tσx =
E

1 + ν

[
εx +

ν

1 − 2ν
(εx + εy + εz)

]
, (8)

tσy =
E

1 + ν

[
εy +

ν

1 − 2ν
(εx + εy + εz)

]
, (9)
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tσz =
E

1 + ν

[
εz +

ν

1 − 2ν
(εx + εy + εz)

]
= 0. (10)

After simple transformations we shall have

tσi,x =
E

1 − ν2
(εi,x + νεi,y), (11)

tσi,y =
E

1 − ν2
(νεi,x + εi,y), (12)

where E is the Young modulus, ν is the Poisson ratio, εi,j is the phase strain in
the coordinate xi,k:

εi,j =
ai,j(xi,k) − a0

a0
, (13)

where ai,j is the phase lattice parameter in the same point, a0 is the stress-free
phase lattice parameter. Inserting Eq. (13) into Eqs. (11) and (12) we shall obtain

tσi,x =
E

1 − ν2
[
ai,x(xi,k) + νai,y(xi,k)

a0
− (1 + ν)], (14)

tσi,y =
E

1 − ν2
[
νai,x(xi,k) + ai,y(xi,k)

a0
− (1 + ν)]. (15)

Assuming missing of the elastic mismatch between the phases, their elastic con-
stants can be ˇxed identical. Entering the following designations:

f̄p
i (xi,k) = 0.5[fp

i,x(xi,k) + fp
i,y(xi,k)], (16)

Σfp
i =

n∑
k=1

f̄p
i (xi,k), (17)

āp
i,X(xi,k) = ap

i,x(xi,k) + νap
i,y(xi,k), (18)

āp
i,Y (xi,k) = νap

i,x(xi,k) + ap
i,y(xi,k), (19)

Σap
i,X =

n∑
k=1

āp
i,X(xi,k) · f̄p

i (xi,k), (20)

Σap
i,Y =

n∑
k=1

āp
i,Y (xi,k) · f̄p

i (xi,k), (21)

and substituting Eqs. (14) and (15) into Eq. (7) we shall obtain two possible
martensite a0-values from two scans along the i-axis:

am
0,i,X =

Σam
i,X

(1 + ν)(Σfa
i + Σfm

i ) − Σaa
i,X

/
aa
0

, (22)
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am
0,i,Y =

Σam
i,Y

(1 + ν)(Σfa
i + Σfm

i ) − Σaa
i,Y

/
aa
0

, (23)

where aa
0 is the stress-free austenite lattice parameter. Since the strain scans were

twice carried out along both x- and y-axes, the four martensite a0-values can be
obtained from Eqs. (22) and (23).

The results of calculation of the martensite a0-values at ν = 0.3 using the
average austenite a0-value from Table 1 are presented in Table 2. These a0-values
are close to each other, which gives the basis to obtain the martensite a0-value
by their simple averaging.

Table 2. Martensite lattice parameters a0

Axis x-component [
A] y-component [
A]

x (0-A1 direction) 2.87405(17334) 2.86912(17271)

y (0-B2 direction) 2.87400(20125) 2.87136(20087)

The anomalously grand experimental errors of the martensite a0-values are
consciously speciˇed in columns 2, 3 of the table. The point is that these errors are
too great mainly due to the large errors in the determination of the austenite and
martensite volume fractions by the Rietveld reˇnement of the diffraction spectra.
But, as we have checked by special calculations, the small redistribution of the
phase volume fractions is revealed in a weak change of the martensite lattice
parameters comparable to the triple experimental error in their measurements.
Therefore, it is quite reasonable to attribute to the martensite a0-value the standard
error of average of the data in Table 2. Thus, the martensite a0-value was found
to be equal to 2.87213(118) 
A.

5. STRAIN/STRESS CALCULATIONS

Austenite Phase. The planar total residual strain components of austenite in
the sample membrane are shown in Fig. 8. The calculation was done by using
the austenite a0-values from Table 1. The results of the austenite total stresses
calculation by using E = 170 GPa and ν = 0.3 determined in [1] are shown
in Fig. 9.

Martensite Phase. The planar total residual strain components of martensite
in the sample membrane are presented in Fig. 10. The calculation was done by
using the martensite a0-values from Table 2. The results of the martensite total
residual stresses calculation by using E = 170 GPa and ν = 0.3 are shown in
Fig. 11. As seen in Figs. 9 and 11, the compression in the austenite phase is
balanced by the tension in the martensite phase.
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Fig. 8. Radial dependence of the planar total residual strain components of austenite in the
sample membrane

Fig. 9. Radial dependence of the planar total residual stress components of austenite in the
sample membrane

Since the total stress measured in any phase is by deˇnition the sum of the
macrostress and the microstress in that phase, it is useful to separate the total
stress into macro- and microstresses with the purpose to look after the sharing
of the microstresses between the austenite and martensite phases along the scan
lines with the point-to-point variation of the martensite volume fraction.
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Fig. 10. Radial dependence of the planar total residual strain components of martensite in
the sample membrane

Fig. 11. Radial dependence of the planar total residual stress components of martensite in
the sample membrane

Separation of the Phase Total Stresses into Macro- and Microstresses.
According to Eqs. (4)Ä(6) in two phase materials, it is possible to determine both
the macrostresses in the material and the average microstresses present in each
phase [2]. The results of such a separation of the phase total residual stresses
(see Figs. 9 and 11) are shown in Figs. 12Ä13.

Since the sample membrane was irradiated through its thickness by the neu-
tron beam, only the planar residual macrostress components were expected dif-
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Fig. 12. Radial dependence of the planar macrostress components in the sample membrane

Fig. 13. Radial dependence of the planar phase microstress components in the sample
membrane

ferent from zero (Fig. 12). However, their values did not strongly surpass the
experimental error. To make a backward check of feasibility of Eq. (2) in our
case, the averaged macrostress components M σ̄j along the scan axis were calcu-
lated by averaging the experimental data presented in Fig. 12 (Table 3).
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Table 3. Averaged macrostresses in the sample membrane

Axis x-component [MPa] y-component [MPa]

x (0-A1 direction) 48(32) Ä6(32)

y (0-B2 direction) 42(31) Ä15(33)

The fact that the averaged residual macrostress was not equal to zero indicates
the obvious roughness of the assumptions which were made at determination of
the phase stress-free lattice parameters. Especially, it concerns the calculation
of the martensite a0-value, when integration over the volume of the sample
was substituted for simple summation along the scan line. Nevertheless, the
result of macrostress separation is satisfactory in view of low precision of the
experimental data. The results of separation of the planar phase microstress
components (Fig. 15) have shown that the austenite phase is in a compression,
while the martensite phase exhibits a balancing tensile stress with the larger value
in accordance with the smaller volume fraction. As marked above at discussion
of results presented in Figs. 9 and 11, the total residual stresses of the phases were
the same signs. This result for the planar phase microstress tensor is unexpected,
therefore it requires the special elucidation.

The martensite formation is connected with volume dilation. Since the spe-
ciˇc volume of martensite is larger (about 2%) than that of austenite, the marten-
site phase is generally expected to be in hydrostatic compression, whereas the
austenite one is in tension. However, the described experiment demonstrates
opposite signs of the microstresses in the phases. A similar phenomenon was ob-
served in the uniaxial low cycle fatigued (LCF) samples from same steel [4]. The
effect was interpreted as a superimposition of the phase transformation stresses
with the deformation stresses caused by the plastic deformation during LCF. The
interplay of these stresses creates the resulting phase residual stress of a non-
hydrostatic nature; in this case, the deformation stresses can be overshot by the
phase transformation stresses that were observed in the experiment. The observed
rather large tensile microstresses in the martensite could lead to crack initiation.

Separation of the Phase Stress into Hydrostatic and Deviatoric Compo-
nents. Since the plastic deformation does not occur under hydrostatic (volumetric)
pressure, the deviatoric stress tensor often adequately describes the residual stress
state with respect to mechanical loading such as fatigue. The phase total stress
tensor may be separated into the hydrostatic τp

H and deviatoric tτp
j components:

tσp
j = tτp

H + tτp
j , (24)

where, under deˇnition, τp
H = (1/3)Tr(tσp

i ) and Tr(tτp
i ) = 0. The phase hy-

drostatic components τp
H were calculated using results of determination of planar

total residual stresses of austenite and martensite in the sample membrane (see
Figs. 9 and 11) and they are presented in Fig. 14.
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Fig. 14. Radial dependence of the planar phase hydrostatic components in the sample
membrane

The result of such a separation has appeared unexpected because the austenite
was in hydrostatic compression, whereas the martensite was in tension contrary
to the volume dilation representations described above. To clear a situation more
detailed mapping of the residual stresses in the sample membrane is necessary.

Since the deviatoric stress tensor is a simple difference between the total and
hydrostatic stress tensors we have not represented the result of its calculation.
Only note that the character of distribution of the planar deviatoric stresses be-
tween the phases was the same as at separation of the microstresses (Fig. 13). The
phase transverse deviatoric stresses were equal to the phase hydrostatic stresses
with opposite signs.

Biaxial Stresses Difference Approach. The phase total strains/stresses calcu-
lated in this section strongly depend on the deviation of a0 from the true value in
each point of the sample. Another approach, e. g., described in [3], may be used
to process the biaxial experimental data in the absence of an exact knowledge of
a phase a0-value, namely, the calculation of the difference between the planar
strain/stress components:

δεx−y = εx − εy =
ax − ay

a0
, (25)

δσx−y = σx − σy =
E · εx−y

1 + ν
. (26)

The difference value has feeble sensibility to small deviations of a0 from its
true value, consequently, it is convenient to use the values of δε and (or) δσ to
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compare the results of the measurements on the different stress-diffractometers as
well as the diffraction results with those of the destructive methods and the ˇnite
element calculation.

The calculation results of the phase differences of planar total stresses by
Eq. (26) using E = 170 GPa and ν = 0.3 are shown in Figs. 15 and 16. The
calculation was done using the phase a0-values from Tables 1 and 2.

Fig. 15. Radial dependence of the austenite differences of planar total stresses in the sample
membrane

Fig. 16. Radial dependence of the martensite differences of planar total stresses in the
sample membrane
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6. IN-SITU UNIAXIAL STRESS RIG MEASUREMENTS

The neutron diffraction measurements with the sample of Krest-2 inside the
TIRA load machine (Fig. 3) were performed on the FSD stress-diffractometer by
using of the left detector. In this case, the load axis was directed along the
neutron scattering vector. The measurements were carried out under tension in
the elastic region not to deform the original residual stresses map for future more
precise investigations. The three repeated runs were made to measure the applied
load-elastic strain response in the sample membrane. The dependences of the
phase lattice parameters on the applied load for the runs are presented in Fig. 17.
The results have appeared poorly reproduced, especially, in the martensite phase.
Scattering of the experimental points has much exceeded the measurement errors.
Nevertheless, the attempt to obtain the information on the phase elastic constants
was undertaken.

Fig. 17. Phase lattice parameter vs the applied load for the axial direction (tension): a Å
austenite; b Å martensite

As the slopes of all three curves for the austenite phase (Fig. 17, a) are
close to each other within the experimental errors the runs were superposed at
the zero load. The summary dependence of the austenite lattice parameter on the
applied load was linearly ˇtted in order to calculate the reference lattice parameter
a0 at the zero load and the curve slope B. The ˇt results were the following:
a0 = 3.57285(14) 
A, B = 4.91(35) ·10−4. The applied load-austenite total elastic
strain response calculated using the obtained a0-value is presented in Fig. 18.

As it is easy to show, the slope B of the summary dependence may be
expressed through the Young modulus E and the effective cross section Seff of
the load application on the membrane:

B = a0/(100ESeff), (27)
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where E is in GPa and Seff is in cm2. Using E = 170 GPa measured during
the quasistatic uniaxial testing on the Instron machine, the effective cross section
Seff was calculated to be equal to 0.43(3) cm2 compared to the geometrical cross
section Sgeo of the membrane in the sample centre equalled to 0.2 cm×1.5 cm =
0.3 cm2.

Fig. 18. Applied load-austenite elastic
strain response for the axial direction un-
der tension

Fig. 19. Applied load-martensite elastic
strain response for the axial direction un-
der tension

As the slopes of all three curves for the martensite phase (Fig. 17, b) are
different from each other, the superposition of the runs by the way used for the
austenite phase was impossible. However, if to discard run No. 2 and to sum only
runs Nos. 1 and 3, the results of linear ˇt of the summary curve have appeared the
following: a0 = 2.85537(19) 
A, B = 5.91(44)·10−4. The applied load-martensite
total elastic strain response calculated using the obtained a0-value is presented
in Fig. 19. Using the effective cross section Seff obtained for the austenite phase,
the martensite Young modulus was calculated to be equal to 112(17) GPa, which
strongly differs from the austenite modulus. Seemingly, this result indicates the
large elastic mismatch between the phases, however, it is necessary to consider
it with great care due to large scattering of the experimental points and bad
reproducibility of the response measurements. Note that the moderate elastic
mismatch between the austenite and martensite phases was ˇrst observed in the
uniaxial high cycle fatigued samples of same steel [5]. However, the uniaxial
low cycle fatigued samples have not got any elastic mismatch between the phases
[6]. In the case, more precise and reliable measurements of the applied load-
phase elastic strain responses in the in-plane biaxial low cycle fatigued sample
of the cruciform geometry are necessary. Reliable gripping of the sample in the
testing machine and precise control of the location of thin sample membrane in
the neutron beam are crucial here.
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CONCLUSION

The in-plane biaxial low cycle fatigued sample of the cruciform geometry
from a low carbon Ti-alloyed metastable austenitic stainless steel of the Russian
grade GOST 12X18H10T (an analogue of the US grade AISI 321 H) was in-
vestigated on the FSD Fourier neutron stress-diffractometer at the IBR-2 pulsed
nuclear reactor (Dubna).

The lattice parameters in the austenite matrix and the martensite inclusions
created during the fatigue cycling as well as the martensite volume fraction were
measured along two mutually perpendicular planar axes of the sample of the
cruciform geometry. The martensite fraction is changed from 38% in the sample
centre to 18% at circumference.

The phase total residual strain/stress components were calculated from the ex-
perimental data by using the phase stress-free lattice parameters a0. The austenite
a0-value was measured in two out of four legs of the cruciform sample, where the
plastic deformation during the fatigue cycling was small and could not create the
appreciable martensite volume fraction. The martensite a0-value was calculated
from the experimental data using the austenite a0-value and the stress equilibrium
relations.

The calculation of the total residual stresses have shown that the austenite
phase is in a compression, while the martensite phase exhibits a balancing tensile
stress with the larger value in accordance with the smaller volume fraction. The
separation of the phase total stresses into the residual macro- and microstresses
was performed using the mixture rule. The macrostresses were small and did not
strongly surpass the experimental error. Contrary to expectations, the calculation
of the microstresses has shown that the compression in the austenite is balanced by
the tension in the martensite. A similar phenomenon was observed in the uniaxial
LCF samples from the same steel [4] which was interpreted as a superimposition
of the phase transformation stresses with the deformation stresses caused by the
plastic deformation during fatigue cycling.

The phase hydrostatic components separated from the phase total stresses
were of the same signs as in the total stresses contrary to volume dilation rep-
resentations. Apparently, the reason is in shortage of the experimental data as
the strain scanning was performed along only two axes; in this case, a segment
between the axes was not covered by the measurements. Note the too rough as-
sumptions made at calculation of the phase total stresses. More detailed mapping
of the residual stresses into the sample membrane would be performed to clear a
situation.

The measurements of the applied load-phase elastic strain responses in the
elastic region were carried out in the membrane centre of the cruciform sample
along one of two cycling axes using the TIRA uniaxial load machine. The
effective cross section of the load application on the sample membrane was
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determined from the austenite response with the help of the austenite elastic
modulus measured in [1]. The martensite elastic modulus was calculated from
the corresponding strain response using the effective cross section determined
from the austenite response. The martensite modulus strongly differs from the
austenite one. Seemingly, this result indicates the large elastic mismatch between
the phases, however, it is necessary to consider it with great care in a kind by
bad reproducibility of the responses measurements. Note that the moderate elastic
mismatch between the austenite and martensite phases was previously observed
in the uniaxial high cycle fatigued samples of same steel [5], but it has missed
in the uniaxial low cycle fatigued samples [6]. The more precise and reliable
measurements of the applied load-phase elastic strain responses of the in-plane
biaxial low cycle fatigued sample of the cruciform geometry would be carried out
to solve the problem.
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