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Abstract 
 

An austenitic stainless steel has been subjected to large amplitude strain paths containing a strain reversal. During the 
tests, apart from the stress and the strain also magnetic induction was measured to monitor the transformation of austenite 
to martensite. From the in-situ magnetic induction measurements an estimate of the stress partitioning among the phases 
is determined. 

When the strain path reversal is applied at low strains, a classical Bauschinger effect is observed. When the strain re-
versal is applied at higher strains, a higher flow stress is measured after the reversal compared to the flow stress before re-
versal. Also a stagnation of the transformation is observed, meaning that a higher strain as well as a higher stress than be-
fore the strain path change is required to restart the transformation after reversal. 

The observed behavior can be explained by a model in which for the martensitic transformation a stress induced 
transformation model is used. The constitutive behavior of both the austenite phase and the martensite is described by 
a Chaboche model to account for the Bauschinger effect. In the model mean-field homogenization of the material behav-
ior of the individual phases is employed to obtain a constitutive behavior of the two-phase composite. The overall applied 
stress, the stress in the martensite phase and the observed transformation behavior during cyclic shear are very well repro-
duced by the model simulations. 
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1. INTRODUCTION 

Transformation of retained austenite under me-
chanical loading is especially prominent in austenitic 
stainless steel. Under the right circumstances, the 
metastable austenite transforms to martensite under 
mechanical loading. For recent experimental studies 
see for example Lebedev and Kosarchuk (2000), 
Nagy et al. (2004), Post et al. (2008). 

Austenitic stainless steels have a broad range of 
applications. In general, they have high corrosion 
resistance, high cryogenic toughness, high work 
hardening rate, high hot strength, high ductility, high 
hardness, an attractive appearance and low mainte-
nance. The delayed cracking of stainless steel prod-
ucts is in general attributed to the presence of mar-
tensite combined with residual stress (Berrahmoune 

et al., 2006). For the prediction of martensite frac-
tion and residual stresses it is important to have reli-
able models. 

Olson and Cohen (1975) formulated a kinetic 
model which explains the martensite formation from 
ε-phase nucleation on shear band intersections dur-
ing plastic deformation Venables (1962). This strain 
induced kinetic model for martensitic phase trans-
formation has been combined by Stringfellow et al. 
(1992) with a mean-field homogenization model to 
obtain overall visco-plastic behavior from the consti-
tutive behavior of the individual phases. Also the 
influence of the stress state and transformation plas-
ticity were added. Further extensions have been pro-
vided by Tomita and Iwamoto (1995) for strain rate 
dependence and by Diani and Parks (1998) for crys-
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tal plasticity. Han et al. (2004) added stress depend-
ence by evaluating the mechanical driving force on 
individual martensite variants. This enabled them to 
calculate the texture of the resulting martensite. 

An alternative theory for mechanically induced 
martensite formation was proposed by Tamura 
(1982). In his model the driving force of the applied 
stress is considered as the reason for the transfor-
mation. See also Perdahcıoǧlu et al. (2008a). When 
the thermodynamic driving force as defined by Patel 
and Cohen (1953) exceeds a threshold value, the 
transformation will start. Applications of stress in-
duced transformation models suitable for macro scale 
simulations have been presented by Hallberg et al. 
(2007) and Perdahcıoǧlu and Geijselaers (2012) for 
austenitic steel and by Lani et al. (2007), Delannay et 
al. (2008) and Kubler et al. (2011) for TRIP steel.  

For accurate prediction of the state of the materi-
al after forming, it is important that the non-
proportional deformation behaviour is captured cor-
rectly. Very few studies of the large amplitude cyclic 
and non-proportional response of metastable austen-
itic stainless steel are available in literature. An ex-
tensive experimental program, including tension-
compression tests, was conducted by Spencer et al. 
(2009) on austenitic steel. They report a strong 
Bauschinger effect in the austenite stress-strain re-
sponse. Results from cyclic shear tests and tensile 
tests followed by shear tests were presented by Gal-
lée et al. (2007). They formulated a model based on 
Stringfellow et al. (1992). Hamasaki et al. (2014) 
showed that observations during large amplitude 
cyclic tension-compression tests cannot be captured 
by the strain induced transformation model. 

In this paper we report on cyclic shear tests, 
which have been conducted on a low Carbon 
12Cr9Ni4Mo austenitic stainless steel. During the 
testing the martensite transformation was monitored 
by a magnetic induction sensor. 

A constitutive model of austenitic steel which 
undergoes a mechanically induced transformation 
will be presented, where the martensitic transfor-
mation is modeled as a stress-driven process similar 
to the model of Tamura (1982). This transformation 
model is then combined with a mean-field formula-
tion for description of the constitutive behavior of 
the two-phase composite. 

2.  EXPERIMENTS 

The material used in the tests is 12Cr9Ni4Mo 
austenitic stainless steel. Its nominal composition is 

given in table 1. Specimens were cut from 0.5 mm 
thick sheet as described in Perdahcıoǧlu et al. 
(2008b) for deformation in shear, which was applied 
at a rate of approximately 0.001 s-1. The strain was 
measured real-time on the material surface using 
a camera and dot-tracking software. Dots were ap-
plied to the specimen surface before the test and the 
corresponding positions were recorded with a fre-
quency of approximately 10 s-1. The data was aver-
aged and post-processed to find the 2-dimensional 
deformation tensor F in the material from which the 
shear strain γxy is calculated. 

Table 1. Chemical composition of the 12Cr9Ni4Mo steel used in 
the experiments in wt.%. 

C+N Cr Ni Mo Cu Ti Al Si 

<0.05 12.0 9.1 4.0 2.0 0.9 0.4 <0.5 

 
During the cyclic shear tests the magnetic induc-

tion was measured to monitor the course of the mar-
tensitic transformation. Post et al. (2008) give cali-
bration data for this specific sensor. For this paper 
however the raw sensor readings will be of more 
interest than the actual martensite volume fractions. 
The magnetic induction value is subject to the Vil-
lari effect, it depends on the applied stress. This has 
been shown for tensile stresses by for example Post 
et al. (2008) and Maréchal et al. (2012). It also ap-
pears when a shear stress is applied. Moreover, the 
effect of the shear stress is symmetric with respect to 
zero stress. This offers the possibility to determine 
the strain and stress at which, during the strain re-
versal, a zero shear stress in the martensite is 
reached. In this way the partitioning of the stress 
between both phases can be estimated. 

3.  EXPERIMENTAL RESULTS 

The measured shear stress vs. shear strain data 
are shown in figure 1 and the absolute values of the 
stresses vs. cumulative strains are plotted in figure 2. 
It is clearly seen, that after strain reversal reyielding 
starts at a distinctly lower stress than was attained 
before strain reversal. This indicates that the materi-
al behavior of the austenite has a strong Bauschinger 
effect, which agrees with the findings of Spencer et 
al. (2009). The tests with considerable transfor-
mation before strain reversal show that soon after re-
yielding a stress level is reached, which exceeds the 
stress level before reversal. 
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Fig. 1. Shear stress versus shear strain during cyclic shear tests. 

 

 

Fig. 2. Absolute stress versus cumulative strain during cyclic 
shear tests. 

 

 

Fig. 3. Magnetic induction versus cumulative shear strain dur-
ing cyclic shear tests. 

In figure 3 the magnetic induction is plotted as 
a function of total accumulated strain. After strain 
reversal considerably more strain needs to be applied 
for the transformation to restart. Hamasaki et al. 
(2014) reported a similar stagnation of martensite 

transformation after strain reversal. In test R04 no 
martensite was formed before strain reversal. Yet, 
more plastic strain is needed to obtain a similar 
amount of martensite as in a monotonic test (M). 

 

 

Fig. 4. Magnetic induction versus absolute stress during cyclic 
shear tests. 

In figure 4 the magnetic induction is plotted 
against the cumulative absolute shear stress. The 
curve for test R04 now closely follows the monoton-
ic test result. This indicates that the stress rather than 
the strain is driving the transformation. When more 
martensite has formed before strain reversal, again 
considerably more stress is required for martensite 
formation than before the strain path change. The 
reason for this is that the hard martensite already 
present in the material will carry a higher portion of 
the applied stress than the soft austenite. This effect 
is enhanced by the large Bauschinger effect which is 
present in the austenite. More stress must be applied 
to the phase mixture to raise the stress in the austen-
ite to a level where transformation is induced again. 
This will be confirmed by the model calculations in 
section 5. 

 
3.1.  Stress partitioning 

 
In figure 5 a detailed view of the induction volt-

age during stress reversal of test R20 is shown. It 
can be clearly seen, that the induction signal gradu-
ally rises when the stress drops from its maximum 
value of approximately 330 MPa. Maréchal et al. 
(2012) used this effect to calibrate the induction 
signal for the applied stress in tensile tests. With that 
result they estimated the value of the stress in the 
martensite fraction. They did this by removing the 
applied stress and measuring the value of the signal 
also at zero load. 
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Fig. 5. Magnetic induction versus stress during cyclic shear 
tests. Detail of test R20 in figure 4. 

Table 2. Applied external stress and estimated martensite stress. 

test applied 
strain 

applied 
stress 

martensite 
stress 

R09 9.4% 265 MPa 280 MPa 

R16 16.3% 300 MPa 360 MPa 

R20 20.5% 330 MPa 410 MPa 

xtra 24.0% 355 MPa 425 MPa 

R27 27.0% 410 MPa 500 MPa 

 
However, from our measurements it is apparent, that 
the induction signal keeps rising even after the ap-
plied stress has reached zero level and becomes neg-
ative. This indicates, that the stress in the martensite 
is actually higher than the overall applied stress. The 
actual level of the martensite stress can be estimated 
by determining the (negative) applied stress at which 
the induction signal reaches its maximum. Assuming 
both phases behave elastically during this phase of 
the stress reversal, the martensite stress can be esti-
mated as the difference between the overall applied 
stress at reversal and the stress at maximum signal. 
For test R20 this is estimated as τα’ ≈ 330 + 80 = 410 
MPa. 

Note that this measurement is only possible in 
a shear test as the Villari effect is symmetric with 
respect to positive and negative values of the shear 
stress. No such symmetry exists with respect to ten-
sile and compressive stresses. The martensite stress-
es estimated in this way are summarized in table 2. 
The ’xtra’ entry is from a separate test shown in 
figure 7. 

4.  CONSTITUTIVE MODEL 

The martensitic transformation is modeled as 
a stress-driven process similar to the model of 

Tamura (1982). It depends on the stress resolved in 
the austenite phase and it is determined as a function 
of the additional mechanical driving force supplied 
to the material as formulated by Patel and Cohen 
(1953). The model uses the Mean-Field homogeni-
zation method, which is based on the evolution of 
the average values of the field variables, stress and 
strain, in the constituting phases and the interactions 
between these average values. In this way it is pos-
sible to distinguish the stress in the phases from the 
overall applied stress. A detailed description of the 
complete model can be found in Perdahcıoǧlu and 
Geijselaers (2012). A resume of it will be given in 
this section. 

 
4.1.  Martensite transformation model 

 
The martensitic transformation involves a diffu-

sion-less change of crystal structure. This was ana-
lyzed by Wechsler et al. (1953) and Bowles and 
MacKenzie (1954) starting from the postulate of an 
invariant plane (habit plane) as interface between the 
martensite and the parent austenite, where n is the 
normal to the habit plane. The deformation applied 
to the normal is described by the vector m. Due to 
lattice symmetry 24 different transformation systems 
(n, m) can be identified. 

When a stress σ acts, while the transformation 
evolves, it supplies additional mechanical driving 
force U for the transformation (Patel & Cohen, 
1953) 

 )(
2

1
:)(: mnnmnm ⊗+⊗=⊗= γγ σσU  (1) 

Here, σγ is the Cauchy stress in the austenite 
phase. In a polycrystalline material there are always 
some grains optimally oriented with respect to the 
local stress to maximize the mechanical driving 
force. Then, the maximum value of U is found as: 

 =
j

jj
U λγσmax  (2) 

where λj are the eigenvalues of the symmetric trans-
formation deformation tensor (m ⊗  n + n ⊗  m)/2 

and σγj are the principal values of the local austenite 
stress tensor, both sorted in descending order 
(Geijselaers & Perdahcıoǧlu, 2009). 

The values of λ are material parameters, which 
are based on measured data such as transformation 
dilatation or crystal lattice constants. By XRD 
measurement the lattice parameters of both the aus-
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tenite and the resulting bcc phases can be deter-
mined. With these data 24 transformation variants 
(n;m-pairs) can be calculated with respect to the 
austenite lattice along the procedures outlined by 
Wechsler et al. (1953) or Bowles and MacKenzie 
(1954). The resulting eigenvalues are given in  
table 3. 

When the maximum supplied driving force Umax 
exceeds the required critical driving force ΔGcr then 
according to Tamura (1982) the transformation will 
start. The required critical driving force ΔGcr is the 
lumped value of a collection of separate energy 
terms such as chemical driving force, elastic energy, 
plastic dissipation, surface energy and interface 
mismatch energy. 

Table 3. Parameters for martensite transformation kinetics. 

λ1 λ2 λ3 ΔGcr n q r 

0.124 0.0 -0.104 56.5 MPa 2 0.5 2 

 
The amount of martensite formed fα’ can be ex-

pressed as a monotonic function of Umax (Per-
dahcıoǧlu and Geijselaers, 2012): 
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(3)

 

where n, r and q are parameters that determine the 
shape of the transformation curve. The values are 
obtained from fitting to the experimental results and 
are also given in table 3. 
 
4.2.  Mean-field modeling 
 

The mean-field homogenization method is based 
on the evolution of the average values of the field 
variables in sub domains and the interactions be-
tween these average values. The overall stress σ and 
strain ε are related to the average stresses σγ and 
strains εγ in the austenite and σα’ and εα’ in the mar-
tensite by: 

 
'''

'''

)1(

)1(

ααγα

ααγα

εεε
σσσ

ff

ff

+−=

+−=
 (4) 

It is assumed that the macroscopic stress-strain 
relation that is determined for an individual phase is 
also valid as an average stress average strain relation 
for that phase within the compound: 

 γσ = Cγ : Dγ; 'ασ = Cα’ : D α’ (5) 

where Dγ,α’ is the average strain rate in the respective 
phase and Cγ,α’ is the consistent fourth order elasto-
plastic tangent of the phase. The constitutive model 
used here is Chaboche (1986) kinematic hardening. 
The data used in the model are summarized in ap-
pendix A. 

To close the set of equations the relation be-
tween average phase strain rates Di and the overall 
strain rate D has to be specified through fourth order 
strain concentration tensors A γ,α’ (Hill, 1965): 

 Dγ = Aγ : D;  Dα’ = Aα’ : D (6) 

which, by virtue of equation (4), are subject to: 

 (1-fα’) Aγ + fα’A α’ = I (7) 

where I is the symmetric fourth order unit tensor. 
Different schemes have been formulated using 

specific definitions of A. Here we use an approxi-
mation to the self consistent scheme by Lielens et al. 
(1998), the so called double inclusion scheme, see 
also Doghri and Ouaar (2003) or Perdahcıoǧlu and 
Geijselaers (2010). It is derived by interpolating 
between two variants of the Mori and Tanaka (1973) 
scheme with the roles of both phases as matrix and 
inclusion interchanged. For the Mori-Tanaka model 
with martensite as inclusion in austenite and the 
other way around we can write: 

 Dα’ = Hα’ : Dγ 

 Dγ = Hγ : Dα’ → Dα’ = Hγ
-1 : Dγ (8) 

where Hi is the ’local’ strain concentration tensor 
for the strain in the inclusion i with respect to that in 
the matrix m. Hi is calculated as: 

 Hi = (I – Sm : (I – Cm
-1 : Ci))

-1 (9) 

where Sm is the Eshelby tensor of the matrix: 

 Sm 
mm

m

μκ
κ

43

3

+
= Iv + 

mm

mm

μκ
μκ

43

2

5

6

+
+ Id (10) 

where Iv and Id are the fourth order volumetric and 
deviatoric unit tensors. The bulk modulus κ and the 
shear modulus μ are found from an isotropic projec-
tion of the elasto-plastic constitutive tensor: 

 3κm = Cm :: Iv ; 10μm = Cm :: Id (11) 

From the interpolated local concentration tensor 
H*

α’ 

 H*
α’ = (fα’H α’

-1 + (1 - fα’)H γ)
-1 (12) 
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with the help of equation (7), the strain concentra-
tion tensors with respect to the global strain are cal-
culated 

 Aγ = ((1 - fα’)I + fα’H*
α’)

-1 

 Aα’ = H*
α’ : Aγ (13) 

4.3.  Mean-field model with phase  
transformation 

 
To obtain a homogenized stress-strain relation 

the deformation rate is partitioned into an elastic rate 
De, a plastic deformation rate Dp and a transfor-
mation plasticity rate Dtr (Kubler et al., 2011), of 
which the elastic plus plastic rate is partitioned 
among the phases: 

 Dγ,α’ = De
γ,α’ + DP

γ,α’ = A γ,α’ : (D – Dtr) (14) 

Differentiation of the stress as defined in equa-
tion (4) yields: 

 )()1(
'' ''' γααγα αα

σσσσσ  −++−= fff  (15) 

The consequence of the last term in the right 
hand side of this equation would be that newly 
formed martensite gets the same stress as the already 
formed martensite. A more realistic assumption is to 
assign to pristine martensite the stress of the parent 
austenite and add this as a dilution term to the mar-
tensite stress rate: 

 ='ασ Cα’ : Dα’ + )( '
'

'
αγ

α

α σσ −
f

f
 (16) 

Substitution of equation (14) into (16) and of the 
result into equation (15) yields: 

 =σ ((1 – fα’)Cγ : Aγ +  
 fα’Cα’ : Aα’) : (D – Dtr) (17) 

The transformation plasticity depends on the 
transformation rate: 

 Dtr = T 'αf  (18) 

where T is the second order transformation plasticity 
tensor, which can be expressed as a function of Umax 
(Perdahcıoǧlu & Geijselaers, 2012). An implicit 
equation for the transformation rate is found by dif-
ferentiation of equation (3) and substitution of equa-
tions (14) and (18): 

 :
max

'
γ

α σ∂
∂′= U

Ff  Cγ : Aγ : (D – T 'αf ) (19) 

Solving for 'αf  yields an explicit expression: 

 D
T

:
:::
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max

'
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γ

γγ
γ

α

AC1
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σ

σ

∂
∂′+

∂
∂′

=
U

F

U
F

f  (20) 

After combining (20) with (18) and (14) and 
substitution into (17), the stress-strain response for 
the homogenized material including transformation 
plasticity is obtained as: 
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(21)

 

This material tangent describes the constitutive 
behavior of the austenitic steel including the phase 
transformation and transformation plasticity. Also 
the tension-compression asymmetry of the mechani-
cal response is included. The driving force for trans-
formation differs between tension and compression 
due to the difference of the positive and negative 
eigenvalues of the transformation strain. 

5.  SIMULATION RESULTS 

The parameters for the cyclic stress strain behav-
iour of both austenite and martensite as used in the 
simulations are summarized in table 4. The austenite 
is modeled with a pronounced Bauschinger effect, 
whereas this is kept to a modest level in martensite. 
The parameters describing the transformation are 
given in table 3. All parameters have been optimized 
to fit the simulation results to the measurements. 

 
5.1.  Cyclic stress-strain and transformation 

response 
 
In figure 6 the simulated stress-strain response is 

plotted, together with the measured behavior. The 
correspondence is very good over the whole range of 
strains in the monotonic behavior as well as in the 
reversed shear response. This also holds for the ’un-
finished’ cyclic test as shown in figure 7. 

In figure 8 the phase fraction as a function of cu-
mulative strain is shown. Comparison with figure 3 
shows that the main characteristics are largely re-
produced. In test R04 very little martensite was pro-
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duced before strain reversal, yet after reversal 
 

 

Fig. 6. Stress versus strain during cyclic shear tests, comparison 
of measurements and simulations (dashed). 

 

Fig. 7. Stress versus strain during ’xtra’ cyclic test, comparison 
of measurements and simulations (dashed). 

extra strain needs to be applied to obtain a compara-
ble amount of martensite. In all tests where marten-
site was formed before strain reversal, a stagnation 
of the transformation is observed after reversal. Af-
ter strain reversal additional strain must be applied 
to restart the transformation. This is caused by the 
Bauschinger effect of the austenite stress-strain re-
sponse. More strain is required to raise the stress in 
the austenite to the level before strain reversal. The 
stress in the austenite determines the transformation. 
In figure 9 the phase fraction as a function of applied 
stress is shown. Also here comparison with figure 4 
shows that the applied stress needed for transfor-
mation in test R04 closely follows the stresstrans-
formation curve of the monotonic test. In all tests 
where martensite was formed before strain reversal, 
after strain reversal more stress than before reversal 
needs to be applied to restart the transformation. The 
reason for this is that the applied stress is partitioned 
among both phases. The hard martensite will tend to 

carry more stress than the soft austenite. The stress 
in the austenite is considerably lower than the exter-
nally applied stress. 

 

 

Fig. 8. Simulated martensite phase fraction versus absolute 
cumulative strain during cyclic shear. 

 

Fig. 9. Simulated martensite phase fraction versus absolute 
stress during cyclic shear. 

5.2.  Stress partitioning 
 
On account of equation (16), in the calculations 

the first formed martensite has an average stress 
equal to that of austenite. The higher stiffness of the 
martensite compared to that of the austenite causes 
stress concentration in the martensite, the average 
stress in the martensite quickly rises. This is shown 
in figure 10. The calculated stress in the martensite 
compares well with the values of the stress in the 
martensitic phase determined from the analysis of 
the magnetic induction signal as explained in section 
3 and summarized in table 2. 
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Fig. 10. Partitioning of the average phase stresses. Diamonds 
indicate measured martensite stress (table 2). 

6.  CONCLUSIONS 

A 12Cr9Ni4Mo austenitic stainless steel has 
been subjected to cyclic shear tests. This steel trans-
forms to martensite when subjected to mechanical 
working. During the tests, apart from the stress and 
strain also the magnetic induction has been meas-
ured to monitor the course of the transformation. 
From the magnetic induction signal after strain re-
versal the partitioning of the shear stress among both 
phases can be estimated. 

To represent the material behavior of this steel 
a model can be used in which i) the martensite trans-
formation is modeled as a stress-induced transfor-
mation, where the stress in the austenite phase is 
assumed to drive the transformation, ii) the stress-
strain response of the austenite is characterized by a 
strong Bauschinger effect and iii) both phases, aus-
tenite and martensite are modeled individually and 
are combined through a mean-field homogenization 
method. 

This way an excellent fit of the stress-strain re-
sponse is obtained. This applies to the stress during 
a monotonic deformation as well as to the stress 
level after strain reversal. The model also reproduces 
accurately the stress partitioning among the phases 
as estimated from the magnetic induction signal. The 
simulated transformation as function of both stress 
and strain displays the main characteristics that are 
found in the measurements. 
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APPENDIX A. MATERIAL PARAMETERS 
FOR KINEMATIC HARDENING 

Both austenite and martensite are modeled as 
kinematic hardening with Chaboche back stress 
evolution and a Voce law for the yield surface radi-
us. 

The elasto-plastic behavior of phase i can be de-
scribed by the yield condition: 

 
2

3
(Si – Xi) : (Si – Xi) – Ri

2(pi) = 0 (22) 

where Si is the deviatoric stress and Xi the back 
stress in the phase, Ri is the radius of the yield sur-
face, which depends on the equivalent plastic strain 
pi. Armstrong and Frederick (1966) formulated an 
evolution equation for the back stress, which was 
extended by Chaboche (1986) to: 

  −==
j

iijijiij
j

iji pcDh )(  XXX P  (23) 

A Voce-type law is used for the yield surface ra-
dius Ri(pi): 

  −−Δ+=
j

pr
ijiii

iijRRpR )e1()( 0  (24) 

The parameters used in the simulations are 
summarized in table 4. 

Table 4. Material properties for austenite and martensite. 

 austenite martensite 

Ri
0 (MPa) 331 750 

ΔRij (MPa) 

-75 

1710 

-180 

96 

rij 

104 

1.8 

1.3 

49 

hij (GPa) 
9 

0.27 
180 

cij 
104 

1.3 
33.2 
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ZACHOWANIE SIĘ BLACH Z AUSTENITYCZNEJ 
STALI NIERDZEWNEJ PODDAWANYCH 

CYKLICZNYM OBCIĄŻENIOM ŚCINAJĄCYM 

Streszczenie 
 
Próbki z austenitycznej stali nierdzewnej poddawano od-

kształceniom o dużej amplitudzie i przeciwnych zwrotach. 
W przeprowadzonych doświadczeniach, poza pomiarem napręże-
nia i odkształcenia, mierzono również indukcję magnetyczną do 
monitorowania przemiany austenitu w martenzyt. Dzięki bezpo-
średnim pomiarom indukcji magnetycznej możliwe było oszaco-
wanie wielkości naprężenia w poszczególnych fazach materiału. 

Przy małych odkształceniach, dla przeciwnego zwrotu, ob-
serwowany jest klasyczny efekt Bauschingera. Gdy dokonywana 
jest zmiana zwrotu przy większych odkształceniach, mierzone 
naprężenie jest większe niż przed zmianą. Obserwowana jest 
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również stagnacja przemiany fazowej, to znaczy, że potrzebne jest 
wyższe odkształcenie i naprężenie niż przed zmianą ścieżki od-
kształcania aby ponownie zaczęła się przemiana po zmianie. 
Zaobserwowane zachowanie można opisać modelem, w którym 
dla przemiany martenzytycznej ma zastosowanie model napręże-
nia indukowanego przemianą. 

Zachowanie konstytutywne austenitu i martenzytu zostało 
opisane modelem Chaboche’a uwzględniającym efekt Bauschin-
gera. W modelu wykorzystano metodę homogenizacji dla opisu 
materiału i faz, otrzymując konstytutywny model zachowania się 
dwu-fazowego kompozytu. Przyłożone naprężenie, naprężenie 
w fazie martenzytu i obserwowane zachowanie się podczas prze-
miany w trakcie cyklicznego ścinania zostało bardzo dobrze 
odtworzone w symulacjach modelu. 
 

Received: November 10, 2014 
Received in a revised form: November 17, 2014 

Accepted: November 17, 2014 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


