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Abstract: The paper presents the results of fatigue loading simulation applied to bimetallic model using the Chaboche kinematic hardening 
rule. Three cases of simulations were performed: (i) without residual stresses; (ii) considering residual stresses and (iii) considering  
asymmetrical geometry of bimetal, i.e. cross area reducing under tension period of loading. Experimental results exhibit the ratcheting 
phenomenon in titanium-steel bimetallic specimens. The observed ratcheting phenomenon could be explained by the third case of simula-
tion which is supported by detection of microcracks in the vicinity of welded area.  
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1. INTRODUCTION 

Bimetallic plates are sometimes required in specific industry 
equipment where different physical properties are needed 
in single plate. One layer of bimetallic plate offers for example 
excellent resistance against corroding medium and the second 
one provides appropriate mechanical stiffness and strength 
(Sulym et al., 2016; Ganczarski and Szubartowski, 2015). But, 
these different physical properties are often the reason that the 
required materials are unweldable by standard methods. In such 
case one of the alternatives is to use explosive welding technolo-
gy (Findik, 2011; Crossland, 1982). This technology applies ener-
gy of detonation that accelerates one metallic material (the flayer) 
that collides to the base material and the metallic bond is formed. 
However, depending on explosive welding parameters and me-
chanical properties of parent materials the interface between the 
joint metals is characterized by different types of inhomogeneities 
(Paul et al., 2012; Lazurenko et al., 2016; Gloc et al., 2016). 
These inhomogeneities could be considered as defects and stress 
rising factors having influence on the monotonic and fatigue 
strengths (Song et al., 2011; Karolczuk et al., 2013). Besides, the 
unique mechanical and structural properties of joint area there are 
also residual stresses locked during explosive welding or intro-
duced by the heat treatment (Karolczuk et al., 2014). Experi-
mental tests under fully reversed cyclic loading exhibit ratcheting 
phenomenon in titanium-steel bimetallic specimens (Karolczuk 
et al., 2013). According to (Hubel, 1996) if the element has inho-
mogeneous elastic-plastic properties the structural ratcheting 
could appear since the two materials undergo plastic strains under 
different stress states.  

There are two aims of the paper. The one is to show that the 
structural ratcheting in titanium-steel plate could not be simulated 
using the Chaboche hardening model even taking into account 
residual stresses. The second aim is to propose a model able 
to simulate the ratcheting phenomenon in the bimetallic plate.  

2. EXPERIMENT 

The tested and analyzed specimens were cut out from large 
bimetallic plate (4330x3150 mm) obtained during explosive weld-
ing process. The titanium plate (Titanium Grade 1) with thickness 
equal to 6 mm was cladded on the steel plate (S355J2+N) 
with thickness equal to 40 mm. The part of plate for specimens 
was cut out from the corner and the ignition point was in the cen-
ter of the plate. The chemical composition and basic mechanical 
properties of parent materials are presented in Tab. 1 and 2. 
The bimetallic plate after the welding process was subjected 
to the heat treatment. The heat treatment consists in soaking 
by 90 minutes at 600oC. After the heat treatment the plate under-
goes the cold flattening process. The flat specimens were cut out 
from the bimetallic plate and subjected to fatigue tests described 
in details in Karolczuk et al. (2013), Karolczuk and Kowalski, 
(2014). 

Tab. 1. Chemical composition of parent materials 

S355J2+N steel (in weight-%) Titanium Grade 1 (in weight-%) 

C C Si Mn P S C Fe H N O Ti 

0.22 0.22 0.55 1.60 0.025 0.025 0.10 0.20 0.015 0.03 0.18 99.5 

Tab. 2. Mechanical properties of S355J2+N steel and Tytanium Grade 1 

Material ReH, MPa Rm, MPa E, GPa , - A5, % 

S355J2+N 382-395 598-605 206-220 0.27-0.30 24-34 

Titanium Grade 1 189-215 (Rp02) 308-324 100-105 0.37-0.39 43-56 

3. THE CHABOCHE HARDENING MODEL 

The Chaboche model applied in simulation is a basic version 
consisted in the following decomposition rule of the kinematic 
hardening (Chaboche et al. 1979, 2012): 
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𝑑𝒂 = ∑ 𝑑𝒂(𝑖)3
𝑖=1 , 

d𝒂(𝑖) =
2

3
𝐶(𝑖)𝑑𝜀𝑝 − 𝛾(𝑖)𝒂(𝑖)𝑑𝑝, 

𝑑𝑝 = √
2

3
𝑑𝜀𝑝: 𝑑𝜀𝑝, 

(1) 

where: 𝑎 – back stress tensor, 𝐶(𝑖), 𝛾(𝑖) – material parameters,  

𝜀𝑝 – plastic strain tensor, : – inner product, 𝑑 – increment. 
The constitutive equations (1) were completed with the associated 
flow rule: 

𝑑𝜀𝑝 = 𝑑𝜆
𝜕𝑓

𝜕𝒔
=

𝑑𝒔:𝒏

𝐻
𝒏,            (2) 

where: 𝐻 – the plastic modulus, 𝑠 – the deviatoric stress tensor,  

𝑛 – tensor normal to yield surface 𝑓 of the Huber-Mises-Hencky 
hypothesis 

3

2
(𝒔 − 𝒂): (𝒔 − 𝒂) − 𝜎𝑦

2 = 0,  (3) 

where y is the yield stress.  

4. IDENTIFICATION OF MATERIALS PARAMETERS  
FOR THE CHABOCHE HARDENING MODEL 

One of the main problem in the Chaboche hardening model 

is identification of values of material parameters: 𝐶(𝑖), 𝛾(𝑖). In the 
identification procedure the standard Ramberg-Osgood plastic 
strain-stress characteristic was used: 

𝜀𝑎
𝑝 = (

σa

𝐾′
)

1
𝑛′⁄

,  (4) 

where: 𝜀𝑎
𝑝 – plastic strain amplitude; 𝜎𝑎 – stress amplitude; 𝐾’, 𝑛’ 

– cyclic hardening coefficient and exponent, respectively. The 
materials constants are presented in Tab. 3. 

Tab. 3. Mechanical properties of S355J2+N steel and Titanium Grade 1 
            (Karolczuk and Kowalski, 2014; Gómez et al., 2011) 

Material K’, MPa n’, - 

S355J2+N 721 0.1258 

Titanium Grade 1 190 0.0641 

Under uniaxial stress state (monotonic tension) the constitu-
tive equation of the Chaboche model could be solved and the 
relation between tension stress and plastic strain is as follows: 

σa = σy + ∑
𝐶(𝑖)

γ(𝑖)
(1 − 𝑒−γ(𝑖)εa

p

)3
𝑖=1 . (5) 

Identification procedure consisted in a minimization of param-
eter δW being the function of: 

δ𝑊 =
∫|d𝑊|

𝑊RO
100%  (6) 

where: 𝑊RO = ∫(εa
p)𝑛′𝐾′dεa

p,  (7) 

d𝑊 = (σy + ∑
𝐶(𝑖)

γ(𝑖) (1 − 𝑒−γ(𝑖)εa
p

)3
𝑖=1 − (εa

p
)

𝑛′
𝐾′) 𝑑εa

p
. (8) 

In other words, it is a minimization of difference in plastic 

strain energy densities (areas under the curves 𝜀𝑎
𝑝

− 𝜎𝑎) calcu-
lated using both curves, i.e. eq. 4 and 5. Minimization was per-
formed using iteration algorithm of the interior point method (func-
tion fmincon in Matlab R2011b - optimization toolbox). Final fitting 
features between both curves are presented in Figs. 1 and 2. The 
values of determined material constants are presented in Tab. 4.  

 
Fig. 1. The stress-strain curves and 𝑑𝑊 (eq.8) parameter plots  

 with the computed materials constants for the Chaboche model  
 for the S355J2+N steel 

 

 
Fig. 2. The stress-strain curves and 𝑑𝑊 (eq.8) parameter plots  

  with the computed materials constants for the Chaboche model  
  for the titanium grade 1 
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Tab. 4. Material parameters for the Chaboche hardening model  

Material y, MPa C(1), MPa C(2), MPa C(3), MPa (1) (2) (3) 

S355J2+N 226 107508 17359 2453 1434 188 0 

Titanium Grade 1 105 36823 4221 446 2474 223 0 

5. BIMETALLIC MODEL 

Loading scheme and model geometry are presented in Fig. 3. 
The equilibrium equations were formulated with the following 
assumptions: 
─ full and perfect connection between metals in form of plane 

without defects, 
─ uniform distribution of strain increments 𝑑, 

─ stress increment distributions 𝑑(𝑇𝑖), 𝑑(𝑆𝑡) are uniform 
for each layer, 

─ uniaxial stress state ( 𝑧𝑧 0, Fig.3). 

 

Fig. 3. Geometry and loading condition of bimetallic model 

The equilibrium equations are written in the following forms 

𝑑(𝑇𝑖)𝑔(ℎ − ) + 𝑑(𝑆𝑡)𝑔 − 𝑑𝐹 =  0 (9) 

𝑑(𝑇𝑖)𝑔(ℎ − )(ℎ + )/2 + 𝑑(𝑆𝑡)𝑔2/2
− 𝑑𝐹ℎ/2 − 𝑑𝑀 =  0 

(10) 

where: d(Ti), d(St)– stress increments in titanium and steel 

layers, respectively; dF – force increment, dM – moment incre-
ment. Equation (9) is treated as the aim function that together with 
the constitutive equations of material hardening is solved incre-

mentally in Matlab software. Residuals Er(t) of equation (9) are 
traced and plotted in Figs. in next paragraph.  

6. SIMMULATIONS 

Analysis of influence of sinusoidal loading 𝐹(𝑡) =
𝐹𝑎𝑠𝑖𝑛(2𝑓𝑡) (where 𝑓 – frequency of loading; 𝑓 = 4 Hz) 
on cyclic behavior bimetallic layers was performed with force 
amplitude 𝐹𝑎=24500 N that corresponds to experimental fatigue 

life 𝑁𝑒𝑥𝑝 equal to 26570 cycles. The observed ratcheting phe-

nomenon for this specimen is shown in Fig. 4. Fig. 5 presents 
the changes in mean value of total strain cycle by cycle. The 
mean strain rate oscillates around 10-7 1/cycle.  

In simulations two initial stress state were considered (Tab. 5). 
In the case 0 it is assumed that residual stresses in both metals 
are equal to zero and in the second case it is assumed that resid-

ual stress state in titanium is -100 MPa (z direction, Fig. 3). 
The negative value comes from residual stress measurement 
and analysis of the heat treatment process (Karolczuk et al., 

2014). The positive value of residual stress in steel comes from 
the equilibrium of forces. 

 
Fig. 4. Hysteresis loops 𝐹 −   showing ratcheting phenomenon, i.e. 

            strain accumulation in direction of tension,  
            where 𝑛 = 𝑁/𝑁𝑒𝑥𝑝 (damage degree) 

 
Fig. 5. Evolution of mean value of total strain  
            and estimated mean strain rate  

Tab. 5. Simulation cases 

Material Titanium Grade 1 S355J2+N  

Simulation res, MPa res, MPa 

0 0 0 

1 -100 50 

Results of simulations are presented in Figs. 6 and 7, where: 

(a), (b) final positions or yield surfaces in space 𝑧 − 𝑦 for steel 

and titanium, respectively; (c) stress courses for steel and titani-
um; (d) strain courses; (e) hysteresis loops; (f) residuals of Eq. 9. 

It could be noticed that the maximum value of 𝐸𝑟(𝑡) does not 

exceed the value of 510-6 N. The strain amplitudes and mean 
values are stabilized after tens of cycles. Detailed analysis 
of stability of strain courses is presented in Figs. 8-11. Figs. 8a 

and 10a present simulated hysteresis loops 𝐹 − , where  is 
calculated without the residual stress influence, i.e. the starting 

point is assumed as 𝐹(𝑡 = 0) = 0 then (𝑡 = 0) = 0 (in tita-
nium and steel layers, as measured by extensometer during 
fatigue test). Figs. 8b and 10b present the changes in the ampli-
tudes and mean values of strain during subsequent cycles. 
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Fig. 6. Behavior of bimetal under cyclic loading and case 0 of simulation  

 
Fig. 7. Behavior of bimetal under cyclic loading and case 1 of simulation  

 
Fig. 8. Simulation: case 0. (a) Hysteresis loops  − 𝐹;  

           (b) strain amplitudes 𝑎 and mean values 𝑚  

           in function number of cycles 𝑁 

The rates of strain amplitudes 𝑑𝑎/𝑑𝑁 and mean values 

𝑑𝑚/𝑑𝑁 show precisely that for case 0 of simulation the strain 
rates achieve value below 10-10 1/cycle after 37 cycles and 
for case 1 of simulation the strain rates achieve value below 10-10 

1/cycle after 49 cycles. The rate value equal to 10-10 1/cycle could 
be treated as stabilization since, e.g. after 106 cycles the 
accumulated strain would be equal to 10-4, i.e. around 2.5 % of 
strain amplitude. In case 1 of simulation the mean value of stress, 
i.e. residual stresses are relaxed very quickly in a few first cycles.  

 
Fig. 9. Simulation: case 0. Rates of strain amplitudes 𝑎  

            and mean values 𝑚 in function number of cycles 𝑁 

The conclusion is that different cyclic properties of parent ma-
terials and even existence of residual stresses are not the cause 
of the experimentally observed ratcheting phenomenon.  

 
Fig. 10. Simulation: case 1. (a) Hysteresis loops  − 𝐹; (b) strain  

              amplitudes 𝑎 and mean values 𝑚 in function number  

              of cycles N 

 
Fig. 11. Simulation: case 1. Rates of strain amplitudes 𝑎  

              and mean values 𝑚 in function number of cycles N 
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The other reasons of ratcheting phenomenon in the analyzed 
bimetal that could be consider are specific structural and mechan-
ical properties of joint area. During the collision of flayer plate 
with base plate very high pressure around 19-50 GPa is created 
in time around 2-5 𝑠 (Walczak, 1989; Crossland, 1982) 
as a result thin very hard layer of intermetallics is formed (Paul 
et al., 2011) sometimes with larger local melted areas. Those 
melted areas could already have very short cracks (Fig. 12) be-
fore fatigue test. The melted areas could be the places of stress 
concentration and fatigue crack initiators (Fig. 13). 

 
Fig. 12. Photo of joint area of one of tested bimetallic specimen  
              before fatigue test  

 
Fig. 13. Photo of joint area after fatigue test (steel – low part of photo) 

 
Fig. 14. Simulation with different crack lengths 𝐿0. Rates of strain mean  

              values 𝑚 in function number of cycles 𝑁  

              for different crack lengths 

In the third simulation the micro crack with length 𝐿0 is intro-
duced into model. This introduction is very simplified just in order 
to simulate the difference in force transmission between tension 
and compressive period of loading. Thus, under tension the crack 
decreased the cross section of specimen by 𝐿0 − 𝑔 (Fig. 3) 
equally in both layers and under compressive period the cross 
section is not changed. The tension period were defined as 
(𝑡) > 0 and 𝑑𝐹/𝑑𝑡 > 0. The results of simulations are pre-
sented in Fig. 14.  

Fig. 14 shows that the strain rate of mean values strongly de-
pends on the simulated crack length. For the crack length equal 
to 0.0001 mm the strain rate is close to experimental one, i.e. 10-7 
1/cycle (Fig. 5). 

7. CONCLUSIONS 

─ Different elastic-plastic properties of parent materials used 
in the applied bimetallic and material models cannot explain 
the ratcheting phenomenon. 

─ The ratcheting phenomenon could be simulated using asym-
metrical geometrical model of bimetal, i.e. cross area reduced 
under tension period of loading. 

─ The simulated strain rate using asymmetrical geometrical 
model of bimetal is very sensitive to the applied asymmetry.  
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