Available online at www.sciencedirect.com X
oo Transactions of

“e”e 1 1 Nonferrous Metals
»” ScienceDirect ~ Jonterrous Metas g

ELSEVIER Press Trans. Nonferrous Met. Soc. China 32(2022) 15301547  \ww.tnmsc.cn

Low cycle fatigue behavior of zirconium—titanium—steel composite plate

Bin-bin ZHOU!, Peng YU!, Le CHANG?3, Chang-yu ZHOU??, Cheng YE*, Bo-jun ZHANG?*

1. Engineering Technology Training Center, Nanjing Vocational University of Industry Technology,
Nanjing 210023, China;
2. School of Mechanical and Power Engineering, Nanjing Tech University, Nanjing 211816, China;
3. Jiangsu Key Lab of Design and Manufacture of Extreme Pressure Equipment, Nanjing 210028, China;
4. Technology Research and Development Department, Nanjing Boiler and Pressure Vessel Inspection Institute,
Nanjing 210028, China

Received 15 April 2021; accepted 26 September 2021

Abstract: The low cycle fatigue behavior of zirconium—titanium—steel composite plate under symmetrical and
asymmetric stress control was studied. The effects of mean stress and stress amplitude on cyclic deformation, ratcheting
effect and damage mechanism were discussed in detail. The results show that under symmetric stress control, the
forward ratcheting deformation is observed. Under asymmetric stress control, the ratcheting strain increases rapidly
with mean stress and stress amplitude increasing. Under high stress amplitude, the influence of mean stress is more
significant. In addition, by studying the variation of strain energy density, it is found that the stress amplitude mainly
promotes the fatigue damage, while the mean stress leads to the ratcheting damage. In addition, fracto-
graphic observation shows that the crack initiates in the brittle metal compound at the interface, and the steel has
higher resistance to crack propagation. Finally, the accuracy of life prediction model considering ratcheting effect is
discussed in detail, and a high-precision life prediction model directly based on mean stress and stress amplitude is
proposed.
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crack initiation position of composite plates, so

1 Introduction fatigue life and crack initiation location have been
widely studied [6,7]. The microstructure and

In the field of petrochemical and nuclear properties of AA6061-AA7050 under low cycle
power equipment, explosive welding metal is often fatigue (LCF) were quantitatively studied by
made into vessels, pipelines and transition joints. In RODRIGUEZ et al [8]. Fractographic observation
recent years, zirconium-—titanium—steel explosive showed that the crack originates from secondary
welding composite plate is more and more widely intermetallic compounds near the surface of
used because it can both meet the requirements of = welding position. In addition, relevant studies
structural strength and corrosion resistance at the showed that the inhomogeneous interface structure
same time [1,2]. in composite plates has a significant effect on the
The alternating pressure or dynamic load of initiation and propagation of fatigue cracks [9—12].
transition joints in vessels will cause fatigue PRAZMOWSKI et al [13] found that crack always
damage [3—5]. The existence of interface will initiates at the steel side and then extends to the
greatly affect the resistance to fatigue damage and titanium side. SNIEZEK et al [14] found that the
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fatigue life of composite plate would be greatly
improved by choosing appropriate heat treatment
process, and the crack initiation position would
change from interface to substrate. At present, the
LCF tests of titanium—steel, zirconium—steel
composite plates are mainly focused on crack
initiation location and fatigue life under
symmetrical stress control. There is a lack of
research on fatigue behavior for composite plate
under asymmetric stress control.

Engineering components and structures often
bear cyclic stress with mean stress (om), which has
great influence on fatigue life [15—17]. At present,
the effect of om has been widely studied. For fatigue
life, studies [18,19] show that mean tensile stress is
unfavorable to fatigue life, and mean compressive
stress is beneficial to fatigue life. However, studies
show that the influence of om on material
deformation characteristics needs to be explored
before analyzing the contribution of oy to fatigue
life [20,21]. For micro-deformation mechanism
of materials, the influence of ratcheting effect
can be evaluated by studying the evolution of
dislocation structure in materials under asymmetric
loads [22,23]. For life prediction model, in order to
evaluate the effect of om, various life prediction
models considering om have been proposed, such as
Gerber model, Goodman model, Soderberg model,
Morrow model and Walker model. INCE [24]
proposed a fatigue damage model based on
distorted strain energy, and compared it with
Morrow and SWT correction models. MAHTABI
and SHAMSAETI [25] studied the fatigue behavior
of NiTi alloy and proposed an energy-based fatigue
model, where the effects of mean tensile strain and
stress on fatigue resistance were considered.

At present, the research on LCF behavior of
zirconium—titanium—steel composite plate under
asymmetric fatigue loading has less been reported,
which limits further application of zirconium—
titanium—steel composite plate. Therefore, the
cyclic deformation characteristics, ratcheting effect
and damage mechanism of zirconium—titanium—
steel composite plate need to be studied in detail.
Moreover, the current life prediction model
considering om has the disadvantage that the
parameters are complex and depend too much on
the loading cycle characteristics. Thus, it is of great
significance to study life prediction model with
large accuracy under asymmetric stress control,
which is directly based on the loading parameters.

2 Experimental

The test material is zirconium—titanium—steel
explosive composite plate. The material grade and
chemical composition are given in Tables 1-3.
Fatigue specimens were fabricated from large size
composite plate by wire cutting along the direction
perpendicular to the rolling direction. The material
was taken away from the central explosion point
and the edge position. The specimen size of
zirconium—titanium—steel composite plate is shown
in Fig. 1. There are three kinds of materials in the
thickness direction of composite plate, among
which Zr702 is used as cladding material with
thickness of about 2 mm, Q345R steel is used as
base material with thickness of 8.2 mm, and TA2
is used as transition material with thickness of
about 1.8 mm. Due to the influence of material
deformation and explosive welding process, there
are some errors in the thickness of each layer, and
the total thickness of the LCF specimen is kept at
12 mm. Before fatigue test, the samples were
polished, and the cross-sectional dimensions of the
final samples were recorded.

LCF test has triangular loading waveform,
which was stress-controlled and carried out on

Table 1 Chemical composition of Zr702 (wt.%)
Zr+Hf Hf FetCr H N C O Nb
>09.2 45 0.2 0.005 0.025 0.05 0.16 -

Table 2 Chemical composition of TA2 (wt.%)
Fe C N H O Other Ti
0.3 0.1 0.05 0.015 025 05 Bal.

Table 3 Chemical composition of Q345R (wt.%)
C Si Mn P S Fe

0.15 0.39 1.43 0.018 0.005 Bal.
R20 0.2
- M
35
140
& Zr702
f T T = TA2
S 1 | |
Q345R

Fig. 1 Dimension of LCF specimens of zirconium—
titanium—steel composite plate (Unit: mm)
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MTS809 hydraulic testing machine. The stress rate
is kept constant at 600 MPa/s in all tests. Fatigue
tests are divided into symmetrical stress-controlled
and asymmetrical
symmetrical stress-controlled test, stress amplitude
(0a) values are 290, 310, 340 and 370 MPa, while o,
values are 310, 340 and 370 MPa for asymmetrical
stress-controlled test. Each group of o, considers
three groups of om. The specific test scheme is
given in Table 4, where Nr represents fatigue life.

stress-controlled ones. For

The strain magnitude corresponding to the half-life
period is given in Table 4.

Table 4 Low-cycle fatigue test parameters of zirconium—
titanium—steel composite plate

Control ~ Sample /% I\Z;’/a l\(/ilnll/a Nt
POl  0.190 290 0 50695
Symmetrical P02 0274 310 0 12553
stress P03 0321 340 0 7750
P04 0461 370 0 2490
P05 0266 310 10 12940
P06  0.323 310 30 4600

P07 0279 310 50 2499
P08 0349 340 10 5375
P09 0453 340 30 2536
P10 0428 340 50 1222
P11 0498 370 10 3730
P12 0482 370 30 1858
P13 0561 370 50 686

Asymmetrical
stress

3 Results and discussion

3.1 Symmetrical stress control
3.1.1 Cyclic softening behavior

The relationship between nominalized fatigue
cycle number (N/Ny) and strain range is shown
in Fig.2(a). The strain range is twice the strain
amplitude, that is, 2¢,. Figure 2(a) shows that 2e,
increases with N, that is, the composite plate shows
cyclic softening. With the increase of &, 2¢, tends to
be stable until crack or fracture occurs in the final
stage. In addition, with the increase of 2e,, the
cyclic softening phenomenon in the initial stage of
loading becomes more and more obvious, and the
loading cycles entering the stable stage are
postponed in the whole life cycle. In fact, cyclic

softening is related to the evolution of dislocation
structure during cyclic loading. For cyclic softening
materials, dislocation structures generated under
cyclic loading annihilate with the increase of N,
which is usually considered dislocation recovery
process. Therefore, this leads to the decrease of
dislocation density and slip resistance in cyclic
deformation. In addition, dislocation substructures
with complex structures may be rearranged, or
reconstructed, to form new  dislocation
configurations with less fatigue resistance [22].
Therefore, under constant stress control, 2&, of
materials increases with the change of dislocation
structure, i.e. cyclic softening. It can be seen that
with the increase of o, the annihilation and
reconstruction process of dislocation structure is
more significant, so the cyclic softening
characteristics of the whole material are more
obvious.

In stress-controlled fatigue tests, dimensionless
softening coefficient, Hs, is used to describe cyclic
softening behavior:

Hy=5"5% (1)

£

a

where ¢ represents the strain corresponding to the
half-life cycle.

Figure 2(b) shows that the cyclic softening
behavior under different o, can be divided into three
stages. 0.5Nr and the previous loading cycles belong
to the first stage. During this stage, H; of composite
plate increases rapidly, and the increasing speed
decreases with N. In addition, the increase of o,
significantly increases the increase rate of Hs. After
0.5Nt, Hs increases slowly in the second stage, and
H; in this stage is not affected by .. Finally, the
third stage is the initiation and propagating stage
of the crack, which causes rapid failure, and H;
increases sharply. Figure 2(b) shows that the
loading cycles are very few in this stage, and the
proportion of loading cycles to the whole life cycle
increases slightly with g,.

Figure 2(c) shows the change of plastic strain
range (2&P). It can be seen that 2&’ increases
significantly with o,. The variation law is consistent
with that of 2e, In fact, the cyclic damage of
materials is mainly related to the accumulation of
cyclic plastic strain [26]. The higher the o, is, the
higher the plastic deformation occurs under each
loading cycle, and the higher the damage
accumulation is, so the damage occurs earlier.
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Fig. 2 Variations of 2¢, (a), Hs (b) and 2&! (c) in LCF
test under symmetrical stress control

3.1.2 Ratcheting deformation

Because of the asymmetric compression, even
under symmetrical stress control, &, of most
materials gradually shifts, which is called ratcheting
deformation [26]. In fatigue tests, ratcheting strain
& 1is defined as one-half of the sum of maximum
strain and minimum strain, i.e. &=(EmaxTEmin)/2. It s
generally believed that ¢ is unfavorable to fatigue

life. & promotes the accumulation of non-uniform
plastic strain in material cyclic deformation,
aggravates the damage and accelerates the crack
initiation. After the crack initiation, ratcheting
deformation causes crack tips to keep open at all
time, and crack closure decreases, resulting in an
increase in the actual stress intensity factor, which
promotes crack propagation [18]. Figure 3 shows
that & is offset in LCF test under symmetrical stress
control, and the offset degree is remarkable with the
increase of o,. It can be seen that the compressive
deformation resistance of zirconium—titanium—steel
composite plate is greater than the tensile
deformation resistance, so with the increase of N, em
increases, and the ratcheting deformation is more
significant.

1.00
— 290 MPa

0.75¢ —310MPa
N —340 MPa
§ — 370 MPa
£ 0.50f
8
&0
£ 025}
o
<
i)
<
e 0

_025 1 1 1 1
100 10! 102 103 10% 10°

Fatigue life, Ny
Fig. 3 & in LCF tests under symmetrical stress control

3.2 Asymmetric stress control

Current studies [14,15] show that the main
factors for ratcheting effect are the cyclic
hardening/softening deformation characteristics,
loading conditions and viscoplasticity of materials.
In engineering practice, the loads on materials and
components are usually asymmetric, that is, there is
an effect of om, so & is generated along the direction
of om. The & caused by om has an important
influence on fatigue life, so it needs to be
considered in safety design and life evaluation. For
zirconium—titanium—steel composite plate, cladding
layer (zirconium) and transition layer (titanium) are
more sensitive to on than base steel, so ratcheting
effect is more significant [11].
3.2.1 Effect of mean stress (om)

Figure 4 shows the effect of om on 2¢, and &.
When o, is low (Fig. 4(a)), 2¢, increases gradually
with om, but the promotion effect is limited. When
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o, is high (Fig. 4(b)), the increase of om greatly
contributes to 2&,, and the strain promotes the
accumulation of plastic strain and cyclic damage, so
the fatigue life decreases greatly. The variation
trend of & in Figs. 4(c, d) shows that & increases
greatly with o, under different o0,, and the
difference between & under different o increases
with loading cycles. In addition, the effect of om
on 2¢, and ratcheting effect is more significant at

1.50
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1.25F
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high é&,.

In Fig. 5, under low a,, 2¢, of hysteretic curves
under different o, is similar under the same loading
cycle, but &, increases significantly. With the
increase of loading cycles, the change of &y is more
significant than that of 2¢,. In the case of high o,
2¢, and en of hysteretic curves under different om
increase greatly in the same loading cycle, and
the increase of ¢, is more obvious. Moreover, the

2.5

(b)

Strain range, 2&/%

0 . . .
100 10! 10? 10 10*
Fatigue life, Ny
30
(d)

251 —,=10MPa
— 0,=30 MPa

20F —_— Gm:50 MPa

Ratcheting strain, &/%
o

0 : J
100 10! 10? 103 10*
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Fig. 4 Influence of o, 0n 2¢, (a, b) and & (c, d): (a, ¢) 0,=310 MPa; (b, d) 6,=370 MPa
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Fig. 5 Influence of o, on hysteresis curve: (a) 6,=310 MPa; (b) 6,=370 MPa



Bin-bin ZHOU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1530—1547

change of 2¢, under different o, is not obvious,
while &n is greatly increased. It can be seen that
under high o, the increase of om has more
significant effect on ratcheting effect, and the
difference of & is enlarged with the increase of
loading cycles.

Compared with the low a,, the cyclic softening
behavior of the material is more obvious under the
high ¢, and 2¢, changes more greatly, so the
cumulative plastic deformation under single cyclic
loading is higher. When the material is subjected to
additional om, the non-uniform plastic deformation
of the material becomes more significant, which
results in the rapid accumulation of &;.

3.2.2 Effect of stress amplitude (a,)

Figure 6 shows the effect of g, on 2¢; and &
under different om. Figures 6(a, b) show that the
increase of 0. leads to the increase of 2g,.
Figures 6(c, d) show that when o, and o, are low, &
increases slightly with g,. The higher the o, is, the
more obvious the effect of g, on ¢&; is. It can be seen
that the effect of g, on ratcheting effect is affected
by om. Only when o reaches a certain level, the
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effect of o, on ratcheting stress is significant enough.
This is because & is mainly caused by om during
cyclic loading. Although the increase of o,
promotes the increase of 2¢,, & is very small when
om 18 low, so the cumulative difference of ¢ is not
obvious.

In Fig. 7, when on is low, . promotes the
increase of 2¢, but when the loading cycles are
small, the effect on &, is not clear, and with the
increase of the loading cycles, the overall offset of
the hysteretic curve is also limited. When on is
higher, 2¢, and &, increase significantly with o,, and
& increases more obviously with loading cycles. It
can be seen that ¢, is more sensitive to the change of
0, When oy, is higher.

3.2.3 Energy analysis

Strain energy density is an important
parameter for describing damage evolution during
cyclic deformation. In the process of cyclic
deformation, the elasticity, plasticity and total strain
energy density can be obtained by analyzing the
hysteresis curve, i.e. the stress—strain curve. Among
them, plastic strain energy density is considered to

2.5
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Fig. 6 Effect of g, on 2¢, (a, b) and & (c, d): (a, ¢) ow=10 MPa; (b, d) 6,=50 MPa
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be the most important parameter to cause material
damage, so it is widely used in fatigue life
prediction. The formula for calculating strain
energy density considering stress ratio is as follows:

AW=AW, + AW )
AW, = ode, (3)
2 2
o . (1-R
AW::"(—)+A0'mmAe (R>0) )
2F
0_2
AW =—L (R<0 5
© =op (R<0) (5)

where AW, denotes the total strain energy density;
AW, and AW, denote the plastic strain energy
density and the elastic strain energy density,
respectively; R represents the stress ratio and £
represents the elastic modulus.

Figure 8 shows that the AW, change of
zirconium—titanium—steel composite plate during
cyclic deformation can be divided into three stages:
the first stage is rapid rising stage, the second stage
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is relatively stable stage, and the third stage is rapid
failure stage. In Fig. 8(a), with the increase of om,
the AW, increases, and when on is 30 MPa, the
increase of AW, under initial cyclic loading cycles
is limited compared with that under the condition
with o of 10 MPa. From the results of the influence
of om on 2¢, and &, it can be seen that the ratcheting
effect of materials is not obvious under initial cyclic
loading cycles when oy, increase is not obvious, and
the cumulative degree of plastic strain mainly
depends on the magnitude of stress range, so the
increase of AW, is limited. In the third stage, cracks
initiate, and the change of AW, here is significantly
affected by the crack growth rate and propagation
path, so the variation is different from that of the
first two stages. In Fig. 8(b), the effect ofo, increase
on AW, is consistent with o, and the difference of
AW, results under different o, is more significant.
Therefore, the increase of o, directly increases 2¢,,
leading to a significant increase of AW,. When o, is
fixed, the influence of om on AW, depends on the
contribution of ratcheting effect caused by o to the
accumulation of cyclic plastic strain.

500
(b) N=100
L < 6,=310MPa ---
400 +7) o=340MPa ---
z 6,=370MPa ---

300F
200f
100r
or
-100r

Stress/MPa

Fig. 7 Effect of 0, on hysteresis curve: (a) 6m=10 MPa; (b) 6,=50 MPa
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Figure 9 shows the effect of om and o. on
proportions of AW, and AW," in AW,. Although o
increases & and cyclic plastic strain accumulation,
its effect on the proportions of AW, and AW," in
AW, is limited, even negligible. The effect of om
on material hysteresis curves shows that with the
increase of om, the hysteresis curve of material
moves towards the direction of om, but 2¢, and the
area AW, enclosed by the hysteresis curve are
almost unchanged. This is the reason why the
proportion of AW, and AW, in AW does not
change obviously as on, increases. In Fig. 9(b), with
the increase of o, the proportion of AW, in AW;
increases rapidly, while the proportion of AW." in
AW, decreases correspondingly, which indicates
that the increase of g, directly causes the increase of
AW,, and increases the plastic strain accumulation
under each cycle loading. Similarly, the effect of o,
on hysteretic curve verifies this view, that is, the
increase of o, increases 2¢, and the area of AW,
enclosed by hysteretic curve. It can be seen that the
contribution of o, to material damage is mainly
ratcheting damage, while the increase of g, mainly
increases the proportion of AW, and the cyclic
plasticity cumulative degree under each cyclic
loading, thus causing fatigue damage.

3.3 Fractographic observation of fracture surface

Figure 10(a) shows that the fracture surfaces of
titanium and zirconium are smooth and identified as
stable and rapid crack growth zones, respectively.
In steel, flat crack growth zones account for a small
proportion of the overall area, and most of the steel
is in instantaneous fracture zone. This indicates that
the crack propagates to both sides of the material
after the initiation of structure in vortex zone, and
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its growth rate in titanium and zirconium is
significantly higher than that in steel. It can be seen
that the crack propagation resistance of steel is
higher than that of titanium and zirconium, so the
instantaneous fracture zone only exists in steel.
During explosive welding, adiabatic shear occurs at
the explosive point, and the resulting jet particles
are quickly extruded and cooled by the sheet metal,
which results in formation of fine grains in melting
state at high temperature without recrystallization
and grain growth [27]. Figures 10(b, ¢) show that
intergranular fracture occurs in the fine grain zone
of steel, which indicates that the grain strength of
the fine grain zone is higher than the grain
boundary bonding strength, leading to crack
propagation along the grain boundary under fatigue
load. The crack source region of titanium has
cleavage-like morphology, which indicates that
transgranular brittle fracture occurs.

The morphologies of the stable crack growth
zone in each layer are shown in Figs. 10(d, e, f).
In zirconium, obvious fatigue striations can be
observed in the superficial dimples. The appearance
of dimples indicates that the ductile fracture
characteristics begin to accompany the crack
propagation process, and the tearing edges
everywhere also indicate that the plastic
deformation of the crack tip is obvious. Compared
with the cracks in titanium, the actual driving force
of crack tip propagation is higher and propagation
speed is faster. Fatigue striations and tearing edges
are ubiquitous in titanium. Fatigue striation is
typical of fatigue damage. Tearing edges indicate
that crack propagation in titanium contains a
small amount of plastic deformation. In steel,
the secondary cracks and the plastic deformation
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Fig. 9 Effect of on, (a) and o, (b) on proportions of AW, and AW, in AW;: (a) 0.=370 MPa; (b) 0r,=10 MPa
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Fig. 10 Fatigue fracture morphologies of zirconium—titanium—steel composite plate under o, of 370 MPa: (a) Overall
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morphology; (b) Titanium—steel bonding interface; (c) Crack initiation point in vortex zone; (d) Stable growth zone of

zirconium layer; (e) Stable expansion zone of titanium layer; (f) Stable expansion zone of steel layer

characteristics are obvious, and the fatigue
striations are clearer than those in the other two.
These characteristics show that when cracks
propagate in steel, severe plastic deformation at
crack tips tends to produce secondary crack
surfaces, but because of its higher resistance to
crack propagation and the dispersal of the driving
force of «crack tip propagation, the crack
propagation rate is significantly lower than that in
titanium and zirconium, so its stable growth zone is
very small. When titanium and zirconium are
ompletely separated due to crack propagation,
fatigue load leads to rapid crack propagation and
instantaneous fracture in steel.

Figure 11 shows fatigue fracture morphologies
when o, is 370 MPa and o, is 50 MPa. In Fig. 11(a),
significant plastic deformation occurs at the fracture

surface of the whole specimen, which is caused by
ratcheting plastic deformation of om. Due to severe
plastic deformation, the bonding interface between
titanium and steel with significant difference in
properties is completely separated, while the
interface between titanium and zirconium with
similar properties is well bonded. In Fig. 11(b), it is
found that the crack initiation is still located in the
vortex zone of the titanium—steel bonding interface
even when on causes severe plastic deformation.
Similarly, in this region, brittle fracture occurs in
the compounds of the vortex zone, and the crack
initiation position in titanium shows cleavage-
like characteristics. The subsequent fracture
morphologies of various components show that
there is a transient stable crack growth zone in
titanium, and the fracture features are fatigue
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Fig. 11 Fatigue fracture morphologies of zirconium—titanium—steel composite plate under o, of 370 MPa and om of

50 MPa: (a) Overall morphology; (b) Titanium—steel bonding interface; (c) Crack initiation point in vortex zone;

(d) Stable growth zone of zirconium layer; (¢) Stable expansion zone of titanium layer; (f) Stable expansion zone of

steel layer

striation and a few tearing edges, as shown in
Fig. 11(e). In Figs. 11(d, f), zirconium and steel are
filled with dimples, which is a typical ductile
fracture mode, and there is no stable crack growth
zone.

Therefore, even if the zirconium-—titanium—
steel composite plate is subjected to relatively large
om and thus has obvious plastic deformation, the
vortex zone of the titanium—steel interface is still
the location of crack initiation. When fatigue load
and ratcheting effect are applied, brittle fracture
occurs first in this region, and then cracks propagate
continuously under ratcheting deformation damage
and fatigue damage.

3.4 Life prediction
At present, life prediction models considering

0., ratcheting effect and energy-related factors have
received extensive attention [25]. In this section, the
accuracy of fatigue life prediction for zirconium—
titanium—steel composite plate under symmetrical
and asymmetrical stress control has been studied by
using different models. Based on this, a fatigue life
prediction model is proposed, which is related to om
and ..
3.4.1 Life prediction model of symmetrical stress
control

(1) Basquin model

Basquin model [12], as one of the most basic
life prediction methods, is widely used in life
prediction of symmetrical loading fatigue test. For
symmetrical stress-controlled loading, the model is
defined as follows:

0.=0( NY’ (6)
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where o} represents the fatigue strength coefficient
and b represents the fatigue strength index.
According to the fatigue life data of symmetrical
stress loading in this work, the values of o7 and b
can be determined, as shown in Fig. 12. Because
the Basquin model is simple in structure and
completely based on the fitting of test life data, the
accuracy of the model is not high when the test data
are limited.

400

375t
6,=703.768N; 008305

350

325r

300

Stress amplitude, o,/MPa

275

250 N —
10° 10* 10°

Fatigue life, N;
Fig. 12 o, and fatigue life curve under symmetrical stress

control

(2) Energy-based life prediction model

Because strain energy density can describe
the energy dissipation during cyclic deformation,
it is applied to life prediction. Generally, for
symmetrical loading test, the total strain energy
density (AW;) under various loading parameters is
obtained by taking the hysteretic curve of material
half-life cycle, and the relationship between the
total strain energy density AW; and fatigue life is
established by the following formula:

AW=ke N{ (7)

where k¢ and o are material constants, which are
obtained by fitting the experimental data. According
to the experimental data of PO1—-P04, the energy-
based life prediction model of zirconium—titanium—
steel composite plate is shown in Fig. 13. It can be
seen that the prediction accuracy of this model is
significantly higher than that of the Basquin model.
3.4.2 Life prediction model of asymmetric stress
control

In the case of asymmetric loading, the
symmetric loading model is no longer applicable
because of the existence of ow. Therefore, in order
to improve the accuracy of fatigue life prediction
under asymmetric loading, more life prediction

models considering the effects of om, ratcheting
effect and strain energy density are proposed.

06

g AW=13.066N; %4274
o) L

s 0.4

Ny

<

=

g 02f

el

>

22

Q
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£
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7

10° 10* 10°

Fatigue life, N¢

Fig. 13 Total strain energy density AW; and fatigue life
curve under symmetrical stress control

(1) Xia model

Under asymmetric loading, om or strain leads
to ratcheting deformation. In order to quantitatively
describe the contribution of ratcheting deformation
to the fatigue life under asymmetric loading, Xia
proposed a life prediction model based on linear
damage theory, called Xia model. It is considered
that the composite Miller damage model of pure
fatigue life and ratcheting life is

1 1 1

_— = 4+
Ny Ny Ny
where Ny represents pure fatigue life, and Ny,
represents pure ratcheting life. The pure fatigue life
is obtained by referring to the Basquin model under
symmetrical loading.

The pure ratcheting life and ratcheting
parameters match with the following functional
relationship:

O, & =k NF )

max —r

®)

where omax 1s the peak stress, £ is the average
ratcheting strain, k- and f are the material constants.
The fatigue life data of asymmetric test are obtained,

and the final form of Xia model is obtained:

13077 (1350227 ]
N =|| 2 + : (10)
AW, O ax€

max - r

Figure 14 shows that the life predicted by Xia
model is within the range of twice the error band,
and the accuracy meets the requirements.

(2) Life prediction model based on equivalent
stress amplitude
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In order to consider the effect of om on fatigue
life, a life prediction model considering equivalent
stress amplitude o.q is proposed. In this model, the
Oeq equation considering 0., om and Omax 1S
established to replace o, in the general power law
life model, and the life model considering the
influence of oy, is obtained. Goodman model [28],
SWT model [29], Walker model [30] and Kwofie
model [31] are widely used in this kind of model.

In Goodman model, geq, 02, om and tensile
strength o, have the following relationship:

O-a
%46 "1 5 Jo (1

In this work, a, is 552.66 MPa. By fitting geqc
and Ny with Basquin equation, the corresponding
model parameters are obtained.

The traditional Smith—Watson—Topper (SWT)
model is a stress—strain parameter-based model
considering om. For stress—life analysis, the
influence of oy is considered by introducing Omax.

Table 5 Calculation results of o.q, AW, and AW, under half life

The formula of g¢q is as follows:

O-eq.SWT = V O-max O-a (12)

Based on SWT model, a more general Walker
model is proposed. Walker model adjusts the
contribution of om.x and o, to fatigue damage. The
expression of g is as follows:

Oy = 0.0 (13)

a max

where y represents the fitting constant, which
depends on the sensitivity of the material to om. For
most metal materials sensitive to on, when 0.4 is
taken, the model has good applicability.

Kwofie proposes an exponential form of oeq
with g, and o, in consideration. The expression
is as follows:

Ok =0, exp[a"’—m] (14)
O

where «” represents the sensitivity of fatigue life to
om. Generally, 2 is preferable.

Under asymmetric stress control, geq values of
different life prediction models under different
loading parameters are summarized in Table 5.
Based on o¢q, the comparison results of predicted
life and tested life data of different models are
shown in Fig. 15. It can be seen that only the
fatigue life data points obtained by Kwofie model
are in the range of double error band, so the
prediction accuracy of Kwofie model is higher than
that of the other three models. The fitting
parameters of different life models are listed in
Table 6.

(3) Equivalent life model based on energy
method

Under symmetrical stress—strain controlled
loading, the plasticity and total strain energy density

Sample Oeq./MPa Ocqswr/MPa Oeqw/MPa Oeqx/MPa AW,/(MJ-m™3) AW/(MJ-m™3)
P05 316 315 316 321 0.07259 0.19804
P06 328 325 328 346 0.10952 0.25668
P07 341 334 339 371 0.12267 0.33748
P08 346 345 346 353 0.14722 0.31207
P09 360 355 358 379 0.22751 0.42738
P10 374 364 369 407 0.26283 0.5184
P11 377 375 376 384 0.30833 0.52771
P12 391 385 388 412 0.33762 0.60088
P13 407 394 399 443 0.41468 0.74376
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Fig. 15 Comparison of predicted and tested fatigue life data based on different models of geq: (a) Goodman mode;
(b) SWT model; (¢) Walker model; (d) Kwofie model

at half-life of materials under cyclic loading have
been proven to be able to predict fatigue life. Under
asymmetric loading, due to the existence of om, the
equivalent life N is introduced to replace the
experimental life Ny in the life prediction model
based on strain energy density. According to the geq

model, there are

four main life models based on

equivalent life [25], where,

/b
On
Neq.G = Nf (1 - J

O
1/(2b)

1-R,

Neq.SWT = Nf( B )
(1-p)/b
1-R,

Neq.W = Nf ( 2 )
and

Neq.K = Nf CXp|:£

—a’a—mj / b}
O-u

The definition of parameters in all models is
consistent with the corresponding eq formula.

Here, the equivalent life N is used to replace
the experimental life Ny and the life prediction
model of basic energy method is used to establish
the relationship between Ne, AW, and AW,
respectively. The parameters of life prediction
models obtained by different models are given in
Table 6. Figures 16 and 17 show the comparison
results of predicted life and equivalent experimental
life based on AW, and AW, respectively. It can be
seen that almost all predicted life points of the
models are within 1.5 times error band. Therefore,
the accuracy of the energy method life prediction
model based on equivalent life theory is generally

higher than that based on oq.
(4) M-ESR model

By establishing the relationship between
logarithmic fatigue life and that stress ratio, LIU
et al [32] proposed the stress-based failure (SBF)
model. The expression of the model is as follows:

Neele®?

where y and # are fitting parameters.

(15)
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Table 6 Summary of life prediction model parameters based on o.q, AW, and AW; under half life

Model L AWy AW
O'; b kf o kf a
Goodman 677.252 —0.07958 837.202 —0.97109 190.217 -0.7139
SWT 629.071 -0.07193 182.797 —0.81086 68.239 —0.60717
Walker 651.643 —0.07546 303.215 —0.86044 93.992 —0.63743
Kwofie 851.020 —0.10259 662.415 —0.9466 164.934 —0.69933
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Fig. 16 Comparison of predicted and tested fatigue life data based on different models of AW,: (a) Goodman model;

(b) SWT mode; (c) Walker model; (d) Kwofie model

Because SBF model is unable to consider the
influence of peak load, CHANG et al [33] built
ESR (exponential stress ratio-related) model on this
basis successfully. ESR model establishes the
relationship between parameters y and # and peak
stress op in exponential life model, and establishes a
life prediction model considering peak stress and
stress ratio. In this section, based on the idea of
SBF and ESR model, the life prediction model
considering o, and oy, is constructed by establishing
the relationship between parameters y and # and o
in exponential life model:

N
N;=¢e

(16)

The relationship between InNy and o, under
different oy, is shown in Fig. 18. It can be seen that
the slope # of the fitting line of In Nt and ¢, under
different o is approximately the same. Here, =
—0.021. The relationship between parameter y and
Om/ou 1s established:

y:k[a_m}c
o-u

Substituting the test data, k~=—20.067 and c=
16.175. The expression of M-ESR model is as
follows:

Ne=exp[~0.0210,~20.067(6w/)+16.175]

(17)

(18)
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Figure 19 shows that all life points predicted
by M-ESR model are within the error band of 1.5
times, and the prediction accuracy of M-ESR model
meets the requirements.

By comparing the relative average error (A4,,,)
of different models, the difference of prediction
accuracy between different prediction models is
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Fig. 19 Comparison of predicted and tested fatigue life
data based on M-ESR model

quantitatively described. Relative average error
A 18 defined as follows:

1 & Nf - NP
=—)) [—/—{x100%
Amean N P Y

N
f - (19)
Nf

As shown in Fig. 20(a), for the four main life
prediction models, the accuracy of the equivalent
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life prediction model based on the total strain
energy density AW; at half-life is the highest,
followed by the equivalent life prediction model
based on the plastic strain energy density AW, at
half-life, and finally the life prediction model based
on the equivalent stress. It can be seen that for
asymmetric stress-controlled fatigue tests, the total
strain energy density AW; under steady cyclic
loading can be used in the life prediction to
accurately describe the total strain energy change
during cyclic deformation of materials, so the
prediction accuracy is the highest. Figure 20(b)
shows that the prediction accuracy of the minimum
ratcheting strain rate-dependent life prediction
model (Xia model) is lower than that of the other
five models, and the model needs to determine the
mean & and ratcheting strain rate. In addition, the
relative average errors of four prediction models
based on total strain energy density AW; and
M-BPM model 4, ,, are close, among which
Goodman model has the highest accuracy. However,
since M-BPM model can be directly applied to

fatigue life prediction under given on and o, and
the other four life prediction models depend on the
total strain energy density AW; at half-life of cyclic
loading, M-BPM 1is most suitable for failure life
prediction of zirconium-—titanium—steel composite
plate under asymmetric stress control cycle.

4 Conclusions

(1) Under the symmetrical stress control,
ratcheting deformation is not obvious. Under the
control of asymmetric stress, ratcheting strain
increases rapidly with mean stress and stress
amplitude. Under high stress amplitude, the effect
of mean stress on ratcheting effect is more
significant, and with the increase of loading cycles,
the difference of ratcheting strain is enlarged.
Ratcheting strain is more sensitive to the change of
strain amplitude when the mean stress is higher.

(2) The evolution of strain energy density
shows that the stress amplitude greatly increases the
ratio of plastic strain energy to total strain energy,
while the mean stress has limited influence. It can
be seen that the stress amplitude increases the low
cycle fatigue damage, while the mean stress
increases the ratcheting damage.

(3) There are brittle metal compounds in
vortex zone of titanium—steel interface due to
explosive welding. Under fatigue loading, the
structure breaks and cracks, and thus cracks initiate.
After crack initiation, it diffuses around. Because
the resistance of steel to crack propagation is
significantly higher than that of titanium and
zirconium, the crack propagates faster in titanium
and zirconium, and preferentially leads to the
fracture of transition layer and cladding.

(4) The analysis of different life prediction
models shows that the life prediction model with
the total strain energy density as the fitting object is
more accurate. Besides, a life prediction model
based directly on the mean stress and stress
amplitude is proposed, and the predicted life points
are located in the error band of 1.5 times.
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