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Abstract: The influence of pre-strain on the fatigue crack growth behavior of Zr702/TA2/Q345R
composite plate is studied by experiments and the finite element method. The crack perpendicular to
the interface and the through-wall crack are considered at the same time. For the crack perpendicular
to the interface, the monotonic plastic zone and cyclic plastic zone at the crack tip are used to study the
influence of pre-strain on the plastic zone. Furthermore, the influence of pre-strain on the evolution
of the plastic damage at the crack tip is analyzed in detail by studying the variation in the initial
plastic energy and equivalent plastic strain. For the through-wall crack, the effect of pre-strain on
the propagation behavior of cracks on both sides and the whole crack is studied systematically. The
results show that the strengthening of the cracks on the Zr702 side is significantly higher than that on
the Q345R side, so the inhibitory effect of pre-strain on the whole crack of the through-wall specimen
is mainly due to the increase in the resistance to crack growth on the Zr702 side.

Keywords: crack growth; composites; stress intensity factor; cyclic plastic deformation

1. Introduction

Pre-strain can significantly affect the strength, toughness and microstructure of the
material, thus affecting the crack growth behavior. For different materials and different
stages of crack growth, the influence of pre-strain is different [1-3]. For the near threshold
region of crack growth, the crack growth behavior is strongly affected by the microstructure.
After pre-strain, the threshold value of stress intensity factor Ky, of some materials decreases,
and the crack growth rate da/dN increases [4,5]. For the stable stage of crack growth,
studies [6,7] have shown that the microstructure transformation and twins caused by pre-
strain can affect the crack growth behavior of fatigue cracks. Tang et al. [8] found that
pre-strain can promote the formation of martensite in austenitic stainless steel, which can
inhibit the growth of fatigue cracks. According to Yin et al. [9], cracks are initiated very
easily at the grain boundary of twins, caused by pre-strain, so the crack growth is promoted.
In addition, the yield strength strengthened by pre-strain inhibits the plastic deformation
of the crack tip, thus reducing the passivation and re-sharpening of the crack tip and
preventing the fatigue crack growth [10]. For the rapid crack growth stage, the decrease
in material toughness caused by pre-strain greatly reduces the resistance to crack growth,
and then increases the da/dN [11]. At present, the influence of pre-strain on the fatigue
crack growth behavior is mainly concentrated in homogeneous single materials [12,13],
and the research on metal composite plate has not been reported. Moreover, there are
many kinds of cracks in the composite plate, and the influence of pre-strain should be
discussed separately.

Based on this, the influence of pre-strain on the crack perpendicular to the interface and
the through-wall crack is studied in this paper. The effect of pre-strain on the monotonic

Metals 2022, 12, 2187. https:/ /doi.org/10.3390/met12122187

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met12122187
https://doi.org/10.3390/met12122187
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met12122187
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12122187?type=check_update&version=1

Metals 2022, 12, 2187

20f13

plastic deformation and cyclic plastic evolution of the crack tip is analyzed, so as to
clarify the mechanism of pre-strain on the crack perpendicular to the interface. At the
same time, the influence of pre-strain on the driving force, plastic zone and crack growth
characteristics in the component materials is analyzed, and the effect of pre-strain on crack
growth behavior and the toughening effect of the through-wall crack are clarified.

2. Material, Fatigue Crack Growth Test and Finite Element Method
2.1. Material

The test material is Zr702/TA2/Q345R composite plate, which is made by explosive
welding technology; the basic mechanical properties of the three component materials are
listed in Table 1. The thickness of each layer for Zr702/TA2/Q345R composite plate is 2,
1.8 and 8.2 mm, respectively. The composite plate has been treated by a post weld heat
treatment to reduce the influence of residual stress.

Table 1. Comparison of mechanical properties of Zr702, TA2 and Q345R.

. Elastic Modulus . . Yield Strength Tensile Strength
Material (GPa) Poisson Ratio (MPa) (MPa)
Zr702 90.3 0.33 314 499
TA2 90 0.34 330 383
Q345R 203 0.3 352 522

2.2. Specimen Design and Fatigue Crack Growth Test

In this paper, the crack perpendicular to the interface with different crack growth
directions, i.e., Type-A and Type-B specimens, and Type-C specimens with through-wall a
crack were considered. For Type-A and Type-B specimens, the crack originates from one
side of the material and propagates to the other side. For Type-C specimens, the crack
propagates in all components of the material at the same time. The specific dimensions of
different types of specimens are shown in Figure 1. The material thickness of each layer
for Type-A and Type-B specimens is Zr702: 2 mm, TA2: 1.8 mm and Q345R: 8.2 mm. For
the Type-C specimen, Q345R is reduced to 2.2 mm in order to meet the specimen design
requirements (ASTM E647-08).
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Figure 1. Diagram of Type-A, Type-B and Type-C specimens.

Before the crack growth test, different pre-strain levels are achieved by loading the
specified displacements corresponding to different strains, and the pre-strain introduces
the artificial notch before to ensure the uniform pre-strain of the whole specimen. In the
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crack growth test, stress control is adopted in the test, the loading waveform is a triangular
wave, and the frequency is 8 Hz. The specimen clamping area and loading direction are
shown in Figure 1; the unclamped area in the middle is the gauge length section, with a
distance of 48, which is eight times the thickness of the specimen. During the test, the direct
current potential method [14] is used to measure the crack length, and the number of cycles
corresponding to the crack length is recorded. The test data are processed by the seven-
point polynomial method [14]. The test was carried out on an MTS809 hydraulic testing
machine (Mechanical Testing & Simulation, Eden Prairie, MN, America) with ambient
temperature. The test scheme is given in Table 2.

Table 2. Fatigue crack growth test scheme after pre-strain.

Specimen Type Load Ratio Load Amplitude AF/N Pre-Strain Level/%
0
Type-A 0.1 9000 2
4
0
Type-B 0.1 4356 2
4
0
Type-C 0.1 9000 2
4

2.3. Finite Element Method (FEM)

ABAQUS 6.1 (Dassault system, Vélizy-Villacoublay, France) was used to study the
influence of pre-strain on the plastic deformation and plastic strain accumulation at the
crack tip. The Chaboche model [15], which combines the criteria of follow-up strengthening
and isotropic strengthening, is used in this paper. According to the Huber-von Mises yield
criterion, the yield surface of the Chaboche model is expressed as follows [16]:

2
f(o‘—zx,k):\/3(s—u)-(s—u)—k:0 (1)
In the above equation, o is the stress tensor; & is the back stress tensor, i.e., the center
of the yield surface; s is the partial stress tensor; a is the partial back stress tensor and k is
the yield surface size.
To describe the plastic flow direction, the plastic strain increment is expressed as follows:

deP = )\% (2)

where A is the plastic multiplier. The following hardening law of the model is shown
as follows:

M
da =) da; (3)
i=1
2
da; = gcidep — viaidp 4)

where C; and 7; are the material constants and dp is the cumulative plastic strain.

The parameters of the Chaboche model for each component of Zr702/TA2/Q345R
composite plate are shown in Table 3. The parameters of the Chaboche model and the
equivalent plastic strength curve with the equivalent plastic strain are obtained through the
basic tensile test and low cycle fatigue test [15]. In addition, the finite element method is the
same as that in [14], and the loading and boundary conditions are set according to the test
conditions. Table 3 shows that, the higher the pre-strain level, the higher the yield strength
of each layer of material. By analyzing the evolution of the equivalent plastic strain at the
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crack tip under different pre-strain levels, the influence of pre-strain on the plastic strain
during crack growth can be determined.

Table 3. Chaboche model parameters of component materials with different pre-strain levels.

Pre-Strain Level (%) Material oo (MPa) Cq1 Y1 C, Y2
Zr702 314 1759 199 1758 18

0% TA2 330 2067 26 1765 24

Q345R 352 1752 20 2071 7

Zr702 340 594 13 594 13

2% TA2 411 1104 69 1685 14

Q345R 395 3492 20 338 2

Zr702 354 512 3 395 35

4% TA2 441 1478 34 378 17

Q345R 452 638 16 1652 12

For this part, the two-dimensional finite element model is adopted here, and element
type is the plane strain element (CPE4). Material properties are defined according to Table 1,
and boundary conditions and finite elements are shown in Figure 2 (with Type-A crack
as an example). As shown in Figure 2, one side of the Type-A specimen is set as a fixed
constraint; the other side is a binding constraint and applies a concentrated load, and
the midpoint of this side needs to limit other degrees of freedom, except the direction of
concentrated force. The mesh of the crack tip is refined by linearized mesh generation, and
the mesh size ranges from 0.001 to 0.01 mm. In this paper, the plastic zone is defined as the
region where plastic strain is more than 1074,

Concentrated force
Q345R I M Coupling constraint

A2 [ R e
Zr02 [ R e A AV

Crack

Fixed constraint

Figure 2. Finite element model of Type-A specimen.

3. Results and Discussion
3.1. Effect of Pre-Strain on the Crack Growth Behavior of the Crack Perpendicular to the Interface
3.1.1. The da/dN and Monotonic Plastic Zone

Figure 3 shows the da/dN results of the Type-A and Type-B specimens under different
pre-strain levels. It can be seen that the da/dN decreases with pre-strain level. For the Type-
A specimens, the degree of influence from the pre-strain near the interface is lower than that
at the non-interface. With the increase in the pre-strain level, the strength of the component
materials improves. However, due to the influence of the explosive welding process, the
materials near the interface have an obvious plastic deformation and strengthening, so the
degree of strengthening from the pre-strain is less than that of the homogeneous component
materials far away from the interface. Therefore, the resistance to crack propagation of
the materials near the interface has not increased significantly after the pre-strain. In
Figure 3b, pre-strain also shows an inhibitory effect on the crack propagation of Type-B
cracks. However, the Type-B crack is not significantly affected by the interface, and the rate
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variation of Type-B cracks at the interface is far lower than that of Type-A cracks. Combining
with the da/dN curve of the component materials in [14], it can be seen that the main
reason is that the property mismatch of Type-B cracks leads to the higher stress intensity
factor amplitude AK of the crack tip, so the difference in the crack growth characteristics
in the component materials is reduced. The driving force of the Type-B crack is greater,
and the propagation rate is faster, so the influence of the microstructure at the interface is
obviously lower than that of the Type-A crack.
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Figure 3. Effect of pre-strain on da/dN: (a) Type-A crack, (b) Type-B crack.

Figure 4 shows the variation in the monotonic plastic zone w results from the simu-
lation in different crack propagation directions. It can be seen that the w of the crack tip
decreases significantly with pre-strain level. Due to the increase in the pre-strain level, the
equivalent yield strength of the material is improved (as shown in Table 3), which leads
to the decrease in the w of the crack tip under the same load level, and the static damage
caused by the static tensile load is restrained. Therefore, the growth rate of the fatigue
crack decreases.
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Figure 4. Effect of pre-strain on w for the crack normal to the interface: (a) Type-A crack, (b) Type-B crack.

3.1.2. Cyclic Plastic Deformation of Crack Tip

In order to explore the reasons for the change in the crack growth rate under different
pre-strains, the characteristics of the plastic deformation of the crack tip are studied by
Finite Element Method (FEM) in this paper. At present, the consensus view is that the
damage of the materials under cyclic loading consists of two parts, namely, static damage
and cyclic damage. Among them, the cyclic damage is mainly studied by the cyclic plastic
zone and the evolution of the equivalent plastic strain. The cyclic plastic zone of the crack
tip obtained by Chaboche model is shown in Figure 5.
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Figure 5. Effect of pre-strain on the cyclic plastic zone at the crack tip after the first cycle: (a) 0%;
(b) 2%; (c) 4%.

Figure 5 shows the cyclic plastic zone size of the Type-A crack at different pre-strain
levels after the first loading cycle. Obviously, with the increase in pre-strain level, the
cyclic plastic zone decreases. It is shown that the plastic zone of each cycle is restrained
by pre-strain, which leads to the decrease in the degree of damage. In order to further
clarify the effect of pre-strain on the accumulation and evolution of plastic deformation, the
equivalent plastic strain (PEEQ) under a certain number of cycles at 5 um from the crack
tip was obtained using FEM.

It is shown that the cyclic plastic energy of the residual section of the specimen affects
the growth rate of the fatigue crack to some extent. Figure 6a shows the effect of pre-strain
on the plastic strain energy when the crack length is 3.5 mm. Figure 6a shows that, with
the increase in cyclic loading cycles, the plastic strain energy at different pre-strain levels
continues to rise, but the initial value and rising trend are different. With the increase in the
pre-strain level, the initial plastic strain energy decreases. It is shown that the initial plastic
strain energy decreases and the accumulation of plastic strain energy decreases during the
whole loading process, thus reducing the da/dN. This is one of the reasons why da/dN in
Figure 3 decreases with the increase in pre-strain.

Figure 6b—d show the effect of pre-strain on PEEQ. Figure 6b shows that, with the
increase in the pre-strain level, the PEEQ under 50 cycles at 5 um from the crack tip
decreases, and when pre-strain changes from 0% to 2%, the decrease in the PEEQ is
significantly higher than that of the pre-strain changes from 2% to 4%. Although the PEEQ
at 4% pre-strain was higher than that at 2% pre-strain before the first eight cycles, the PEEQ
at 2% pre-strain was gradually higher during the subsequent loading cycles.

Figure 6¢ further shows the variation in the PEEQ change rate with the pre-strain
level. It can be seen that, with the increase in the number of cycles, the change rate of
the PEEQ at all pre-strain levels decreases, and with the increase in the pre-strain level,
the accumulation rate of the PEEQ in the first cycle also increases. However, with further
cyclic loading, the PEEQ decreased faster at a higher pre-strain level, and the change rate
of the PEEQ at 2% and 4% pre-strain was very low after 10 loading cycles; that is to say, the
accumulation rate of the PEEQ was very slow, while the specimen without pre-strain still
maintained a certain growth rate.

Pre-strain can significantly improve the strength, but it causes a decrease in the
toughness of the material, which leads to a decrease in the residual plastic deformation
ability and is also the reason why the cumulative rate of PEEQ decreases greatly with
pre-strain level. Figure 6d shows the effect of pre-strain on the PEEQ distribution near the
crack tip after the first cyclic loading. Figure 6d shows that, the closer the distance from
crack tip is, the higher the load level and plastic deformation of the material is, and the
smaller the PEEQ difference caused by pre-strain is. With the increase in the distance from
the crack tip, the PEEQ difference caused by pre-strain is more obvious. The results show
that, when the loading level of the material is low, the pre-strain strengthening has a more
significant inhibition on the PEEQ.
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Figure 6. Effect of pre-strain on crack growth behavior (Type-A crack, crack length of 3.5 mm):
(a) variation of plastic strain energy; (b) PEEQ at 5um of crack tip under 50 cycles; (c) variation of
PEEQ change rate; (d) variation of PEEQ distribution near crack tip after the first cycle.

3.2. Effect of Pre-Strain on the Crack Growth Behavior of the Through-Wall Crack
3.2.1. The Growth Rate of Two-Sided Cracks

The effect of pre-strain on the fatigue crack growth behavior of the through-wall crack
is shown in Figure 7. It can be seen that, at the 0% pre-strain level, the da/dN on the Q345R
side is significantly higher than that on the Zr702 side when the crack length is the same,
while at the 2% and 4% pre-strain levels, the da/dN on both sides is closer until coincidence.
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Figure 7. Test results of the through-wall crack with different pre-strain levels: (a) 0%, (b) 2%, (c) 4%.
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The front position of the crack calibrated through test observations is shown in Figure 8.
It can be seen that, at 0% pre-strain, the crack on the Zr702 side preferentially propagates,
and then the crack on the Q345R side begins to propagate; the variation in the front position
of the crack shows that its propagation rate is significantly higher than that of the Zr702
side. The crack growth at 2% and 4% pre-strain levels is consistent with the experimental
results, i.e., the da/dN on both sides is similar, and the crack front is basically perpendicular
to the crack growth direction.
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Figure 8. Front position of the through-wall crack with different pre-strain levels: (a) 0%, (b) 2%,
(c) 4%. Here, larger number indicates the crack length, and smaller number with a plus sign indicates
the crack length increment. The number in the circle represents the measured number of crack fronts.

In order to determine the influence of pre-strain on the da/dN on both sides of the
through-wall crack, the crack growth results under different pre-strain in the materials
on each side are compared, as shown in Figure 9. The results show that the da/dN at the
same crack length decreases with the increase in the pre-strain level. The results show that,
when the pre-strain is 0%, the da/dN is significantly lower than that of the 2% and 4%
pre-strain levels. Obviously, under the same crack length, the effect of pre-strain on the
two sides of the material is different, so comparing the effect of the pre-strain level on each
side of the crack needs to be analyzed in combination with the change in AK. The front
position of the crack under different pre-strain levels is obtained through the test, and then
the finite element analysis is carried out to obtain the AK at each side under each crack’s
front position, as shown in Figure 10. After correlating the crack length and da/dN with
AK, Figure 11 shows the effect of pre-strain on the da/dN-AK of both sides.

The relationship between AK and crack length in Figure 10 shows that AK on the Q345R
side at the 0% pre-strain level is significantly higher than that of the other two groups, while
the AK on the Zr702 side is significantly lower than that of the other two groups. It can be
seen from the front position of the cracks under different pre-strain levels (Figure 8) that
the crack length of the Q345R side at the 0% pre-strain level is always less than that of the
Zr702 side compared with that at the 2% and 4% pre-strain levels, and the difference in
crack length lies in all crack fronts. From the results of the finite element analysis of the
through-wall crack [16], it can be seen that the Q345R side with a higher elastic modulus has
a higher AK at the same crack length. When the crack length on one side is ahead of that on
the other side, the stress at the crack tip on this side is released, resulting in the decrease
in AK at the crack tip, while on the other side, because the crack length is small, the stress
concentration at the crack tip is increased, resulting in the increase in AK. Therefore, the great
difference in crack growth length between the two sides leads to the significant difference in
AK and the other two groups at the 0% pre-strain level. At the 2% and 4% pre-strain levels,
the difference between the crack lengths on both sides is not obvious, which makes the AK
results of each side crack close to each other.
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It can be seen from Figure 11 that the influence of pre-strain on the crack growth rate
of the Q345K side is not significant. In the low AK stage, the crack growth rate decreases
with the increase in the pre-strain level, while in the larger AK stage, the growth rate of the
0% pre-strain level is the lowest. In Figure 11b, with the gradual increase in the pre-strain
level, the da/dN-AK curve decreases significantly. The pre-strain treatment strengthens the
Zr702 side and the resistance to fatigue crack growth increases significantly.

Figure 12 shows the change in AK and da/dN of the overall crack with the pre-strain
level. Figure 12a shows that the overall AK of the 0% pre-strain level is the lowest under the
same overall crack length. This is because the resistance to crack growth of the Zr702 side
under 0% pre-strain is lower than that of the other two groups, so the crack preferentially
propagates on this side and always leads the crack length of the Q345R side. The stress at
the crack tip is released and the AK is lower than that of the other two groups. Although
the AK of the Q345R side at the 0% pre-strain level is slightly higher than that of the other
two groups, the AK of the overall crack is still lower than the 2% and 4% pre-strain. The
da/dN-AK curves of the overall crack under different pre-strain levels in Figure 12b show
that the increase in pre-strain has a restraining effect on the overall crack growth behavior,
significantly improving the overall material’s resistance to crack growth and reducing
the da/dN. It can be seen that, although the influence of pre-strain on the crack growth
behavior of the Q345R side is limited, the overall crack growth behavior is restrained by
pre-strain because the resistance of Zr702 to crack growth is significantly increased [17].
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Figure 12. Effect of pre-strain on overall performance of the through-wall crack: (a) a-da/dN,
(b) AK-da/dN.

3.2.2. Plastic Deformation of Crack Tip

The influence of pre-strain on the monotonic plastic zone of both sides and the overall
crack is shown in Figure 13. It can be seen that the results of the monotonic plastic zone
under 0% pre-strain are close to the Dugdale model [16] results of single homogeneous ma-
terials under plane stress conditions, and that, with the increase in the pre-strain level, the
size of the plastic zone is close to the Dugdale model results under plane strain conditions.
The calculation results of the whole plastic zone still conform to the variation in the single
plastic zone. It can be seen that the pre-strain significantly improves the yield strength of
the component materials, thus inhibiting the plastic deformation of the crack tip, resulting
in the decrease in the plastic zone under the same loading parameters, and the size of the
plastic zone changes from the plane stress results to the plane strain results.

The Dugdale model under plane stress conditions is as follows:

T K2
=R 5
w 5 02 5)

where w is the monotonic plastic zone and oy is the yield strength of a single material.
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Figure 13. Effect of pre-strain on plastic zone for both sides and whole crack: (a) Q345R side,
(b) Zr702 side, (c) whole crack.

The results show that the strengthening effect of pre-strain on the Zr702 side is more
significant than that of the Q345R side, so the strengthening of Zr702 is the reason that the
overall crack growth rate decreases. The results show that the pre-strain has a significant
effect on the plastic deformation of both sides, but the da/dN of the Q345R side is not
reduced. It can be seen that the strengthening of the plastic zone by the pre-strain does
not significantly enhance the resistance to crack growth. In addition, at the same time, the
size of the plastic zone on the Q345R side is much larger than that on the Zr702 side. The
overall plastic zone is defined as the mean value of the plastic zone on both sides, and its
variation is consistent with the variation in the plastic zone on both sides. Therefore, the
reduction in the overall plastic zone is caused by the plastic strengthening of the materials
on both sides.

3.2.3. Crack Growth Characteristics on Both Sides

It is confirmed that there is an interaction effect between the cracks in the materials
on both sides of the through-wall crack due to the influence of the performance mismatch
of the component materials, and the toughening effect is better than that of the whole
crack growth [17]. The interface affects the crack growth on both sides, thus reducing the
difference between the da/dN on both sides. Here, Q345R with a high resistance to crack
growth is the toughening phase, which can reduce the overall da/dN.

In order to determine the influence of pre-strain on the interaction effect between
cracks on both sides, the comparison results of the da/dN-AK curves between cracks on
both sides and the corresponding single-component materials under different pre-strain
levels are summarized in Figure 14. In Figure 14, the effect of pre-strain is not significant
for the Q345R side, which is always near the da/dN-AK curve of a single homogeneous
material, while the da/dN-AK point on the Zr702 side decreases with the increase in the
pre-strain level, even lower than the da/dN-AK curve of a single homogeneous material at
4% pre-strain. It can be seen from Figure 11 that, with the increase in the pre-strain level,
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the resistance to crack growth on the Q345R side does not change much, while the Zr702
side is significantly strengthened. The difference in the crack growth characteristics on
both sides decreases. It can be seen that, with the increase in the pre-strain level, due to the
significant strengthening of the Zr702 side, the difference in the crack growth characteristics
between the two sides is reduced, and the interaction effect between the two sides and the
toughening effect from the toughening phase of the Q345R is weakened, which also causes
the crack front in Figure 8 to straighten.

102
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Figure 14. Effect of pre-strain on crack growth characteristics for cracks on both sides.

Although the material strengthening caused by pre-strain can restrain the monotonic
plastic zone of all components [18], for the linear elastic fracture dominated by AK, the
effect of the decrease in the plastic deformation caused by pre-strain on the crack growth
behavior of the Q345R side is not significant, and the influence of pre-strain on the crack
growth behavior needs to be analyzed from the microstructure. In fact, the pre-strain
increases the slip band and twins of Zr702 and TA2, which significantly improves the
resistance to crack growth. However, no slip band and twins can be observed in Q345R
after pre-strain. It can be seen that, at the same pre-strain level, the microstructure changes
of Zr702 and TA2 are more likely to occur, which are not conducive to crack growth, and
the strengthening of crack growth resistance from pre-strain is better than Q345R.

4. Conclusions

In this paper, the effect of pre-strain on the fatigue crack growth behavior of the
crack perpendicular to the interface and the through-wall crack is analyzed. The main
conclusions are as follows:

1. The yield strength of the component materials increases with the pre-strain level. This
results in the decrease in the monotonic plastic zone and the degree of monotonic
damage for the crack perpendicular to the interface.

2. The pre-strain leads to the loss of plastic deformation ability in advance, and the
equivalent plastic strain at the crack tip decreases, so the cyclic damage decreases.

3. The effect of pre-strain on the strengthening of Q345R is not as strong as that of
Zr702 and TA2, so the crack growth on the Zr702 side of the through-wall crack is
more restrained.

4. The pre-strain increases the resistance to crack growth of Zr702 and TA2, makes the
overall crack growth characteristics close to the cracks in Q345R, and leads to the
decrease in the interaction effect between the cracks on both sides and the weakening
of the toughening effect of Q345R.

This paper provides a new solution to the problem of crack propagation in equipment
made of composite materials. The propagation characteristics of cracks perpendicular to
the interface and through-wall crack are universal, which can be further used to predict the
remaining life of composite equipment.
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