Short fatigue crack growth behavior in 18Ni marageing steel
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Abstract

In recent decades, it has been found that the fatigue crack growth rate could be slowed
down by the zigzag crack growth path in some materials, but the mechanism was not
well clarified. In this study, the effect of crack growth path on the fatigue crack growth
rate of 18Ni maraging steel under three different heat treatment states was studied, and
two factors influencing the fatigue crack growth rate were outlined. It was found that,
firstly, the main factor affecting the fatigue crack growth rate was the strength of the
material; secondly, the zigzag crack growth path did not slow down the crack growth
rate but increased the crack growth rate. Therefore, a two-phase model was established
to understand the influence of crack growth path on the growth rate. In different phases,
their resistances to the crack growth are different, and the difference in the strength
between the two phases determines whether the zigzag cracking path can depress the
fatigue crack growth or not. Specifically, when the difference in the strength between
the second phase and the matrix is greater than a certain value, the zigzag cracking path
leads to the acceleration of fatigue crack growth. The consequences show that not all
the zigzag crack propagation paths are beneficial for the higher fatigue cracking
resistance, and the specific analysis should be combined with the material

microstructure in detail.
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1. Introduction

Maraging steels have been widely used in the most challenging structural
application due to their ultra-high strength, high toughness and simple heat treatment
[1-3]. For example, they were used in rocket engines, missile shells, aircraft landing
gear, high-pressure vessels, and high-strength gear [4-7]. In such applications, the
components often bear with cyclic loading, so that they are likely to fail at low-stress
levels during the service and cause catastrophic consequences. Therefore, for the safety-
critical structure, it is necessary to assume and consider the presence of defects like a
short crack below a certain size [8]. In general, the crack propagation life is a
combination of two parts: the short crack propagation life and the long crack
propagation life. The long crack propagation life is short compared to the short crack
propagation life [8]. Therefore, it is necessary to make a specialty of the study for short
fatigue crack growth (FCG) and develop methods to reduce the short FCG rate.

Recently, it has been reported that the zigzag propagation paths could reduce the
FCG rate [9-13]. The explanations can be summarized as the enhanced roughness-
induced crack closure, the stress redistribution, and the reduction in crack tip opening
distance (CTOD) because of the opening of sub-cracks [10]. All of the above
explanations are about the advantages of the zigzag path. However, there may raise a
scientific question: does the zigzag path have negative effects on the crack growth rate?

To answer that question, it needs to learn about why there would be a zigzag path
in a fatigue crack growth path. In general, the zigzag path can be divided into two types
in terms of its scale. Firstly, in the grain scale, it could be the intergranular or
intragranular crack such as the cracks propagate along the grain boundary in ultrafine-
grained materials [11] or the crack paths are parallel to one of the slip systems with a
high Schmidt factor in each grain [12]. Secondly, the cracks may deflect within the
grain. For instance, Ju et al. reported that a high-Mn austenitic alloy exhibited fatigue-
crack growth along the {111}, plane in addition to conventional mode I propagation
[10]. Wang et al. reported that the crack path deflects because of the orderly distributed

laths in a titanium alloy [13].



It is worth noted that the grain boundary of the fine-grain material, the slip surface
with high Schmidt factor, the {111}y slip plane in austenite, and the lath boundary (LB)
in titanium alloy can be considered as the soft domain in strength. Thus, a hypothesis
is raised that the crack deflects because there is a soft domain deviated from the original
crack direction and the crack turns to the direction of the soft domain. In other words,
the crack deviates to the soft domain with a lower FCG resistance and so it should
accelerate the FCG rate [11]. So here is the conflict: whether does the zigzag path
accelerate or decrease the FCG rate? Besides, the decreasing crack growth rates due to
the zigzag path were mostly reported in the long crack; how about the short FCG?

To explore these problems, we selected three ageing-treatment conditions in 18Ni
maraging steel with the microstructure of lath martensite to reveal the relationship
between the zigzag path and the short FCG rate. The short FCG rate test was performed
and the crack growth morphologies were carefully observed. The experimental results
are discussed with a focus on the mechanisms of the accelerating growth and the role

of the LB cracking.

2. Experimental

2.1. Materials

The material used in the present study was 18Ni maraging steel with elemental
composition as seen in Table 1. The bars were quenched in water after heated at 850 °C
for one hour, followed by three different ageing treatments, which were 500 °C for 5 h,
550 °C for 5 h, and 630 °C for 3 h. Electro-etching was used to reveal the
microstructures and the compositions of the etchant were 10% HCIO4 and 90% alcohol.
A direct-current power supply was used and the voltage was 21.5 V. The specimens
were etched for 50 seconds in the etchant, which was cooled by the ice water. The
microstructure pictures were taken by LEO SUPRA 35 scanning electron microscopes
(SEM) using the Inlens channel. The electron gun voltage was 20 kV and the working
distance was 12 mm. The tensile test, using specimens with a gauge section 15x1.5x1

mm?®, was carried out on the Instron 5982 testing machine at room temperature and the



strain rate was 0.9 mm/min. Three specimens were tested for each ageing treatment.

Table 1. Elemental compositions of the experimental maraging steel (wt.%).

Ti Cr Mo Ni Si Mn P S C Fe

1.55 021 324 184 0.07 <0.005 <0.005 <0.003 <0.02 Bal.

2.2.  Short crack preparation

The preparation of through-thickness short crack consisted of several steps. Firstly,
the pre-cracking of three-point bending specimens (as shown in Fig. 1a) was carried
out on the Instron 8801 testing machine with a frequency of 20 Hz and the stress ratio
of R=0.1. The K-decreasing method was employed for the pre-cracking to save time
and obtain a crack with a small tip plastic zone. The 20% reduction was adopted and
the final Kmax was about 7.5 MPa-m"2. Secondly, the three-point bending specimens
were cut into four pieces along the trajectory as shown in Fig. 1b by electrical discharge
machining (EDM). It was reported that there would be residual compressive stress in
the specimen surfaces in high-strength steels [14]. To avoid the surface residual stress,
1 mm blank on each side of the 16 mm wide three-point bending specimen was removed
by EDM as shown in Fig. 1b. The most part of the pre-crack was removed by the
machining (as shown in Fig. 1c). Thirdly, the specimen surfaces were ground by SiC
papers with 3000 grit size. Then, the crack depth in both sides of the specimen was
measured using OLYMPUS GX71 optical microscope with shift light mode. After that,
a target width of specimens was set by subtracting the length needed to be ground from
the original width. The specimen surface containing the crack (as shown in Fig. 1d) was
carefully ground by SiC papers from 400 to 3000 grit size. Fourthly, when the target
width was reached, the specimens were cut into the same width by electrical discharge
machining from the opposite. Note that the geometry of the specimen was designed for
conveniently grinding so that an automatic polishing machine can be used. The final

configuration of the fatigue specimen can be seen in Fig. le.
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Fig. 1. The procedures of the specimen preparation. (a) Configuration of the three-point
bend specimens. (b) and (c) The electrical discharge machining trajectory marked by
the dotted line. (d) The surface needed to be carefully ground to obtain a short crack.

(e) Configuration of specimens bearing pull-push load.

2.3. Short fatigue crack growth rate test

The fatigue life test of the specimen containing a short crack was carried out on
the Instron 8801 testing machine with a frequency of 30 Hz and stress radio of R =—1.
The environment temperature was about 20 °C and relative humidity was about 40%.
The fracture surfaces were observed by a Keyence VHX-1000 digital stereoscopic
microscope for color information. On each fracture surface, ten crack lengths were
measured evenly along the thickness direction and the crack length was represented by

the mean value. The error bar was represented by the standard error.
3. Results
3.1. Microstructures and tensile property

The microstructure predominantly consists of lath martensite [7, 15]. Due to the
different reaction rates of the substructure in electropolishing, the substructure could be

recognized clearly from Fig. 2. The substructure of martensite can be further described



as lath and LB, and the precipitates are mainly encompassed in the lath as shown in Fig.
2. It has been reported that the microstructure of LB is the reverted austenite caused by
the micro-segregation of Ni, which is austenite stabilizing solute, along the boundary
[15-17]. As the ageing temperature increases, the LB coarsens gradually, the
precipitates grow up gradually, and the yield strength decreases as shown in Table 2.
Since the growing up of the precipitates may lead to an increase of precipitate spacing,
the yield strength decreases according to the Orowan strengthening mechanism.
Previous researches had reported that the precipitates were mainly Ni3(Ti, Mo) [7, 18,
19] and the effect of the microstructure evolution on the tensile properties is consistent

with the results reported by Li et al. [18-22].

Fig. 2. The microstructure of the materials under ageing treatment of (a) 500 °C for 5
h, (b) 550 °C for 5 h and (c) 630 °C for 3 h. All the images share the same scale.



Table 2. Tensile properties of specimens under different ageing treatments.

Ageing treatment Yield strength, Ultimate tensile

conditions Material Label oys (MPa) strength, outs (MPa)
500 °C for 5 h 500 1935 +22 1967 + 17
550 °C for 5 h 550 1722 £25 1777 + 23
630 °C for3 h 630 944 +9 1335+ 13

3.2.  Short fatigue crack growth behavior

The measurement of the short FCG rate is not as easy as the long crack. The crack
is too small to use the crack opening distance gauge employed in the flexibility method
which is commonly used for the long crack. Normally, the length of the short fatigue
crack was directly measured from the surface [23]. However, the crack length measured
through the above method is not the real crack length. Another way is the nondestructive
measurement such as the three-dimension X-ray diffraction topography (XRT) [24].
Unfortunately, because the opening distance of the short fatigue crack tip is extremely
small, it is beyond the resolution of the XRT. Nevertheless, the real crack length is
necessary for the present study, so the multiple sample method is employed.

The pre-crack zone can be clearly recognized from the fracture surfaces as shown
in Fig. 3, which illustrates different crack lengths from ~50 um to ~800 pm. From the
view of pictures in Fig. 3, one conclusion can be drawn that all of the fracture surfaces
are similar on the whole except for the difference of initial crack length. As the initial
crack length increases, the cycles to failure decrease, as seen in Fig. 4. For the
specimens at different ageing treatments, the specimen aged at 630 °C for 3 h has the
lowest fatigue life during the whole span of initial crack length. The reason for that may
be that the specimens aged at 630 °C for 3 h has the lowest yield strength, and the yield
strength of material is a key factor influencing the short FCG rate. However, the
specimens under ageing treatments of 500 °C for 5 h and 550 °C for 5 h seem to have
rarely been affected by the ageing treatment, because their data appear to overlap as

shown in Fig. 4.
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Fig. 3. Measurement of initial crack length through the picture taken by optical
microscopy. The front of the crack is marked by the dotted line; (a) 57 £ 25 pm. (b) 156
+ 24 um. (¢) 160 + 23 pm. (d) 310 £ 19 pm. (e) 769 £ 44 pum.
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Fig. 4. Relationship between initial crack length and cycles to failure for specimens

under different ageing treatments fatigued at constant stress amplitude of 690 MPa.

To clearly represent the short FCG behavior of the specimens under different



ageing treatments, the Paris law is employed:
da

T = CaKY", (1)

where C and m are constants of material, AK is the stress intensity factor range. By the
mathematical operation of integration, the residual life for a specimen containing an

initial crack length of ao could be estimated as below:

(1-m/2)
a
N @

a(l-m/Z) _
p = mo m,_m/2 + plag=a
Co"Y"n"*(m/2-1) 0 max

where amax is the longest initial crack, N,

va=a 18 the residual life cycles of the
specimen containing the crack length corresponding to amax, 0a is the stress amplitude
of the fatigue loading, Y is the crack shape factor. By fitting the data listed in Fig. 4 with
Eq. (2), the coefticient C in Paris law could be obtained as shown in Table 3. The results
could be summarized in two aspects. First, it is evident that the exponent m in Paris law
is almost the same for the specimens under different ageing treatments. Second, in the

view of the coefficient C in Paris law, material 630 has the fastest FCG rate, while

somehow, the materials 500 and 550 have the same performance in FCG rate.

Table 3. Coefficients of fatigue crack growth rate curve in the form of Paris law.

Material No.  C (mm/cycle) m
500 1.1x10°1° 3.53
550 1.1x10°1° 3.54
630 2.0x101° 3.52

3.3.  Crack morphology

To better recognize the behavior of short FCG of materials under different ageing
treatments, the crack growth paths were carefully observed. Fig. 5 shows two different
angles of martensite lath and fatigue loading for every ageing treatment, which are
about 0° and 45°, respectively. For those about 0°, it is evident that material 500 has

LB branch cracks along the primary crack, while materials 550 and 630 are not. For



those 45°, the crack path in material 500 is made by two parts: the inter-lath crack and
the intra-lath crack (their angle is about 90°). Except for the main crack, there are some
sub-cracks in the LB for material 500. As for material 550, the crack path is relatively
smooth and does not have the 90° deflection like the path in material 500. As for
material 630, the crack morphology is very similar to the titanium alloy [13]. It is
explained that the lath is not strong enough to completely deflect the fatigue crack path
[13]. Due to the LB cracking in material 500, more orientations were observed as shown
in Fig 6. It can be seen that the morphologies of about 15° and 30° (as shown in Figs.
6a and b) are similar to that of about 0° (as shown in Fig. 5a). As for the morphologies
of about 60° there is a clear subcrack parallel to the primary crack. Instead of
connecting to the main crack, it formed beside the main crack. It is similar to the result

of high-Mn austenitic alloys and its microstructure is austenite/martensite lath [10].

500 °C for 5 h _ 500 °C for 5 h

630°Cfor3h

Fig. 5. Fatigue crack damage morphologies when the angle between martensite lath and



loading direction is about 0° ((a), (c) and (e)) and 45° ((b), (d) and (e)). The crack grows
from left to right.

Fig. 6. Fatigue crack damage morphologies for material 500 when the angle between
martensite lath and loading direction is about (a) 15°, (b) 30°, (¢) 60° and (d) 75°. Crack
grows from left to right.

In summary, it is found that material 630 has the lowest yield strength, but the
fastest FCG rate. However, the gap between the FCG rate of materials 500 and 550 can
be rarely seen although they have a quite different yield strength. In the view of crack
morphologies, the LB cracking is found in material 500, while the LB stays uncracked
in materials 550 and 630. Therefore, the relationships between the FCG rate and the

yield strength and the crack morphology are needed to be discussed.
4. Discussion
4.1. The relation between fatigue crack growth rate and yield strength

Based on the experimental results above, several features for short FCG in
specimens under different ageing treatments could be outlined. Firstly, the values of
Paris exponent m in Eq. (1) for all three materials are nearly the same. That is to say,

the FCG rate is mainly determined by the value of Paris coefficient C in Eq. (1).



Secondly, for materials 550 and 630, their crack morphologies have the same type that
the LB stays uncracked, which means that the FCG rate represents the real crack
resistance of the material. It is worth noting that the crack morphologies still have the
same type for materials 550 and 630, while the FCG rate of material 630 is higher than
the material 550. That is to say, the mechanism of the short FCG for materials 550 and
630 should be the same, accordingly, the FCG rate should have a negative correlation
with the yield strength. Furthermore, this kind of relationship can be derived directly
from the crack tip opening displacement (CTOD) theory.

The relationship between CTOD and FCG rate is the basis of many dislocation
models for the theoretical calculation of fatigue cracking law. In general, the CTOD can

be calculated by [25]:

2
acTop ~ 28 3)

20, F

where AK is the range of stress intensity factor, oys is the yield strength and £ is Young’s
modulus. Because the composition of the material remains unchanged, £ may be
considered as a constant. Therefore, the ACTOD of the three materials under certain AK
should be only related to their yield strength. Considering the geometrical relationship

between the striation spacing, the following relationship could be obtained [11, 25]:

NG o) P (4)
dN

Ovs
The prediction that da/dN o1/ is observed in both finite element simulation [26,

27] and experimental results [28, 29].
Based on the analysis and experimental results above, it is considered that the Paris
coefficient C is inversely proportional to yield strength. By using the fatigue data of

materials 550 and 630, the following equation can be obtained:

 1.89x107

O-YS

C mm/cycle . (3)

Fig. 7 shows the experimental results and the predicted result calculated by Eq.

(5). It is evident that the relationship of FCG rate and yield strength for materials 630



and 550 agrees well with the CTOD theory, while the FCG rate of material 500 is faster
than the predicted value. The abnormal faster FCG rate might be traced to the different
crack propagation morphology. As shown in Fig. 5, LB cracks were found in material
500, but not in materials 550 and 630. Therefore, the effect of the LB cracking on the

short FCG rate must be taken into account and better be quantified.
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Fig. 7. The coefficient C in Paris law of experimental results and the predicted value
calculated by CTOD theory.

4.2. Influence of the lath boundary cracking in material 500

The influence of LB cracking on FCG rate in material 500 can be attributed to two
aspects. Firstly, the FCG rate of LB differed considerably from the matrix due to the
difference in strength. Secondly, the orientation of LB could also affect the FCG
behavior by altering the crack grow path length.

Previously, Eq. (5) shows that the coefficient C in Paris law is related to the yield
strength. As for the yield strength, it is believed that the strengthening mechanism in
the present maraging steel is precipitation strengthening, so the yield strength can be

calculated by the Orowan mechanism [30, 31]:

(%)
o =0, +K zb , (6)

where oy is the tensile yield strength of the unaged matrix, K is constant, b is the Burgers

vector, d is the spherical diameters, and 4 is the interparticle spacing. The size of the



precipitates d and the spacing between them A are listed in Table 4 [7]. By fitting the
data in Table 4 with Eq. (6), the two variables oo and K can be obtained to be 912 MPa
and 3747 MPa/m, respectively. It is believed that there should be no precipitation
strengthening at the LB for the specimens under three heat treatment conditions [15].
Therefore, the strength of the LB without precipitation strengthening can be considered
to be 0o, which is 912 MPa. After that, the theoretical value of Pairs coefficient C of LB

is calculated through Eq. (5) to be 2.07x107'® mm/cycle as marked in Fig. 7.

Table 4. The size of precipitates and the spacing between precipitates for specimens

under different ageing treatment.

Material label Dia:lz?:rr, i:la(lnm) S;::;z?zﬁ(cri;)
500 14.9 14
550 26.5 28
630 62.4 98

As for the effect of the orientation of LB on the global FCG rate, it is considered
by using the integral average method in mathematics. As shown in Fig. 8, the crack
growth is divided into two parts: intra-lath crack and inter-lath crack (LB crack). For a
general situation shown in Fig. 8, the FCG rate could be calculated using the total
distance to divide the total time. The total time consists of the intra-lath crack part and

the inter-lath part. The FCG rate could be given by:

da 1

dN ~ sind L cos o @
da da
@ |lnter-1ath W |lntra-lath

where 6 is the angle between the LB and the primary crack. Then, considering all

possibilities of 4, the global average FCG rate could be obtained by:

dN |Average

0 = ®)
T

oty
—_

sin @ N cosd
da da

dN |Inter—lath dN |Intra—lath




As previously mentioned, the Pairs exponent m for specimens of all three heat treatment

conditions are almost equal. Therefore Eq. (8) could be simplified by replacing the

da/dN by the Pairs coefficient C:

C =

Average

) ©)

2
T

oL—.N\g
[u—

sin@ coséd
+
C C

Inter-lath Intra-lath

where the Cinter-lath and Cinga-lath for material 500 are calculated by Eq. (5), which is
2.07x10'” mm/cycle and 9.8x10"!! mm/cycle, respectively. It is obvious that the short

FCQG rate of LB is faster than that of the matrix.

Inter-lath
crack

Intra-lath
crack

Maximum SIF direction
9

Lath boundary

Fig. 8. Schematically illustration of the geometric relationship of the intra-lath crack
and the inter-lath crack. @ refers to the angle between the maximum stress intensity
factor (SIF) direction and the lath boundary.

Fig. 9 shows the experimental result, the prediction of CTOD theory, and the
prediction of CTOD theory with LB cracking. It is evident that, by considering the

effects of LB cracking, the prediction value is equative to the experimental one.
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Fig. 9. The coefficient C in Paris law of material 500 measured by experiment,
calculated by CTOD theory and CTOD theory with LB cracking.



4.3. Reasons for the lath boundary cracking

The analysis shows that two key factors might affect the cracking of LB: the
difference in the strength between LB and intra-lath and the width of the LB. Fig. 10
shows the difference in the yield strength between LB and intra-lath. Their difference
is caused by the absence of precipitate strengthening in LB. Therefore, the strength of
LB is represented by the tensile yield strength oo of the unaged matrix in Eq. (6). It can
be seen from Fig. 10 that material 500 has the biggest difference in the strength between
the LB and intra-lath. The large difference in strength will cause serious strain
heterogeneity during the cyclic loading so that the material 500 has the maximum
probability to crack in LB [15].

On the other hand, the width of LB can also affect the degree of strain
heterogeneity in LB. Increasing the width of LB can be beneficial for the evacuation of
dislocations from the interface of reverted austenite and martensite lath [32]. Besides,
increasing the width of LB also rises the dislocation capacity of LB so that the LB could
undertake more deformation. Fig. 11 shows the width of the LB for specimens aged at
different temperatures. It is evident that material 500 has the smallest width of LB so

that it has the maximum probability of cracking in LB.
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Fig. 10. The difference in the yield strength between intra-lath and inter-lath.



w

o

o
T

Width of lath boundary (nm)
N
o
o

100 }
53.4
.
o L mmiem
500 550 630
Material label

Fig. 11. Widths of the lath boundary for specimens under different ageing treatments.

4.4. Acceleration or deceleration of fatigue cracking

The results in this study show that the LB cracking in material 500 could accelerate
the short FCG. As for the materials 550 and 630, the calculation results for LB cracking
are shown in Fig. 12 marked by triangles. It can be seen that for the present maraging
steels, the LB cracking, which is referred to as the zigzag path, could accelerate the
short FCG rate when the difference in the strength between the matrix and the LB is
larger than 588 MPa. The zigzag path could only decelerate the crack growth when the
difference in strength between the LB and the matrix is smaller than 588 MPa.

This is because the reference objected to compare with for FCG rate is the matrix.
For materials 500 and 550, their FCG rates of the matrix are relatively slow. Although
the LB cracking could cause the zigzag path which could increase the crack path length,
the FCG rate of LB is so fast than that of the matrix that it ends up with a faster global
average FCG rate. For material 630, the FCG rate of the matrix is relatively fast so the
increased crack path length due to the zigzag path may lead to a slower global average
FCG rate. That might be the explanation of why there are some cases in the literature
that the zigzag path could depress the fatigue crack. However, it should be noted that
when the yield strength decreases, the LB cracking driven force also reduces. Therefore,
the optimum short crack growth resistance would be obtained within the heat treatment

range of 500 °C and 550 °C.
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S.

Conclusions

Studies focusing on short FCG behaviors of 18Ni maraging steel aged at 500 °C

for 5 h, 550 °C for 5 h, and 630 °C for 3 h were conducted. Based on the experimental

results and analysis, the following conclusions can be drawn:

(1

2)

©)

(4)

©)

The short FCG rate of the 18Ni maraging steel could be obtained by analyzing the
residual life of multiple specimens containing the different lengths of initial cracks
and it can be described by Pairs law.

The Pairs exponent m is not affected by the ageing treatment, while the Paris
coefficient C is related to yield strength in 18Ni maraging steels. Increasing the
yield strength can decrease the FCG rate. However, as the yield strength further
increases the LB cracking occurs, which would accelerate the FCG rate.

By dividing the fatigue cracks in material 500 into the intra- and inter-lath crack,
the global FCG rate can be calculated by using the integral average method.

The LB cracking in material 500 could be traced to the largest difference in strength
between LB and intra-lath and the smallest width of the LB.

For the failures in the regime 1000 - 10000, the optimum crack growth resistance
can be obtained in the high-strength region where the cracking mode changes. In

the present study, it is in the heat treatment range from 500 °C to 550 °C for 5 h.



(6) The zigzag crack growth path is not always beneficial for the higher fatigue
cracking resistance. In a multi-phase material, when the difference of strength
between the phases is large enough, the weaker phase could lead to a zigzag path
and a faster FCG rate simultaneously. Therefore, it is too absolute to equate the
appearance of zigzag path and the optimal crack growth resistance in the material

design.
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