
P

A
S

a

A
R
R
A
A

K
V
F
C
F
S

1

(
c
d
b
m
m
b
l
s
c
t
s
f
a
w
s
b
[
a
i
f
f

0
d

Materials Science and Engineering A 528 (2011) 6872– 6877

Contents lists available at ScienceDirect

Materials  Science  and  Engineering  A

journa l h o me pa ge: www.elsev ier .com/ locate /msea

rediction  of  threshold  value  for  FGA  formation

iguo  Zhao, Jijia  Xie, Chengqi  Sun, Zhengqiang  Lei, Youshi  Hong ∗

tate Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, PR China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 19 January 2011
eceived in revised form 8 May  2011
ccepted 26 May  2011
vailable online 23 June 2011

a  b  s  t  r  a  c  t

This  paper  studies  the  formation  mechanism  of  fine granular  area  (FGA)  in  high-strength  steels  and  pre-
dicts the  threshold  value  of  its formation.  Fatigue  experiments  are  carried  out  by using  rotating  bending
and  ultrasonic  fatigue  testing  machines  on a high  carbon  chromium  steel  (GCr15)  with  three  differ-
ent  heat  treatments.  The  results  show  that  the range  of  stress  intensity  factor  at  the  periphery  of FGA
(�KFGA) keeps  constant  with  an average  value  of  5.2 MPa  m1/2, which  is  close  to  the  traditional  crack
eywords:
ery high cycle fatigue
GA
rack growth threshold
requency effect
tress intensity factor

growth  threshold  (�Kth,0),  5.0  MPa  m1/2. A  theoretical  model  based  on the  plastic  zone  at  crack  tip  is
proposed  to  predict  the  value  of  �KFGA and  the  predictions  are  in  good  agreement  with  experimental
data.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Fatigue behavior of metallic materials in very high cycle fatigue
VHCF) regime has been a subject of growing interest for machine
omponents to meet the demand of anti-fatigue design, life pre-
iction and damage assessment [1,2]. A number of studies have
een reported on VHCF of metallic materials such as steels, alu-
inum alloys, titanium alloys and magnesium alloys [3–6]. The
ost important phenomenon is that fatigue damage still occurs

elow �D, the conventional fatigue limit that is defined as fatigue
ife Nf = 107, or below the traditional crack growth threshold of
tress intensity factor range, �Kth,0. For high-strength steels, the
rack initiation site in VHCF regime changes from specimen surface
o subsurface and the failure is mostly caused by interior defects,
uch as non-metallic inclusions and other inhomogeneities. On the
acture surface, the whole region of crack initiation and early prop-
gation exhibits a pattern of “fish-eye” and a relatively rough region
ith fine granular morphology often presents surround the inclu-

ion inside fish-eye. This region is named as fine granular area (FGA)
y Sakai et al. [7,8], granular-bright facet (GBF) by Shiozawa et al.
9,10] and optically dark area (ODA) by Murakami [5,11].  They
re the same morphology but named differently due to different
nstrumentation used for observation. The term of FGA is used in

ollowing text of this paper. Now it is generally accepted that the
ormation of FGA consumes most of the fatigue life [3,12].  There-

∗ Corresponding author. Tel.: +86 10 82543966; fax: +86 10 62561284.
E-mail address: hongys@imech.ac.cn (Y. Hong).

921-5093/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2011.05.070
fore, it is of great importance to further investigate the formation
mechanism of FGA.

Some models have been proposed to explain the formation
of FGA, such as “hydrogen embrittlement-assisted cracking” by
Murakami [5],  “dispersive decohesion of spherical carbide” by
Shiozawa et al. [10,13] and “polygonization and debonding” by
Sakai [8].  They are reasonable in some ways, but it is difficult to
explain all the phenomena with one single model and the quanti-
tative information is hardly to be predicted. In the work by Chapetti
et al. [14,15], it was  proposed that the formation of FGA was a
progress of fatigue crack initiation and it was  only the region out-
side FGA that could be considered as a progress of “pure fatigue
crack propagation”. An experimental model was proposed to pre-
dict the threshold based on threshold data for crack growth of
specimens containing artificial defects, and the threshold was  a
value depending on the magnitude of the defects. But in essential
the threshold should be a constant for any specific material. Sakai
et al. [7] pointed out that the value of stress intensity factor range for
FGA �KFGA was close to the threshold value for stable crack prop-
agation in SUJ2 steel, �Kth,0 [7],  which was the first quantitative
parameter proposed regarding FGA.

Many research papers on the fatigue crack propagation near
threshold are reported on aluminum alloys, titanium alloys, mag-
nesium alloys and low-strength steels [4,16].  For these materials,
cracks initiate from specimen surface without the pattern of FGA.
On the fracture surface, the morphology change of crack initiation

region is not obvious, and the mechanism of crack propagation is
less discussed. It appears that FGA formation needs an inner envi-
ronment and a high strength of materials. For alloys, it seems that
with relatively low strength, fatigue cracks always initiate from the

dx.doi.org/10.1016/j.msea.2011.05.070
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:hongys@imech.ac.cn
dx.doi.org/10.1016/j.msea.2011.05.070
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Fig. 1. Shapes and dimensio

urface, and FGA pattern is not the case. Therefore, the formation
f FGA in high-strength steels may  provide a unique evidence for
tudying crack propagation process below �Kth,0.

In the present study, fatigue testing of a high carbon chromium
teel (GCr15) quenched then tempered at three temperatures, was
erformed with rotating bending and ultrasonic fatigue testing
achines to study the crack propagation behavior in the region

f FGA. And a theoretical model based on the plastic zone at crack
ip is proposed to predict the threshold for FGA formation and to
xplain the rough surface of FGA.

. Experimental procedure

.1. Material and specimens

The material used in this study is a high carbon chromium bear-
ng steel (GCr15). The chemical composition (mass percentage) of
his steel is: 1.01 C, 1.45 Cr, 0.35 Mn,  0.28 Si, 0.015 P, 0.01 S and
alance Fe. From the annealed steel bar, specimens were machined

nto hourglass shape with a certain amount of finishing margin.
he specimens were heated at 845 ◦C for 2 h in vacuum, then oil-
uenched and tempered for 2.5 h in vacuum at 150 ◦C, 300 ◦C and
50 ◦C with furnace-cooling, respectively. The final geometries of
pecimens are shown in Fig. 1. Before fatigue testing, the round
otch surface was ground and polished.

Tensile testing was conducted on MTS  810 with cylindrical spec-
mens of 6 mm in diameter at a strain rate of 10−4 s−1. Hardness
esting was performed using a Vickers hardness tester at a load of

0 g with a load holding time of 15 s.

Table 1 shows the mechanical properties of the three groups of
pecimens. The microstructure of specimens tempered at 150 ◦C
s tempered martensite. From SEM photographs, it is seen that

able 1
echanical properties of three groups of specimens.

Tempering
temperature
(◦C)

Micro-hardness Hv

(kgf/mm2)
Tensile test (MPa)

�y �b

150 820 NA 2372
300  741 2000 2150
450 524 1537 1677
specimens for fatigue tests.

small martensite blocks present, with the measured average lamel-
lar width of 378 nm.  For specimens tempered at 300 ◦C and 450 ◦C,
the tempered martensite is rare. The prior austenite grain size is
about 13.8 �m,  obtained from 1638 grains of intergranular fatigue
fracture surface of specimens tempered at 150◦C and 300◦C.

2.2. Fatigue testing methods

The conventional frequency fatigue test was performed at room
temperature in air by using a four-axis cantilever-type rotating
bending machine, which was operated at 3150 rpm (52.5 Hz), and
the stress ratio was R = −1. The ultrasonic fatigue testing was con-
ducted on Shimadzu USF-2000 at a resonance frequency of 20 kHz
at room temperature in air, with a resonance interval of 100 ms  per
500 ms  and the stress ratio was R = −1. Compressive air was  used to
cool the specimens during ultrasonic fatigue testing. After fatigue
testing, the fracture surfaces of all failed specimens were examined
using a field-emission type scanning electron microscope (FE-SEM).

3. Experimental results

Fig. 2 represents the S–N data for the three groups of speci-
mens tested under rotating bending and ultrasonic fatigue testing.
It is seen that the loading frequency has a slight effect on speci-
mens tempered at 150 ◦C. While for specimens tempered at 300 ◦C
and 450 ◦C, fatigue resistance under ultrasonic loading is markedly
higher than under conventional frequency loading.

Fig. 3 shows the fractography of the broken specimens. For
specimens tempered at 150 ◦C and 300 ◦C, crack initiates from the
surface in low cycle regime, as shown in Fig. 3(a). In high cycle
fatigue regime, crack initiates from the internal defects of specimen
showing a fish-eye pattern without FGA, as shown in Fig. 3(b). And
in very high cycle fatigue regime, FGA is easily observed surround
the internal defects inside fish-eye, as shown in Fig. 3(c). The mor-
phology differs for specimens tempered at 450 ◦C, in which fatigue
crack initiates from the surface in the whole life regime under rotat-
ing bending loading. While under ultrasonic loading, fatigue crack

still initiates from the interior of specimen in the long life regime,
but FGA is not obvious, as shown in Fig. 3(d).

Fig. 4 illustrates the relationship between the fatigue life and
the range of stress intensity factor (SIF) at the periphery of the FGA
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�KFGA) and internal inclusions (�Kinc), in which �K  is calculated
y using the following equation [17]:

K = 0.5��a

√
�

√
area,  (1)

√

here ��a is stress amplitude and area is the size of FGA or

nclusion. It is seen from Fig. 4 that the value of �Kinc tends to
ecrease slightly as fatigue life increases. Except for the specimens
empered at 300 ◦C tested under rotating bending, �KFGA keeps
ineering A 528 (2011) 6872– 6877

almost a constant with an average of 5.2 MPa  m1/2 and it is irrel-
evant to the tempering treatment at different temperatures and
loading frequency.

From the above experiments, it is suggested that the microstruc-
ture and loading frequency may  affect the behavior of crack
nucleation in FGA, but it does not change the threshold value for
FGA formation.

4. Discussion

4.1. Characterization of FGA and its correlation with crack
propagation below threshold

It was proposed by Mughrabi [18] and Stanzl-Tschegg et al.
[19] that fatigue damage still occurred at much lower stress than
that caused failure and slip irreversibility was  the main cause of
fatigue damage in VHCF regime. Irreversible slip did exist, although
small, accumulated and caused the final failure of specimens. For
polycrystalline copper, Stanzl-Tschegg et al. [20] also showed that
although a specimen might not break under a loading of 92 MPa
at N = 1.4 × 1011, fatigue damage still occurred at 45 MPa  in the
presence of slip bands.

The schematic of the crack growth diagram is shown in Fig. 5,
which shows three regions. Region III corresponds to unstable
crack propagation leading to final fracture [7].  Region II corre-
sponds to the stable crack propagation and crack propagation can
be described by Paris law. In traditional crack propagation experi-
ments, region I where the crack growth rate is below 10−10 m/cycle
is seldom discussed. It is noticed that for fatigue damage in VHCF
regime, the crack propagation rate is below 10−10 m/cycle for
most cases, which is correlated to the crack nucleation in FGA,
as shown in Fig. 3(c). In this region, how the crack propagates
and when the region completes are still unclear. The traditional
threshold value �Kth,0 is determined by the �K value at the crack
growth rate of 10−10 m/cycle, which corresponds to the magni-
tude of one Burgers vector of most metallic materials [16]. Note
that if the crack propagation distance is below one lattice space
during cycling, it will be easily recovered under the combina-
tion effect of lattice force and reversal loading. If the propagation
distance is larger than one Burgers vector, it will be difficult to
recover completely. Therefore, below and above the threshold,
crack propagation rate and facture surface morphology will differ
definitely.

Moreover, it is seen from Fig. 5 that the curve in region I is much
steeper than that in region II, which means that in region I the
crack growth rate decreases rapidly with the decrease of �K. Fur-
ther study of this region can explain how the crack initiates below
the threshold. And FGA provides an exclusive evidence for such
study.

The morphology of FGA is quite different from the other regions
on fracture surface. Detailed study on SUJ2, a material very sim-
ilar to GCr15, was carried out by Shiozawa et al. [10]. Scanning
by SPM showed that the roughness on FGA region (0.195 �m)  was
much larger than that of fish-eye region (0.089 �m)  outside FGA.
Other studies were also carried out on JIS SKH51 [13] and SCM435
[21], which came out with similar results. In high-strength steels,
the formation of FGA is very obvious and can be clearly distin-
guished from other regions. But for the other materials there is
no clear evidence of FGA. Study by Qian et al. on 40Cr had shown
that although there was  no clearly trace of FGA surround inclu-
sions, there was  still a region whose roughness (0.0379 �m)  was

larger than that of fish-eye region (0.0113 �m) [22]. The differ-
ence of roughness is small, and maybe it is the reason why the FGA
is not obvious in 40Cr. For non-ferrous alloys, Ti–6Al–4V was  the
only material reported with a fracture pattern of fish-eye [23,24].
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here was no area similar to FGA, but there was also a much
ougher area around the initiation site than the roughness of fish-
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From the above discussion, it is seen that for many materials
here is always a region (where the crack nucleates) different from
he others (where the crack propagates stably). But it is only in high-
trength steels that can this difference show clearly in the form
f FGA. It is believed that the crack propagation below traditional
hreshold is the reason why FGA forms and displays a different

orphology from the other regions. The morphology of FGA shows

ow the crack nucleates while the boundary explains when the

nitiation progress ends and when the crack begins to propagate
tably.
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4.2. Prediction of threshold value

Theoretical models proposed for the formation of FGA are few
till now. In this section, a model is proposed based on the plastic
zone at crack tip.

For mode-I crack, the plastic zone size at the tip of crack under
plain strain condition is [25]:

rp = (1 − 2�)2
(

�K
)2

≈ 1
(

�K
)2

(2)
Normally, at the transition point of da/dN versus �K curves, the
data scattering is very obvious. It is assumed that the scattering

ΔΔK(MPa·m 1/2 )

da
/d

N
 (m

/c
yc

) 

th,0KΔ
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10-14 

thK'Δ
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trKΔ

Fig. 5. Classic crack growth diagram.
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Table  2
Comparison of experimental thresholds of various steels with theoretical predictions.

Materials �KFGA (exp.,
MPa  m1/2)

�Keff,th (exp.,
MPa  m1/2)

Error of �Kth,1

(5.544)
Error of �Kth,2

(4.200)
Error of �Kth,3

(3.299)

GCr15 5.2 6.62% −19.23% −36.56%
SUJ2  [7] 5 5* 10.88% −16.00% −34.02%
JIS  SNCM439 [28] 5 4.5 10.88% −16.00% −34.02%
JIS  SCM435 [21] 5.2 6.62% −19.23% −36.56%
JIS  SKH51 [13] 5.1 8.71% −17.65% −35.31%
60Si2CrV [29] 4.6 20.52% −8.70% −28.28%
60Si2Mn [29] 4.2 32.00% 0.00% −21.45%
50CrV4 [29] 4.9 13.14% −14.29% −32.67%
54SiCrV [29] 4.9 13.14% −14.29% −32.67%
UFGS  [30] 5.2 6.62% −19.23% −36.56%
X20Cr13 [31] 4.8 (R = 0) 15.50% −12.50% −31.27%
4340  steel [30] 5 10.88% −16.00% −34.02%
JIS  G356 [32] 4.5 (R = −1) 23.20% −6.67% −26.69%
Inconel 718 [33] 4.8 (R = −1) 15.50% −12.50% −31.27%
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2025  steel [34] 4 

* For materials whose �KFGA exist, the value of �KFGA is used for error calculatio

s caused by random distribution of microstructure orientation:
hen the plastic zone size of the crack is less than the character-

stic size of material, fatigue crack propagation rate will be greatly
nfluenced by the microstructure orientation and shows great scat-
ering. The characteristic material size of GCr15 is regard as the
idth of martensite lamellar (378 nm). The interior crack in FGA

s considered under plain strain condition. The plastic zone size
t crack front is about 220 nm.  With regard to the scattering of
he microstructure parameters, the result is close to the width of

artensite.
According to the work by Nix and Gao [26], a characteristic size

f the material is defined as lm = b (�/�y)2. The calculated value is
04 nm,  which is close to the lamellar width of martensite. Assum-

ng that when the plastic zone size of a crack equals to the width of
artensite, the formation of FGA is completed, thus we have:

KFGA = �
√

6�b = 4.342 �
√

b (3)

here � is shear modulus, b is Burgers vector. For steels, the cal-
ulated value is 5.544 MPa  m1/2. It agrees well with the present
xperimental results of �KFGA, 4.5–5.5 MPa  m1/2, and other results
f �Kth,0, 5 MPa  m1/2 [7].  From this model, it is seen that the value is
rrelevant to the material strength and hardness, and only depends
n the Burgers vector and shear modulus of material. It is verified
y the experiments with the indication that the experimental value
f �KFGA keeps almost a constant for specimens with different tem-

ering treatments. How does FGA form is still unclear but now it

s possible to determine when the propagation of FGA stops. That
s, we are able to calculate the size of an FGA provided the stress
mplitude is given.

able 3
omparison of experimental thresholds of various aluminium alloys with theoretical pre

Materials �Keff,th (exp.,
MPa m1/2)

Error o
(1.911

6013 [16] 2.1 −9.00
2324  [16] 2 −4.45
7055  [16] 1.5 27.40
6061  [16] 1.5 27.40
2024  [16] 1.7 12.41
AlMgSi1–T6 [35] 2.2 −13.14
7075–T6 [30] 2.1 −9.00
Cast  Al–Si–Mg [36] 2.5 −23.56
7075–OA [37] 2.2 (R = 0.05) −13.14

1.8  (R = −1) 6.17
AlZnMgCu1.5–T6 [38] 1.8 (R = −1) 6.17
AlSi9Cu3 [38] 2.8 (R = −1) −31.75
E319  [39] 1.8 (R = −1) 6.17
38.60% 5.00% −17.53%

erwise �Keff,th is used.

Recently, Yang et al. [29] proposed a model to estimate the
size of FGA. The model took the boundary of FGA as the place
where the size of plastic zone was equal to the increment of crack
growing in one stress cycle. The size of FGA was estimated as
�FGA = 1240/(�0.533

y �2), where �FGA is the diameter of FGA, �y is
the yield strength of materials and � is the loading stress. The value
of FGA is related to the yield strength of materials, which is an
alternative viewpoint for the FGA size estimation.

The present model may  also explain the much rougher surface
of FGA. In FGA zone, crack propagation distance per cycle is lower
than martensite lamellar width, so crack propagates in all direc-
tions searching for the most favorable path, and leaves a very rough
fracture surface. In the fish-eye zone (outside of FGA), crack prop-
agation distance per cycle is larger than the width of martensite
lamellar, and thus crack propagates in one direction and produces
a relatively smooth fracture surface.

There are two other models proposed to explain crack propaga-
tion: Weertman model [27] and Paris law. They are also adopted to
predict the threshold value of FGA formation.

From the viewpoint of dislocation emission, Weertman derived
a threshold SIF value below which dislocation emission was
retarded [27]. Then it is proposed that an existed crack will stop
propagating below the SIF value at and below which the disloca-
tions stop emitting. The threshold is expressed as:

√
2b √
�Kth,e ≈ 2gE
5

≈ 3.289g� b (4)

where g is a constant which is unity for bcc materials and 0.6 for
other materials.

dictions.

f �Kth,1

)
Error of �Kth,2

(0.8682)
Error of �Kth,3

(1.144)

% −58.66% −45.52%
% −56.59% −42.80%
% −42.12% −23.73%
% −42.12% −23.73%
% −48.93% −32.71%
% −60.54% −48.00%
% −58.66% −45.52%
% −65.27% −54.24%
% −60.54% −48.00%
% −51.77% −36.44%
% −51.77% −36.44%
% −68.99% −59.14%
% −51.77% −36.44%
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According to Paris law, at the threshold corner [16]:

da

dN
= b and

�Keff

E
√

b
= 1 (5)

So the following equation is assumed for the threshold:

Keff,th = E
√

b ≈ 2.6�
√

b (6)

Similar to Eqs. (3) and (4),  this threshold is also a value only
epending on shear modulus and Burgers vector.

It is seen that the similar equation is obtained by the model pro-
osed in the present paper and those derived by Weertman model
nd Paris law. They are only different in coefficients. A comparison
s made among the three models on many materials. For conve-
ience, the same Burgers vector and shear modulus are used for
he same type of materials in the following discussion.

For steels, b ≈ 0.25 nm,  � ≈ 81 GPa, and the predicted thresholds
re presented as follows:

�Kth,1 = �KFGA = �
√

6�b = 4.342�
√

b ≈ 5.544 MPa  · √
m

�Kth,2 = �Kth,e = 2E
√

0.4b = 3.289�
√

b ≈ 4.200 MPa  · √
m

�Kth,3 = �Keff,th = E
√

b = 2.6�
√

b ≈ 3.299 MPa · √
m

(7)

A group of data are collected to verify the three models, as listed
n Table 2 (because the size of FGA is very small, �KFGA is generally
onsidered as effective SIF. In the column of �Keff,th, some data are
ot effective thresholds, so the stress ratios are clarified.).

For aluminium alloys, b ≈ 0.2863 nm,  � ≈ 26 GPa, the predicted
hresholds are:

�Kth,1 = �KFGA = 4.342�
√

b ≈ 1.911 MPa  · √
m

�Kth,2 = �Kth,e = 1.973�
√

b ≈ 0.8682 MPa · √
m

�Kth,3 = �Keff,th = 2.6�
√

b ≈ 1.144 MPa  · √
m

(8)

The comparison of experimental thresholds of various alu-
inium alloys with theoretical predictions is shown in Table 3.
For titanium alloys, b ≈ 0.3140 nm,  � ≈ 44 GPa, the predicted

hresholds are: �Kth,1 = 3.385 MPa  m1/2, �Kth,2 = 1.538 MPa  m1/2,
Kth,3 = 2.027 MPa  m1/2. In some papers, it was shown that for

i–6Al–4V, �Keff,th = 4 MPa  m1/2 [30], �Kth = 3.5 MPa  m1/2(R = −1)
40], �Keff,th = 3.4 MPa  m1/2 [41].

For magnesium alloys, b ≈ 0.3186 nm,  � ≈ 18 GPa, the predicted
hresholds are:�Kth,1 = 1.179 MPa  m1/2, �Kth,2 = 0.5359 MPa  m1/2,

Kth,3 = 0.7064 MPa  m1/2, which can be verified by the work of
ther researchers [38]: AM60hp, �Kth = 1.5 MPa  m1/2 (R = −1);
Z91hp, �Kth = 1.4 MPa  m1/2 (R = −1); AS21hp, �Kth = 1.3 MPa  m1/2

R = −1).
From the comparisons, it is seen that the models given by Weert-

an and Paris have large differences with the experimental results,
hile the model proposed in this paper is in good agreement with
ost available experimental results.

. Conclusions

This paper studies the formation mechanism of FGA in high-
trength steels and predicts the threshold value for its formation.
he experimental results show that for all the materials under
otating bending loading and ultrasonic fatigue loading, the range
f SIF at the periphery of the FGA (�KFGA) keeps constant with
n average value of 5.2 MPa  m1/2 except that of specimens tem-
ered at 300 ◦C under rotating bending loading. The range of SIF at
he periphery of the FGA (�KFGA) is close to the traditional crack
rowth threshold, �Kth,0. It is revealed that the crack initiation pro-
ess in FGA corresponds to the crack propagation in region I below

Kth,0. A theoretical model based on the plastic zone at crack tip

s proposed to predict �KFGA or �Kth,0, which depends only on the
urgers vector and the shear modulus of material. The model also
xplains the rough surface of FGA and the predictions agree with

[
[

ineering A 528 (2011) 6872– 6877 6877

the experiments. Two  other models based on cracks propagation,
Weertman model and Paris model, are also adopted to predict the
threshold value of FGA formation. A comparison is made among the
three models and the results show that the model proposed based
on plastic zone at crack tip is in accordance with the experiments.
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