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This paper experimentally investigated the behavior of fatigue crack growth of an axle steel with a surface
strengthened gradient microstructure layer. First, the microstructure, residual stress and mechanical properties
were examined as a function of depth from surface. Then the fatigue crack growth rate was measured via three
point bending fatigue testing. The results indicated that fatigue crack growth rate decelerated ﬁrst and then
accelerated with the increase of crack length within the gradient layer. Especially, the fatigue crack was arrested
in the gradient layer under relatively low stress amplitude due to the increase of threshold value for crack growth
within the range of 3 mm from surface. Based on these results, the parameters of Paris equation and the
threshold value of stress intensity factor range within the gradient layer were determined and a curved surface
was constructed to correlate crack growth rate with stress intensity factor range and the depth from surface. The
eﬀects of microstructure, residual stress and surface notch on the crack growth behavior were also discussed.

1. Introduction
Fatigue failure is one of the main failure modes for engineering
components, which has been investigated systematically since the
1860s. A large number of studies suggested that the fatigue strength
of a material is proportional to its tensile strength and the fatigue crack
that results in ﬁnal failure usually initiates at the surface of the material
[1–3]. In order to upgrade the fatigue strength of engineering materials/components, investigators have used surface strengthening techniques in the applications of aviation, automobile and high-speed railway
[4–9]. The methods of surface treatment, such as shot peening,
nitriding and surface induction, produce a strengthened surface layer
which always possesses a gradient feature of microstructure and
mechanical behavior including residual stress from the surface to the
interior of treated specimens or components. Such a gradient feature
must inﬂuence the fatigue crack initiation and propagation for the
specimens or components.
Fajkoš et al. [5] reported that the fatigue strength of an EA4T steel
(25CrMo4) with surface induction treatment had an increase of 70%
compared to that with standard heat treatment. Roland et al. [7] and
Yang et al. [8] showed that a stainless steel with surface mechanical
attrition treatment and a pure Cu with surface mechanical grinding
treatment had higher fatigue strength than the original materials,
especially in high cycle fatigue regime. Other articles [10–15] also
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reported similar results of diﬀerent materials with various types of
surface treatments. All these investigations attributed the enhancement
of the fatigue strength for the treated specimens or components to the
grain reﬁnement and the compressive residual stress caused by surface
strengthening treatment. It has been regarded that fatigue crack growth
behavior is as important as fatigue strength in the fatigue performance
for a material [16,17]. With regard to the fatigue strength and the
fatigue crack growth rate for the materials with diﬀerent grain sizes,
many articles stated that the fatigue strength of the materials with ﬁne
grains is higher than that with coarse grains, whereas the fatigue crack
growth rate of the materials with ﬁne grains is higher than that with
coarse grains due to the insuﬃcient plastic deformation ability for the
ﬁne grain cases [18–21]. Xu et al. [22] performed fatigue crack growth
experiments on the steels with almost the same chemical compositions
but diﬀerent microstructures of pearlite-ferrite, ferrite-bainite-martensite and tempered martensite. Their result showed that the smaller the
grain size was, the faster the fatigue crack grew and the higher the
threshold value of stress intensity factor range (ΔKth) would be. Li et al.
[23] studied the fatigue crack growth behavior by modiﬁed Paris
equation on a pure titanium of three diﬀerent grain sizes and got the
similar result of grain size eﬀect. Blochwitz et al. [24] noticed that not
only grain size but also the grain boundary inﬂuenced the fatigue crack
growth for face-centered cubic metals and stainless steels. They
indicated that grain boundary had an eﬀect on fatigue crack propaga-

Corresponding author at: LNM, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China.
E-mail address: hongys@imech.ac.cn (Y. Hong).

http://dx.doi.org/10.1016/j.msea.2017.05.104
Received 17 February 2017; Received in revised form 26 May 2017; Accepted 26 May 2017
Available online 27 May 2017
0921-5093/ © 2017 Elsevier B.V. All rights reserved.

Materials Science & Engineering A 700 (2017) 66–74

S. Zhang et al.

tion by changing the crack path. Besides the eﬀect of microstructure,
residual stress is another signiﬁcant factor that aﬀects the fatigue crack
behavior of surface strengthened materials. It was reported that
compressive residual stress caused by un-uniform plastic deformation
within the gradient layer, improved the fatigue resistance of 316
stainless steel, pure Cu and other alloys [7–11] and the gradient
distribution of residual stress induced extra diﬃculty in the analysis
of fatigue crack growth [25–28]. Thus, traditional fatigue theories
which can describe the fatigue crack growth behavior in homogeneous
materials are no longer applicable for the materials with gradient
surface layer. It was anticipated that the threshold value of crack
growth ΔKth and the parameters of Paris equation could vary at
diﬀerent depths within the gradient layer [29,30]. Nevertheless, the
fatigue behavior of the metallic materials containing a surface layer
with gradient feature of modiﬁed microstructure is still less reported in
the literature, which is a challenging topic that requires in-depth
investigation, due to the related unknown mechanism and the requirement in the fatigue design of gradient materials.
Therefore, the purpose of this paper is to intensively investigate the
fatigue crack growth behavior in the gradient microstructure layer of
surface strengthened material. The test material is a train axle steel with
surface induction treatment. Three-point bending (TPB) fatigue experiments were performed to obtain the fatigue crack growth data along the
gradient microstructure layer of the specimen. The inﬂuential factors of
microstructure types, microhardness, tensile strength, and residual
stress at diﬀerent depths of the gradient layer were characterized and
used to describe the distinct behavior of fatigue crack growth in the
gradient layer. The phenomena of crack deceleration and crack arrest
for the gradient material were specially discussed and the notch eﬀect
on the crack growth threshold was also addressed.

Fig. 1. Specimen shape and dimensions (in mm). (a) For tensile testing, (b) for SAL
fatigue testing (loading span 120 mm) and (c) for CAL fatigue testing (loading span
80 mm).

2. Material and test methods

6 mm and 8 mm depth from surface. Five diﬀerent locations were
examined i.e. 5×8=40 samples were cut from the hardened surface
layer accordingly and then polished and etched by 4% Nital.
The values of microhardness for the gradient surface layer were
measured by using a microhardness tester. For this purpose, 5 samples
were used and the measurements for each sample were from just
underneath the surface down to 8 mm depth from the surface with the
step of 0.5 mm between two measurements. The indentation load was
200 gf and the load maintaining time was 15 s.
The values of residual stress from the surface to the interior of the
tested material were measured by using an X-Ray stress analyzer. Six
SAL specimens (Fig. 1(b)) and six CAL specimens (Fig. 1(c)), three with
induced notch and the other three without for each type, were used in
this measurement. For notched specimens, the measurement location
was from the notch root to the other end of specimen. For un-notched
specimens, the measurement location was from the hardened surface to
the other end of specimen.
The tensile tests on eight groups of specimens, with each group
consisting of four ones (Fig. 1(a)), were performed by using an MTS
testing machine (capacity 50 kN) at the tensile strain rate of
1.67×10−4 s−1. Such specimens were cut successively from surface
to diﬀerent depths of 0.5 mm, 1.5 mm, 2.5 mm, 3.5 mm, 4.5 mm,
5.5 mm, 6.5 mm and 7.5 mm.

2.1. Material and specimens
The material tested in this investigation is a medium carbon steel
(S38C) obtained from a high-speed locomotive axle. The chemical
compositions (wt%) of this steel are: 0.42 C, 0.31 Si, 0.82 Mn, 0.0072 P,
0.0084 S, 0.02 Al, 0.0037 N, 0.0006 O and Fe balance. The axle was
previously processed by induction hardening (a surface strengthening
method) and thus had a gradient feature of modiﬁed microstructure
surface layer.
Tensile specimens (Fig. 1(a)) were cut from an axle section
gradually from surface to 7.5 mm depth with one specimen every
1 mm in depth by wire electrical-discharge machining (WEDM). The
specimen cut from a given depth keeps the microstructure at that
location and a series of 8 specimens from surface to 7.5 mm depth
maintains the gradient microstructure feature of the material. At each
depth, four specimens were prepared, i.e. 8×4=32 specimens were
used in the tensile testing. All specimens were ground and polished
before testing. Then, they were tested to obtain the strength and the
ductility at every 1 mm depth from the surface of the material.
Specimens used for fatigue crack growth tests were also cut from the
surface layer of an axle section by WEDM and every specimen
maintained the gradient microstructure feature of surface layer. A
notch (0.5 mm depth) was machined also by WEDM in the middle
section of the specimen (hardened surface side) to lead crack initiation.
The shape with the dimensions of the specimen is shown in Fig. 1(b)
and (c).

2.3. Test method for fatigue crack growth measurement
Fatigue crack growth testing was conducted at room temperature
with TPB loading by means of step amplitude loading (SAL) method and
constant amplitude loading (CAL) method. SAL testing was on an
electromagnetic fatigue testing machine (EFTM) (Fig. 2), and CAL
testing was on EFTM and MTS. The loading frequency was about
145 Hz for EFTM and 15 Hz for MTS. The stress ratio was 0.1 for both
testing cases. The fatigue crack was perpendicular to the surface of the

2.2. Test methods for microstructure, microhardness, residual stress and
tensile strength
The microstructure of the gradient surface layer was examined by
optical microscopy. The examinations were from the surface to the
interior of the material at 0.04 mm, 1 mm, 2 mm, 2.5 mm, 3 mm, 4 mm,
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3. Experimental results
3.1. Microstructure, microhardness, residual stress and tensile strength
The microstructure at the ﬁve examined locations is of similar
feature and Fig. 3 shows a set of microstructure images for the gradient
layer. At the location just underneath the surface, the microstructure is
tempered martensite (Fig. 3(a) and (b)). Then the small domains of
pearlite and ferrite gradually appear in between the martensite colonies
from 2.5 mm to 4 mm from the surface (Fig. 3(c)–(f)). At the depth of
6 mm, the microstructure consists of almost equiaxed ferrite and
distributed pearlite (Fig. 3(g)). Beyond 6 mm from surface, the microstructure is a mixture of coarse ferrite and pearlite (Fig. 3(h)), which is
the original microstructure feature of the material.
The result of microhardness at diﬀerent depths obtained from 5
samples is shown in Fig. 4(a). The average value of hardness keeps
constant of 580 Hv at the depth between 0 mm and 2 mm from surface,
and then dramatically drops to 200 Hv at the depth of 6 mm.
The result of residual stress as a function of the depth from hardened
surface is shown in Fig. 4(b), in which each datum point is the average
value of 3 specimens. The maximum compressive residual stress
presents at the depth of about 1.5 mm from the surface for all four
types of specimens, and the value for the SAL specimen with notch is
−173 MPa, for the SAL specimen without notch is −214 MPa, for the
CAL specimen with notch is −124 MPa and for the CAL specimen
without notch is −174 MPa, respectively. It is seen that the residual
stress rapidly increases from compressive state to zero at about 5 mm
depth from surface for SAL specimens and at about 4 mm depth from
surface for CAL specimens and then become tensile residual stress state.
The values and the distribution trend of residual stress for the specimens with and without induced notch are similar, which implies that
the presence of such a small notch on the specimen has little eﬀect on
the residual stress state for the present case.
Fig. 5(a) shows the results of one typical tensile curve for each depth
from 0.5 mm to 7.5 mm from surface. It is seen that the strength is the
highest at 0.5 mm and it declines evidently to 7.5 mm in depth, and that
the plastic deformation ability increases substantially from the location
of 0.5 mm to 7.5 mm from surface. The average value of tensile strength
(σb) at each depth is shown in Fig. 5(b). From surface to 2 mm depth,
the tensile strength is 1650 MPa and it declines to 600 MPa at 6 mm
depth. Fig. 5(b) also shows the results of microhardness. It is seen that
the variation trend of microhardness away from surface is similar to
that of σb, and the value of σb is about three times of microhardness
(Hv) numerically.

Fig. 2. Electromagnetic fatigue testing machine and in-situ optical observation system.

gradient layer and grew along the depth. When a crack grew with an
increment of 0.1 mm under a cyclic loading level, the cycling was
intermitted and the crack image was taken by an in-situ optical
observation system (shown in Fig. 2). For CAL testing, the loading
amplitude kept constant, which was large enough to keep the fatigue
crack growing. For the sake of acquiring enough experimental data at
each depth, SAL testing was performed and it was controlled in the
following way. Each SAL specimen was tested under an initial loading
amplitude according to the experimental design. If the length of a
fatigue crack was without change after 106 cycles at a given loading
amplitude, then the amplitude level for the testing was increased with
an increment of 10 or 20 MPa. At the stage of fatigue crack length
beyond 10 mm, the testing was terminated and the specimen was
chilled in liquid nitrogen for 20 min then immediately reloaded to
result in brittle fracture. Thus the border of fatigue crack was separated
by the brittle cleavage fracture surface, which enabled the fatigue crack
length measurement (average of ﬁve points of crack front measurements) on the fracture surface for the calibration of the surface
measurements via the in-situ observation system.
We used Eqs. (1) and (2) [31] for calculating the value of stress
intensity factor range (ΔK).

ΔK = Δσ πl f

⎛l⎞
1
f⎜ ⎟=
⎝b⎠
π

⎛l⎞
⎜ ⎟
⎝b⎠

1.99 −

3.2. Fatigue crack growth rate by CAL
Four CAL specimens were tested to measure the fatigue crack
growth rate from the gradient layer to the interior matrix of the test
material. The stress amplitude was 300 MPa for CAL1 and CAL2,
310 MPa for CAL3, and 320 MPa for CAL4, respectively, which enabled
the value of ΔK always above the threshold value during crack growth.
The results of da/dN versus ΔK for CAL specimens are shown in Fig. 6.
It is seen from Fig. 6(a) that the datum trend for 4 specimens is quite
stable. Fig. 6(b) shows the value of da/dN versus ΔK in the groupings of
3 ranges of depth from surface. For the range of 0‒2 mm depth, the
fatigue crack growth rate increases from 5×10−9 m/cycle to 1×10−8
m/cycle with crack growth, and then slows down slightly. The fatigue
crack growth rate keeps declining to 1×10−9 m/cycle as the crack
length growth between 2 and 3 mm depth. The fatigue crack growth is
evidently resisted in the gradient microstructure layer. After 3 mm
depth from surface, the fatigue crack growth rate increases monotonically with ΔK. The Paris equation for the data after 3 mm depth from
surface is ﬁtted as Eq. (3).

(1)
l
b

(1 − ) (2.15 − 3.93
(1 + 2 )(1 − )
l
b

l
b

l
b

3
l 2
b

+ 2.7

( ))
l 2
b

(2)

where Δσ is the range of applied stress amplitude, l is crack length and b
is specimen height.
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Fig. 3. Microstructure at diﬀerent depths from surface: (a) 0.04 mm, (b) 1 mm, (c) 2 mm, (d) 2.5 mm, (e) 3 mm, (f) 4 mm, (g) 6 mm and (h) 8 mm.

da
= 2.14 × 10−21(ΔK )8.35
dN

at the depth location of 3 mm; the points on its left side are the cracks
shorter than 3 mm and those on its right side are longer than 3 mm. We
can see from Fig. 8(a) that the fatigue crack growth rate decreases and
the crack even stops growing within the range of 3 mm depth. After
3 mm depth from surface, the fatigue crack growth rate increases
monotonically with the value of ΔK. This phenomenon, usually called
crack arrest, has been noticed and analyzed in short fatigue crack cases.
Performing like this for others, we acquired the data of da/dN as a
function of ΔK for all nine specimens, and plotted the fatigue crack
growth data to show in Fig. 8(b)–(d). The data from 0.5 mm to 2 mm
depth from surface are shown in Fig. 8(b) in three groups at diﬀerent

(3)

where the dimension of da/dN is m/cycle and that of ΔK is MPa m1/2.
3.3. Fatigue crack growth rate by SAL
Nine specimens were tested with SAL loading for the measurement
of fatigue crack growth rate. As an example, Fig. 7 shows the in-situ
observations of fatigue crack growth for SAL1 specimen and Fig. 8(a) is
the result of its da/dN-ΔK curve. Each point in Fig. 8(a) presents the da/
dN-ΔK value at a given depth. The arrow in Fig. 8(a) indicates the crack
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Fig. 4. (a) Values of hardness as a function of depth from surface and (b) values of residual stress as a function of depth from surface.

4. Discussion

depths. It is obvious that the values of fatigue crack growth rate at a
deeper depth are more on the right side, which means a higher
threshold value of ΔK (ΔKth) and a lower fatigue crack growth rate
for the location of a deeper depth under the same loading amplitude.
The data of fatigue crack growth rate at the gradient layer from 2 mm to
6 mm depth are shown as three groups in Fig. 8(c). The data of crack
growth rate after 6 mm depth are shown in Fig. 8(d), presenting the
datum group of 6 mm to 9 mm almost matches the group beyond 9 mm.
It is seen that crack growth resistance near surface (0‒2 mm depth) is
higher than that in interior from Fig. 8(b) and (d).
It is obvious that fatigue crack growth rate is depth-dependent from
Fig. 8(b)–(d). In order to further describe the fatigue crack growth rate
of the material with gradient microstructure, a modiﬁed Paris equation
containing the variation of depth X is proposed

da
= C (X )(ΔK )n (X )
dN

4.1. Crack arrest
Crack arrest phenomenon in such a notch-crack situation is a
distinct feature in the material with gradient microstructure. It means
that surface strengthened material with a gradient microstructure layer
has advantage in fatigue crack resistance. If the threshold value of
fatigue crack growth is regarded as 1×10−10 m/cycle in the curved
surface shown in Fig. 9, the curve of ΔKth as a function of X can be
drawn as Fig. 10. With the increasing of the depth from surface, the
value of ΔKth increases from 14 MPa m1/2 to 27 MPa m1/2 ﬁrst and then
drops to 6 MPa m1/2. ΔKth reaches the maximum value at about 2.5 mm
depth from surface.
The value of ΔK, which increases in accordance with Eq. (1), is more
and more close to the threshold value ΔKth (X) with the increment of
the crack length in the range of 2.5 mm depth. Hence, there are two
cases in the fatigue crack growth process under constant stress
amplitude. For the specimens subjected to low stress amplitude
indicated as the lower dotted curve in Fig. 10, the value of ΔK will
drop below the threshold value ΔKth (X) and the fatigue crack will stop
growing. For the specimens subjected to high stress amplitude indicated
as the upper dotted curve in Fig. 10, the value of ΔK will always keep
above the threshold value. For the latter case, fatigue crack growth rate
will drop a little, but the growth will not stop. As previously mentioned,
both cases of low and high stress amplitude conditions indicated in
Fig. 10 prevailed in the present investigation.

(4)

where C and n are material constants and X is the depth from surface.
According to Eq. (4), we were able to plot a curved surface to
correlate the values of ΔK, X and da/dN via the data of nine specimens
by linear interpolation method, which is shown in Fig. 9.
Based on the fatigue crack growth data, we get the curved surface
which links the fatigue crack growth rate, ΔK and the depth from
surface together. This curved surface gives a good description of the
fatigue crack growth behavior for the material with gradient microstructure and residual stress. This type of result is not seen in other
investigations. Every point on the curved surface shows the fatigue
crack growth rate at a given depth and under a certain value of ΔK.
Therefore the fatigue crack growth behavior can be described according
to the curved surface. In the light of this, the residual life of a given case
can be calculated by the integral of Eq. (4).

Fig. 5. (a) Stress-strain curves for tensile test at diﬀerent depths and (b) average tensile strength and average hardness at diﬀerent depths.
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Fig. 6. Experimental results of da/dN versus ΔK for CAL specimens. (a) Data grouping for 4 specimens and (b) data grouping for 3 ranges of depth.

steels. Between 2 mm and 3.5 mm depth from surface, ΔKth,eﬀ rapidly
increases and then decreases slightly, which has the same trend with
ΔKth. Beyond 3.5 mm depth from surface, the value of ΔKth,eﬀ almost
merges with that of ΔKth. Thus, it is seen that the existence of
compressive residual stress makes the value of ΔKth almost be twice
as much as the case free of residual stress. Further, the eﬀect of residual
stress on fatigue crack growth rate for CAL tests is shown in Fig. 11(b).
It is seen that the values of da/dN due to ΔKeﬀ are evidently smaller
than those due to ΔK at the same depth in the range between 0 and
3 mm from surface, and this diﬀerence diminishes beyond 3 mm from
surface, implying that the existence of compressive residual stress
makes fatigue crack diﬃcult to propagate. The results shown in
Fig. 11 indicate that the trend for ΔKth versus depth from surface and
for da/dN versus ΔK is not changed due to residual stress, suggesting
that the existence of residual stress has little inﬂuence on crack arrest
phenomenon.

4.2. Residual stress eﬀect
The relaxation of residual stress during fatigue loading process for
surface hardened material is an important aspect [32–35], which will
substantially aﬀect the behavior of fatigue crack growth. In the
analysis, the compressive residual stress at specimen surface is treated
as superimposed mean stress for the present case. Thus, the value of ΔK
calculated by Eq. (1) is modiﬁed by the eﬀective value of ΔK (ΔKeﬀ) as
Eq. (5) [36].

⎧
⎪ (σmax + σres) l ⋅f
ΔKeff = ⎨
⎪ (σmax − σmin ) l ⋅f
⎩

( ),
( ),
l
b

σres + σmin < 0

l
b

σres + σmin ≥ 0

(5)

where σmax is the maximum stress, σmin is the minimum stress, σres is
residual stress, l is crack length and b is specimen height.
According to Eq. (5), the curve of ΔKth,eﬀ versus the depth from
surface is plotted as Fig. 11(a). The value of ΔKth,eﬀ stays as approximately 8 MPa m1/2 from 0.5 mm to 2 mm depth form surface. This
value coincides with many experimental data of ΔKth for martensitic

4.3. Notch eﬀect
Short fatigue crack behavior should be considered in the early

Fig. 7. In-situ observations of crack growth for SAL1 specimen. (a) 0 cycle, (b) 620,300 cycles, 360 MPa, (c) 2,539,000 cycles, 360 MPa, (d) 3,415,300 cycles, 370 MPa, (e) 4,728,300
cycles, 380 MPa, (f) 5,374,000 cycles, 400 MPa and (g) 6,533,100 cycles, 400 MPa.
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Fig. 8. Experimental results of fatigue crack growth rate. (a) da/dN-ΔK for SAL1 specimen, (b) da/dN-ΔK between 0 and 2 mm depth, (c) da/dN-ΔK between 2 and 6 mm depth and (d)
da/dN-ΔK after 6 mm depth.

Fig. 10. Values of ΔKth as a function of depth from surface.

In order to determine the value of l0, we used the model for a
rectangular specimen containing a surface notch subjected to tensile
loading. The value of KI at the crack tip for the rectangular specimen
without notch is calculated by Eqs. (6) and (7) [31].

Fig. 9. A curved surface showing da/dN as a function of X and ΔK.

⎛l⎞
KΙ = σ πl F ⎜ ⎟
⎝b⎠

fatigue crack growth for the material with gradient microstructure
[37–39]. It was regarded that the length of microstructurally short
fatigue crack was approximately ten times of related grain size [40,41].
In the present investigation, every specimen for fatigue crack growth
testing is with a notch at the hardened surface. Under a certain cyclic
loading condition, fatigue crack may decelerate and even stop in the
vicinity of the notch root. Afterwards when the fatigue crack grows to
reach a critical length (l0), the eﬀect of notch (KINotch) weakens and the
value of KI begins to dominate the fatigue crack growth.

(6)

⎛l⎞
⎛l⎞
⎛ l ⎞2
⎛ l ⎞3
⎛ l ⎞4
F ⎜ ⎟ = 1.122 − 0.231 ⎜ ⎟ + 10.550 ⎜ ⎟ − 21.710 ⎜ ⎟ + 30.382 ⎜ ⎟
⎝b⎠
⎝b⎠
⎝b⎠
⎝b⎠
⎝b⎠
(7)
where KI is the stress intensity factor of model I crack, σ is nominal
stress, l is the length of fatigue crack and b is the width of specimen.
For the specimen with notch, we assume the notch is elliptic shape.
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Fig. 11. (a) Values of ΔKeﬀ,th and ΔK as a function of depth from surface and (b) values of da/dN as a function of ΔKeﬀ and ΔK for CAL specimens.

increase rapidly as the fatigue crack growing through the gradient layer
(from hardened surface gradually to the original microstructure). Hence
the value of crack closure stress is possibly increased due to large plastic
deformation during fatigue crack growth process. Thus, the reduction of
yield strength and the increase of plasticity along the gradient layer are
the major inﬂuential factors responsible for crack arrest phenomenon.

Thus, Eqs. (8) and (9) [31,42] give the way to calculate the value of KI
for the notch specimen (KINotch).

KΙNotch = σ πl FNotch
FNotch = m +

n
l−h

(8)
(9)

where FNotch is the shape parameter, σ is nominal stress and l is the
length of fatigue crack.
For the present investigation, the notch depth is 0.5 mm and the
notch width is 0.4 mm, so the parameters in Eq. (9) are m = 1.132, n =
0.287 mm and h = 0.4 mm. The critical length l0 should satisfy KI =
KINotch. Thus we obtained the value of l0 as 0.7 mm by numerical
calculation. It means that fatigue crack growth is controlled by KINotch
from surface to about 0.7 mm depth. Within 0.7 mm depth, when the
value of KINotch drops below ΔKth with the increment of the fatigue
crack length, the crack arrest will happen.
It should be noted that in the range of 0.7 mm from surface, the
process of crack growth deceleration and arrest is due to the couple
eﬀect of notch short crack and compressive residual stress, and beyond
0.7 mm to 3 mm from surface, the process of crack growth deceleration
and arrest is mainly resulted by the gradient microstructure with large
compressive residual stress.

5. Conclusions
In this paper, an experimental investigation was performed on the
fatigue crack growth behavior of an axle steel that contains a hardened
surface layer with gradient microstructure. The main conclusions are
summarized as follows:
(1) The microstructure of this material with surface gradient layer
changes gradually from tempered martensite to small pearlite and
ferrite surrounding martensite, and at last a mixture of coarse
ferrite and pearlite. The material possesses high strength with large
compressive residual stress at surface. The values of microhardness
and tensile strength decrease with the depth away from surface, and
the state of residual stress turns from high compressive stress into
tensile stress.
(2) The surface strengthened gradient layer improves the fatigue
resistance of the material, which is described by a constructed
curved surface correlating the relationship among da/dN-ΔK-X for
the material with gradient microstructure. For the depth within
3 mm from surface, the value of ΔKth increases from 14 MPa m1/2 to
27 MPa m1/2. If the stress amplitude is not large enough, an
initiated fatigue crack will arrest within 3 mm depth from surface
due to the increase of the ΔKth value.
(3) The state of compressive residual stress and the high strength
resulted by the hardened gradient microstructure are responsible
for the increase of ΔKth within 3 mm depth from surface.
(4) In the range of 0.7 mm from surface, the process of crack growth
deceleration and arrest is ascribed to the couple eﬀect of notch
short crack and compressive residual stress, and beyond 0.7 mm to
3 mm from surface, the process of crack growth deceleration and
arrest is mainly resulted by the gradient microstructure with large
compressive residual stress.

4.4. Crack tip plasticity
In the process of cyclic loading, a plastic zone will form at crack tip,
which may introduce residual stress at the crack tip and result in crack
closure. The size of crack-tip plastic zone and the opening displacement
at the crack tip are calculated by Eqs. (10) and (11) for plane strain
condition [31,42].

rp =

δ=

KΙ2
6πσy2

(10)

4KΙ2
πEσy

(11)

where rp is the size of crack-tip plastic zone, δ is the opening
displacement at crack tip, E is Young's modulus, ν is Poisson ratio, σy
is yield strength and KI is the stress intensity factor of model I crack.
At the gradient layer, the microstructure transforms from martensite
to pearlite and ferrite (Fig. 3), and the yield strength drops dramatically
and the material becomes more ductile (Fig. 5). According to Eqs. (10)
and (11), both the loading level and the material properties inﬂuence
the value of plastic zone size and crack opening displacement. The
estimations showed that, under the same loading condition, the value of
rp at 3 mm depth is 2.5 times of that at 2 mm depth and the value of δ at
3 mm depth is 1.5 times of that at 2 mm depth, respectively, which
means that the plastic zone size and the crack opening displacement
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