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In the present work, uniaxial fatigue tests (R = 0.1) showed that for high-strength aluminum alloys, the crack
origin also presented a tendency of transition from the outside to the inside with the stress decreasing. The
interior crack-initiation mode has a characteristic of a fish-eye embracing fine granular area (FGA) originated
from an inclusion. Moreover, the formation mechanism of FGA was discussed. The values of the stress intensity
factor (SIF) range of a surface mode and an internal mode were calculated. The results showed that AKgga keeps
constant with an average value of 1.84 MPaem'/2, which was close to the interior crack-growth threshold (AKy,
D), 1.911 MPaem'/2, Paris-Hertzberg law was used to predict the life of fatigue-crack initiation and propagation
during internal fracture. The crack-growth rate within FGA and fish-eye was also estimated. Furthermore, the
competitive relationship between the interior and surface cracks initiation of welded joints was discussed

through the SIF range.

1. Introduction

In the 1980s, Naito et al. [1,2] found that the fatigue fracture of
carburizing steels can occur at 10 cycles or even more than 10% cycles.
In the later decades, such failure phenomena were also found in
high-strength steels [3-9], and was defined as the very high cycle fatigue
(VHCF). Since the first international conference on VHCF initiated by
Professor Bathias [10] in Paris, France in 1998, research on VHCF has
received extensive attention, making the traditional fatigue limit with-
stand enormous challenges [11,12]. Most of research on VHCF of ferrous
materials showed that the fatigue-crack-initiation site would change
from the specimen surface to the interior of the specimen, forming the
so-called internal fish-eye fracture surface. Besides, non-metallic in-
clusions were usually observed at the center of the fish eye, and were
believed that they are responsible for the internal-crack initiation [7-9].

For the non-ferrous alloys, current works indicate that they will also
fracture in the fatigue life above 107 cycles. Wang et al. [13] found that
the fatigue failure can occur beyond 107 cycles and even at 10° cycles
and beyond. No endurance limit could be found in the 7075-T6 and
6061-T6 aluminum alloys until 10° cycles. However, the cycles corre-
sponding to the failure-mode transition (the specimen surface to the
interior of the specimen) of these alloys are different from those of steels.
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For instance, Al and Mg alloys occur usually above 10° cycles [14,15],
whereas 10%-107 cycles for most steels. Clearly, fatigue life is not suit-
able for judging whether interior fatigue failure occurs.

For fatigue failure, it is generally accepted that there is a competitive
relationship between surface and internal modes. In case of metallic
materials with internal defects (inclusions or pores), internal-crack
initiation is dominant at low stress amplitudes and high numbers of
cycles, whereas surface-fatigue crack initiation occurs at high stress
amplitudes and low cycles. Therefore, there is a definite stress range
where the crack-initiation site changes from the specimen surface to the
interior of the specimen. In a specific environment, the stress range
corresponding to the failure-mode transition of the metallic materials is
the unique attribute of the material. When the size and position of in-
ternal defects change, the stress range will accordingly. Lei et al. [16]
found that as the size of the inclusion increases, the stress amplitude
corresponding to the failure mode transition decreases. Furthermore,
changes in the external environment, including temperature [17],
loading mode (stress ratio [18] and loading frequency [19]) and cor-
rosive environments [20], etc., will also affect the stress range corre-
sponding to internal and external crack-initiation competition. When
the material is subjected to surface treatment, the surface state of the
material changes, which inhibits the initiation of fatigue cracks from the
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surface and intervenes in the transition vary of failure modes. Shiozawa
et al. [21] found that the compressive residual stress introduced by shot
peening would change the stress level and cycles corresponding to the
transition of failure modes. Our previous research [22] on the
friction-stir-welded 7075-T651 aluminum alloy showed that the
fatigue-crack initiation of the as-welded joint when the fatigue life
reaches 107 cycles is still the surface mode. However, due to the effect of
SMRT, the failure-mode transition occurred in advance (at ~ 10° cy-
cles). This feature means that the intervention of SMRT makes
fatigue-crack initiation from the surface of the specimen to interior
under high stress and low cycle conditions.

On fracture surfaces resulting from interior-crack initiation and
propagation in a VHCF regime, a distinctive feature is observed in the
vicinity of a non-metallic inclusion at the fracture origin inside the fish-
eye zone. This area was named as a fine granular area (FGA) by Sakai
et al. [23,24], granular-bright facet (GBF) by Shiozawa et al. [25,26],
and optically-dark area (ODA) by Murakami [27]. They have the same
morphology but are named differently because the contrasts observed
on different instrumentations are different. Hong et al. [28] found that a
nanograin layer of a fine granular area (FGA) region prevails for the
cases of negative stress ratios in the interior failure of high-strength
steels, and attributed the formation of FGA to Numerous Cyclic Press-
ing (NCP), which is different from other FGA formation mechanisms,
such as hydrogen embrittlement-assisted cracking by Murakami [29],
dispersive decohesion of spherical carbides by Shiozawa et al. [25,30],
and polygonization and debonding by Sakai [31,32]. Furthermore, Sakai
et al. [23] pointed out that the value of the stress intensity factor range
for FGA AKgga was close to the threshold value for stable crack propa-
gation in SUJ2 steel, AKy,. This quantitative parameter of FGA provides
a theoretical foundation for studying the life of crack-initiation in VHCF
and the crack-extension rate within FGA [33.34].

It is practical and important to know that how and when a failure
mode changes in the long fatigue life range, especially for heterogeneous
materials, such as welded joints. In the present work, the stress intensity
factor range (AK) is used to reveal the competitive relationship in the
failure mode transition process.

2. Experimental details

A commercial 7075-T651 aluminum alloy (produced by Alcoa Inc.)
is used as the base metal (BM) in the present study, with a nominal
thickness of 25 mm. The chemical composition of the 7075-T651
aluminum alloy is (in weight percent): 5.70 Zn, 2.53 Mg, 1.66 Cu,
0.26 Fe, 0.22 Si, 0.20 Cr, 0.18 Mn, 0.08 Ti, and the rest amount for Al.

Double-sided FSW (CFSW; LM-AM16-2D) was performed on plates
with the size of 500 mm (length) x 150 mm (width) x 25 mm (thick-
ness). The selected welding parameters and the welding tool are shown
in Fig. 1. After welding, dog-bone-shaped samples used for fatigue tests
were prepared, some of which were subjected to surface mechanical
rolling treatment (SMRT). Because welded joints without SMRT would
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Fig. 1. Schematics of double-sided FSW.
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not present internal fractures even if it exceeds 107 cycles, SMRT was
used to make internal fractures occur under high stress and low cycles.
Detailed descriptions of SMRT procedures and the microstructure
characterization of the gradient grain layer generated after the SMRT
might be referred to our previous work [22].

Fatigue tests were conducted on an electro-magnetic fatigue testing
machine (CRIMS GPS200) at room temperature under the stress-control
mode with a stress ratio of 0.1 and a frequency of ~100 Hz.

Fractography analysis of the fatigue-fracture samples was carried out
employing scanning electron microscopy (SEM; TESCAN MIRA3 LM).
Transmission electron microscopy (TEM; FEI Tecnai G2 F20 S-Twin) was
used to research the matrix/particle boundary and performed with an
acceleration voltage of 200 kV. The TEM foil was prepared, using the
focused ion beam (FIB; FEI Helios Nanolab 600i DualBeam System) and
lift-out techniques.

3. Results

Fig. 2 shows fatigue-testing results of FSWed joints. Clearly, the
crack-initiation position of the as-welded joint is always the surface
mode, even if the fatigue life exceeds 107 cycles. However, the fatigue-
crack initiation has a surface mode and interior mode for the SMRTed
joints. When the o5 < 307 MPa, fatigue-crack initiation is located in
the interior of the SMRTed joints.

Fig. 3 shows two sets of SEM images of the surface-initiation model of
the FSW joint, with and without SMRT. The fracture morphologies for a
SMRTed joint and welded joint failed at Ny = 1.02 x 10° and N¢ = 7.83 x
104, respectively, with the maximum stress (omax) of 350 MPa, are
plotted in Fig. 3a and b, respectively. For metallic materials subjected to
cyclic loadings, it is not surprising that the surface inclusion acts as the
initiation site of the fatigue crack.

As the stress level decreases below the critical value, it is clearly seen
that the fatigue-crack initiation is located in the interior of the welded
joints after SMRT. The SEM results shown in Fig. 4 are examples of a
typical morphology of interior-crack initiation for the SMRTed joints
failed at N = 4.98 x 10° with the maximum stress (6may) of 303 MPa
(Fig. 4a—c) and Nf = 6.63 x 10® with the maximum stress (6max) of 300
MPa (Fig. 4d-f). Multiple fracture morphologies indicate that the in-
ternal fracture characteristics of aluminum alloys are similar to those of
“fish-eye” fractures in high-strength steels suffered VHCF [28], as shown
in Fig. 4a and d. The dark area within the yellow dotted line (Fig. 4a and
d) is a typical area of the “fish-eye” (FiE) morphology, and the center of
which is the metal inclusion that induces the initiation of interior cracks.
The TEM results [22] showed that the inclusion is an Al;gTioMgs con-
stituent phase (Fig. 4b and e). It is seen from Fig. 4c and f, the area of the
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Fig. 2. S-N curves of as-welded and SMRTed joints.
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Fig. 4. SEM images of the fracture surface of SMRTed joints with interior-initiation cracking under the maximum stress of 303 MPa, N = 4.98 x 10° (a—c), and 300
MPa, N = 6.63 x 10° (d-f).
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white dashed line outside the inclusion is the FGA. Also, from Fig. 4f, the
transition area from elliptical extension traces (“beach marks™) to rolled
grain boundaries is clearly visible, and it is considered that the periphery
of FGA has been reached.

It can be found that the outline of the FiE is a very standard circle,
regardless of the shape of the irregular inclusions. As shown in Fig. 4a,
the region of the FiE (dark area, equivalent diameter of 1.32 mm) is
related to the depth of the inclusions from the surface. To obtain these
equivalent diameters, (areap,c)'’?, (areapga)*’?, and (areapp)/? are
used, with the values of areas being measured from SEM images. On the
other hand, the size of the surface-crack initiation site, (arealnc)l/ 2,
which is defined as the size of the facet formed by the crystalline slip,
that is, the Stage-I crack-growth zone depends on the stress amplitude
[25]. As the stress amplitude decreases for SMRTed joints, the distance
from the crack-initiation position (dyyc) to the surface layer increases, as
shown in Fig. 5a. In addition, the (areapiE)l/ 2 is proportional to dypc,
which means that the maximum distance that the periphery of the FiE
can reach is the surface layer (Fig. 5b). However, the size of (areaFGA)l/ 2
and (areape)"/? remains stable, and does not change with changes in
stress and distance from the surface.

4. Discussion
4.1. Crack-initiation and FGA formation

In order to study the internal crack-initiation and early growth
process of the Al alloy, the TEM foil, containing both particle and an
adjacent matrix, is prepared using a FIB system (inserted in Fig. 6a). For
this research, HRTEM results show that there is an obvious difference in
the orientation of the atomic arrangement between the a-Al matrix and
the particle (Al;gTioMgs, the atomic orientation shown by the yellow
arrow in Fig. 6a), forming a structure disorder zone at the interface
(Fig. 6a), the corresponding atomic schematic diagram of the matrix/
particle boundary shown in Fig. 6b. After cyclic loading being loaded,
the structural disorder zone acts as a trap. As a result, the dislocation
density within the disorder zone increases with cycles, resulting in the
partial debonding of the matrix/particle interface, as shown in the black
dotted rectangle in Fig. 4c.

Fig. 7 is a schematic drawing of interior-crack initiation and FGA
formation. The interface debonding occurs, could be regarded as the
initial crack, and first propagates within the particle, followed by a
cleavage fracture of the Al;gTioMgs constituent phase, as shown in
Fig. 7. The existence of cleavage planes can be found on the particle
fracture morphologies shown in Fig. 4c and f. Then, the crack-extension
is hindered by the rolled grain. The coarse grains within the matrix
adjacent to the particle are broken down to fine grains at the crack tip by
repeated pressing between the crack surfaces. In the subsequent crack-
propagation process, the crack-extension rate is extremely slow,
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leaving an elliptical extension trace on the fracture surface (“beach
marks”, as presented in Fig. 4f) due to the inside of the material is in a
vacuum environment. Schonbauer [35] found that fatigue-crack prop-
agation in vacuum still takes place at a rate of 5 x 10713 m/cycle, which
is several decades below the theoretical value of one lattice space per
cycle. When the “beach marks” gradually disappear, and the rolled grain
boundaries are clearly visible, it is considered that the periphery of FGA
has been reached.

Generally, physically-short cracks have a crack length smaller than
ten times the average grain size (a < 10d) [9]. The distance from the
interface of the particle/Al matrix to the periphery of the FGA is about
44 pm, which is less than 10 times the grain width (50 pm), accorded
with the characteristics of short crack propagation in FGA. The forma-
tion mechanism of FGA in the Al alloy is obvious different from FGA in
high-strength steels. In addition, grain refinement is observed in the Al
alloy but no a layer of nanograins is found. In order to distinguish this
area from the FiE, the characteristic area in the aluminum alloy is also
called FGA by borrowing the definition of fine granular area (FGA) by
Sakai et al. [23]. But for the other materials, 40Cr studied by Qian et al.
[36] had shown that although there was no clear trace of FGA sur-
rounding inclusions, there was still a region whose roughness (37.9 nm)
was larger than that of fish-eye region (11.3 nm). That is to say, the
existence of nanograin layer is not the only criterion for judging the
FGA.

4.2. Stress intensity factor range

The values of stress intensity factor ranges of a surface mode and
interior mode are calculated, using the following Eq. (1) [37]:

AKinc FGA or FiE :A(’a\ |/ T/ Aredinc FGA or FiE (@9)]

where A is 0.5 for an interior fracture and 0.65 for a surface fracture, o,
is the amplitude of the fatigue stress in MPa. For interior mode, the
square root (SQRT) of the area is an equivalent size of an inclusion
(Al;gTisMg3 constituent phase), FGA or fish-eye where SQRT of the area
is in m, and AK is in MPaem!/2. The areay,. when the cracks initiate on
the surface is the projected area where the small cracks reach stable
extension [38].

Fig. 8 shows the relationship between the SIF range, AKinc, FGA or FiE
and fatigue stress, omay. For the surface mode, the SIF ranges of as-
welded and SMRTed joints have a tendency to decline as the stress de-
creases. AKyyc in the range of the maximum stress ranging from 380 MPa
to 250 MPa is 3.62-2.37 MPaem'/? for as-welded joints. As a compari-
son, AKjy of SMRTed joints in the range of the maximum stress ranging
from 380 MPa to 307 MPa is 2.48-1.92 MPaem'/%. It can be found that
SMRT significantly reduces the SIF range when cracks initiate from the
surface. Then the threshold SIF for the surface-crack-growth, AKy, is

L edge dislocation

O vacancy

Fig. 6. Original HRTEM image taken from the matrix/particle boundary (a), showing a structural disorder zone, and corresponding atomic schematic diagram (b).
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estimated to be 1.92 MPaem'/2. Therefore, a surface crack cannot occur
and propagate at a surface defect below the AK .

For the interior fracture, AKpg is in the range of 4.26-5.92 MPaem'/
2 with an increasing trend as the stress decreases. For Inc and FiE, AKjp.
and AKgpgp are in the range of 1.02-1.23 MPaem!/? and 1.54-2.04
MPaem'/2, respectively, with averages of 1.17 and 1.84 MPaem'/?,
respectively, indicating that the SIF range of FGA and Inc is almost a

constant. The FGA theoretical SIF range calculation formula [34] is:
AKrop =puV6rb = 4.342u/b (2)

where y is shear modulus, and b is Burgers vector. For Al alloys, b ~
0.2863 nm, u ~ 26 GPa, the predicted thresholds are 1.911 MPaem'/?,
which can be recognized as the threshold SIF range for interior stable
micro-crack propagation (AKw ;) [34]. It is proposed that for crack
interior initiation mode, there exists an intrinsic characteristic size
related to AKy, ;. The calculated AKpga = 1.84 MPaem'/? is close to the
AKih ;. Therefore, AKgga can be used to predict the threshold of stable
fatigue-crack growth. It is expected that the internal crack generated at
an inclusion will propagate after formation of the FGA in the vicinity of
the inclusion for long-life fatigue. Clear similar values between AKi ¢
and AKy, ; were obtained from this tested material, which is about 1.911
MPaem!/2.

4.3. Fatigue life prediction

Since the value of AKgga corresponds to that of AKy, ;, the fatigue life
for the formation of the FGA is considered to be the crack-initiation life.
For internal fracture, fatigue life consists of three parts: (1) micro-crack
initiation (Ngga), (2) stable micro-crack propagation (Npga—Fig), and (3)
unstable macro-crack propagation and fracture (Nunstable). Since the
life consumed by unstable macro-crack propagation is extremely short,
it can be ignored, making Nf = Nrga + Nrca—rig. Paris et al. [38] have
shown a historical review on crack-growth and threshold to develop the
estimation procedure for crack-growth life for internal initiation and
predicted the threshold corner at:

44 ang Aot _
dN EVb

1 3

where b is the Burger’s vector, E is Young’s modulus and AKeg is the
effective stress intensity factor. The corresponding crack-growth Paris-
Hertzberg law is used to estimate the life of the small cracks in the fish-
eye range, considering the crack closure is minimal for this type of crack:

da _ AKeff 3
=’ (E\/B ) @

The stress intensity factor, AK, can be calculated via:

AK =2Acyra )
V3

The crack size, a, in Eq. (5) is calculated as the SQRT of the crack
area. The integration of the Paris-Hertzberg law to determine the crack-
growth life, will begin here with the crack-growth rate corner, which
one will denote as AKgga corresponding to an initial SQRT of the crack
area, apga. Substituting these into Eq. (4)

3 3/2 3/2
o2 () o)
dN EVb arGa ArGa
Thus, Eq. (3) can be rewritten as:
1= AKFGA _ ZAU, /AFGA ﬂ'Ezb (7)

= =——Y """ orapgs =
EVb  VaEvb O 4(Ao)

Eq. (6) can be integrated from agga to agig, which gives:
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(€))

Nrga—rE = b =

(apca)™? [“* da nE? ) arca
a2 2 2 -
AFGA (AJ)

AFE

The fatigue life for the stable micro-crack propagation stage in Eq.
(8) can be rewritten as:
ﬂEZ |:1 ArGA :|

NFGA FE — A~ _ 5
26,2

(C)]
AriE

The fatigue life for the formation of the FGA can be predicted as Ngga
= Nt - Npga—rie- The results of Ngga and Nrgarig for each specimen are
listed in Table 1. Correspondingly, the values of Npga/Nf and Npga—Fie/
N for each specimen are obtained (listed in Table 1 and plotted in
Fig. 9). Apparently, the fatigue life consumed by the stable micro-crack
propagation stage is very short, in the range of 2.2 x 10°-3.8 x 10°
cycles. For comparison, the ratio of Ngga/N increases with the decrease
of stress, and for the total fatigue life beyond 107 cycles, the value of
Nrga/N¢ is larger than 98%, or over than 99% of Ng.

The values of average crack-growth rate within FGA were calculated
from the FGA size and the fatigue life consumed by this region following
Eq. (10), and the results are shown Table 2. The results show that as the
fatigue life increases, the crack-growth rate in the FGA decreases. For Nt
between 10° and 107, the values of (da/dN)pga are within the range of
10711210712 m/cycle. When the fatigue life is higher than 107 cycles,
the order of magnitude of (da/dN)gga enters the order of 10712 m/cycle.
For the stable crack-growth stage outside the FGA, Eq. (11) is used to
calculate the crack-growth rate (da/dN)ge. For internal fractures, the
order of magnitude of the crack-growth rate is about 10~° m/cycle.

(da) __yJareag — \/area, 10)

dN /g Nt — Nrga-rie

(dl> _ \arears — \/arearca an
dN FiE NFGA—»FiE

When the crack initiates inside, the relationship between the crack-
growth rate (da/dN) and the stress intensity factor (AK) of the
aluminum alloy as shown in Fig. 10 is fitted by combining different
stresses. Fig. 10 reflects the two stages of crack-initiation and propaga-
tion. The crack-initiation rate is much higher than the propagation rate.
Therefore, the threshold of fatigue-crack propagation for internal frac-

tures (AKy i) also can be obtained from the figure is about 2 MPaem'/2,

4.4. Competitive relationship between the interior and surface crack
initiation

When the fatigue-crack initiation of FSWed joints with and without
SMRT in a surface-mode, there is no significant difference in the fatigue
lifetimes between as-welded joints and SMRTed joints when the oy >
307 MPa. However, the initial SIF range of a surface defect of SMRTed
joints is significantly lower than that of as-welded joints. Through the
SMRT, a gradient grain layer is formed on the surface layer, compressive
residual stresses, and gradient hardness layers are introduced, which
effectively reduces the initial SIF range of the surface. Meanwhile, the
strengthened surface layer attempts to prevent fatigue cracks from
initiating from the surface. Nevertheless, since the initial SIF range of a

Materials Science & Engineering A 809 (2021) 141006

100

Nrga ! Ng
©
i

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

88 —————— ———
10° 10’ 10*
Number of Cycles to Failure

Fig. 9. Crack-initiation life, i.e. the fraction of fatigue life for the formation of
the FGA, as a function of total fatigue life.

Table 2

Crack-growth rate in FGA and FiE.
Specimen Fatigue stress, 6max (da/dN)gga (m/ (da/dN) gga_rie (m/
code (MPa) cycle) cycle)
1 305 9.76 x 107! 4.35 x 107
2 303 2.78 x 1071 4.39 x 1077
3 300 2.96 x 107! 458 x 107°
4 295 1.92 x 1071 4,51 x 107°
5 290 1.77 x 101 7.44 x 107°
6 280 8.59 x 10712 6.38 x 1077
7 270 2.67 x 10712 6.05 x 10°°

surface defect is greater than AKy,j, the fatigue cracks preferentially
initiate from the surface when the stress is greater than 307 MPa.

Due to the reduction of the initial SIF range of a surface defect of
SMRTed joints, it is noticed that the internal and external competition
has already appeared when the 6, = 307 MPa. Below this value, a
surface crack cannot occur and propagate, the internal SIF range has the
upper hand, making cracks preferentially initiate from the interior. After
that, the fatigue life is significantly improved, and the effect of SMRT is
fully revealed. During the experiment, no internal fracture was found in
the FSWed joints without SMRT, even if the fatigue life exceeds 107
cycles, which does not mean that there are no inclusions inside, but
within the stress range of the whole experiment, the initial SIF range on
the surface defect is much larger than AKy, ;.

According to the change trend of the SIF range of the as-welded joint,
it is predicted combined with S-N curves that as the stress decreases, the
initial SIF range will further decrease, as shown in Fig. 8. When the
maximum stress is about 200 MPa and the fatigue life exceeds 10° cy-
cles, the initial SIF range of the surface defect is equal to AKy ;. It is
reasonable to believe that after this process, fatigue cracks preferentially
initiate from the interior. The fatigue life of this order of magnitude is

Table 1
Predicted fatigue life of crack-initiation and propagation for internal fracture.
Specimen code Fatigue stress, 6may (MPa) Fatigue life, N¢ (cycles) Prediction of Nrga_rie (cycles) Prediction of Ngga (cycles) Nrga—rie/Nf (%) Nrga/Ne(%)
1 305 2,060,467 220,452 1,840,015 10.7% 89.30%
2 303 4,975,314 247,886 4,727,428 4.98% 95.02%
3 300 6,497,432 235,309 6,262,123 3.62% 96.38%
4 295 6,629,753 274,265 6,355,488 4.14% 95.86%
5 290 8,147,158 321,040 7,826,118 3.94% 96.06%
6 280 19,091,908 330,003 18,751,905 1.72% 98.28%
7 270 47,032,958 383,498 46,649,460 0.82% 99.18%
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Fig. 10. Evaluation of the mean crack-growth rate in FGA and FiE.

difficult to achieve without using an ultrasonic fatigue machine. One can
conclude that the participation of SMRT makes internal fractures appear
in advance, the failure mode transition was increased from about 200
MPa to 307 MPa, and the cycles were reduced from 108 cycles to 10°
cycles, so that the fatigue strengthening of the welded joints is realized
under higher stresses and shorter cycles.

5. Conclusions

In the present work, SMRT has been employed on the friction-stir-
welded 7075-T651 Al alloy. Uniaxial fatigue tests showed the inter-
vention of the SMRT induced interior-crack initiation under high stress
and low cycles (at ~ 10° cycles) conditions. Some detailed results can be
summarized as follows:

(1) The fatigue fracture of SMRTed joints presents typical fish-eye
characteristics with internal-crack initiation. The formation of
FGA is because the crack-extension hindered by the rolled grain
boundaries coupled with the action of cyclic loading, the grains at
the crack tip are refined, leaving an elliptical extension traces
(“beach marks™) on the fracture surface. Moreover, the values of
the SIF range of the surface and internal modes are calculated.
The results show that AKpga keeps constant with an average
value of 1.84 MPaem'/?, which is close to the interior-crack-
growth threshold (AKw ), 1.911 MPaem'/? and surface-crack-
growth threshold (AK,s), 1.92 MPaem!/2.

(2) Based on the Paris-Hertzberg law, it is found that the formation of
micro-crack within the FGA consumes most of the fatigue life.
When the total fatigue life beyond 107 cycles, the value of Ngga/
Ntis larger than 98%, or over than 99% of N¢. The crack-extension
rate within FGA was also estimated. For Nf between 10° and 107,
the values of (da/dN)gga are within the range of 10711-107 2 m/
cycle. When the fatigue life is higher than 107 cycles, the order of
magnitude of (da/dN)ggp enters the order of 10712 m/cycle.

(3) The enhanced fatigue property accompanied by the suppressed
surface-mode fracture in the SMRTed joints might be related to
the decreased initial SIF range in the surface layer. According to
the change trend of the SIF range of the welded joint, it is pre-
dicted when the maximum stress is about 200 MPa, and the fa-
tigue life exceeds 108 cycles, fatigue cracks preferentially initiate
from the interior. The participation of SMRT makes internal
fractures appear in advance, compared with as-welded joints. The
stress corresponding to the failure mode transition is increased
from about 200 MPa to 307 MPa, and the cycles are reduced from
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108 cycles to 10° cycles. Hence, the fatigue strengthening of the
welded joints is realized under higher stress and shorter cycle.
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