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The effects of coverage area on fatigue crack growth (FCG) properties of 6061-T6 aluminum alloy subject
to multiple laser peening (LP) impacts were investigated. Residual stress, micro-structure and fatigue
striation pattern on fracture cross-sections were analyzed. Compressive residual stresses and dense dis-
location arrangements can be found in the superficial layer after LP. LP coverage area has a direct influ-
ence on FCG properties as verified by different size of shell ridges and fatigue striation spacing on fracture
cross-sections. Meanwhile, FCG rate decreases with the increase of compressive residual stresses distri-
bution perpendicular to the crack growth direction in the initial FCG stage.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Fatigue crack growth (FCG) behaviors of aluminum (Al) alloys
are of great technological importance for ensuring fail-safe mate-
rial design in engineering applications [1,2]. It is well-known that
FCG behaviors can be impeded by compressive residual stresses
but accelerated by tensile residual stresses perpendicular to the
crack [3,4]. Shot peening is a conventional and widely applied pro-
cess to improve FCG properties by generating compressive residual
stresses in the metal surface [5,6]. In order to reduce the surface
roughness and deepen the compressive residual stresses distribu-
tion, many new peening technologies such as laser peening [7],
cavitation shotless peening [8], ultrasonic peening [9] and micro-
shot peening [10,11] were developed. Among these peening tech-
nologies, laser peening (LP) is an emerging surface modification
technology which introduces deeper compressive residual stresses
and less occurrence of defects in the material surface. It can signif-
icantly improve the mechanical performance and reduce FCG rate
on a number of metals [7,12-14]. Nowa’s, many attentions have
been paid to investigate the effects of different processing param-
eters on the FCG properties induced by LP [15-19].

Rubio-Gonzalez et al. examined the effects of pulse density on
mechanical properties of 6061-T6 Al alloy and 2205 duplex stain-
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less steel induced by two-sided LP, and the results indicated that
FCG rate decreased while fracture toughness increased with the in-
creased pulse density [15,16]. We observed that the distance from
fatigue crack initiation (FCI) to top surface increased while fatigue
striation spacing on the FCG area decreased with the increment of
LP impact number on the notched 6061-T6 CT samples in the pre-
vious work [17]. The study of Yang et al. showed that LP can effec-
tively extend the FCI life and decrease FCG rate of 2024-T3 Al alloy
with various pre-existing notch configurations [18].

Most of the above researches have been focusing on the effects
of LP processing parameters such as the pulse density [15,16], im-
pact number [14,17], geometry of sample [18], as well as laser spot
size [19], on surface integrity and fatigue life of alloys, but few
attentions have been paid to the effects of LP coverage area on their
mechanical properties and fatigue performance. Kim et al. investi-
gated the effects of different weld coverage areas (either parallel,
perpendicular or 45° to the dynamically recrystallized zone) on
FCG behaviors of friction stir welded Al alloy samples, and the re-
sults showed that processing coverage area significantly affected
the FCG properties [20]. We also found that FCI and FCG of 7050-
T7451 Al alloy treated by four paths can more effectively be re-
strained than two paths during two-sided LP in the previous work
[21,22]. Therefore, it is important and necessary to investigate the
effects of coverage area on the FCG properties of alloys subjected to
multiple LP impacts in engineering applications.

Meanwhile, more attempts have mainly been made to the
strengthening effects of residual stress [14-19], fracture toughness
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Nomenclature

oy yield strength of material
op tensile strength of material
E elastic modulus

4 Poisson’s ratio

R stress ratio

da/dN  fatigue crack growth rate
AK stress intensity factor range
C paris law coefficient

m Paris law exponent

K; stress intensity factor for mode I of crack growth

P fatigue loads

B plate thickness

w plate width

a crack length

N total number of load cycles
LP laser peening

FCG fatigue crack growth

FCI fatigue crack initiation

SIF stress intensity factor

[15,16], surface deformation [19], as well as fatigue life [14-18] of
metallic materials, but the changes of dislocation arrangement in
the superficial layer and fatigue striation pattern on the fracture
surface induced by different LP coverage areas are still pending.
In fact, the micro-structure in the superficial layer is now widely
acknowledged to exert a strong influence on FCG properties
[13,23,24], and the characteristic of fracture micro-structure can
reflect macroscopic and microscopic performance of metallic
materials [17,21,22]. Hence, it is crucial to understand the mecha-
nism of FCG resistance induced by different LP coverage areas
based on the micro-structure observation.

The aim of the present work is to examine the effects of cover-
age area on FCG properties of 6061-T6 Al alloy subject to multiple
LP impacts. Surface residual stress along the parallel and perpen-
dicular direction is measured. Special attentions are paid to the
changes of dislocation arrangement in the superficial layer and fa-
tigue striation spacing on the fracture cross-section. Furthermore,
the improvement mechanism of FCG resistance of 6061-T6 Al alloy
subjected to different LP coverage areas are revealed.

2. Experiment methods
2.1. Experimental material and sample

6061-T6 Al alloy was selected in this work with a chemical
composition (wt.%) of 0.90% Mg, 0.62% Si, 0.33% Fe, 0.28% Cu,
0.17% Cr, 0.06% Mn, 0.02% Ti, 0.02% Zn. The mechanical properties
were shown as follows, yield strength o is 289.9 MPa, tensile
strength o}, is 328 MPa, elastic modulus E is 69.8 GPa and Possion’s
ratio v is 0.33. The samples used for FCG tests were CT samples as
illustrated in Fig. 1. All the CT samples were processed with the
loading axis parallel to the rolling direction. Before the process of
LP, a fatigue pre-crack of 2.5 mm long (from notch tip) was grown
on each sample by a MTS-809 servo-hydraulic system at room
temperature (25 °C) in the air. The maximum external load was
3.0 kN. The load ratio was maintained at R = 0.5 and the frequency
was 9 Hz with tensile sinusoidal form. After pre-cracking, the total
length of the initial crack was 15 mm.

2.2. LP processing

A high energy shockwave was induced by a Q-switched Nd:
YAG laser system at the Laser Technology Institute at Jiangsu Uni-
versity, operating at 5 Hz repetition-rate with a wavelength of
1064 nm, and the laser pulse energy was 5 J. The footprint of laser
spot with a diameter of 3 mm was top-hat and the FWHM of the
pulses was 10 ns. Table 1 shows the processing parameters in de-
tail and Fig. 2a-c shows the coverage area as well as the swept
direction of CT samples used in two-sided LP. During the process
of LP, laser coverage areas of 15 mm x 15 mm (LP-1), 35 mm x

15 mm (LP-2) and 15 mm x 60 mm (LP-3) were selected. The over-
lapping rate between the adjacent spots along both the parallel
direction and perpendicular direction was 50%. A water curtain
with a thickness of 1-2 mm was used as the transparent confining
layer and the professional Al foil with a thickness of 100 um was
used as an absorbing layer to protect the surface of samples from
thermal effects.

2.3. FCG testing

The FCG tests were performed on a MTS-809 servo-hydraulic
system at the room temperature (25 °C) in the air. The maximum
external load was maintained at 3.0 kN and load ratio R was 0.5.
The frequency of 5Hz with a tensile sinusoidal form was used.
The whole FCG testing process was monitored using a COD silicon
chuck in order to obtain the FCG properties under different cycles.
Twelve samples were selected. Samples 1-3 were not treated with
LP, samples 4-6, 7-9 and 10-12 were treated with LP-1, LP-2 and
LP-3, respectively. The average value of three samples in each
group was taken to analyze. Figs. 2d-f show the typical photos of
FCG testing samples treated with different LP coverage areas.

2.4. Measurements of residual stress and micro-structure

Residual stress analyses were performed on the surface of laser
peened CT samples either perpendicular or parallel to the peening
direction, using X-ray diffraction method. Surface micro-structure
of the untreated and laser peened samples was characterized by
a JEM-2100 transmission electron microscopy (TEM) operated at
a voltage of 200 kV. The fatigue fracture micro-structure was ana-
lyzed by an S-4800 field emission scanning electron microscopy
(SEM) operated at a voltage of 15 kV.

3. Results and discussions
3.1. Residual stress

Fig. 3a shows the surface residual stress distribution along Path
1 (parallel direction as shown in Fig. 2). It is observed that tensile
residual stress with the value of 92 MPa appears at the crack tip of
untreated sample after pre-cracking, and it restores to the value of
matrix (42 MPa) in the region of 7 mm away from the crack tip.
However, the residual stresses are —112 MPa, —121 MPa and
—118 MPa at the crack tip, and then increase to —207 MPa,
—222 MPa and —216 MPa in the region of 14 mm away from the
crack tip after LP-1, LP-2 and LP-3, respectively. Subsequently, with
the sampling point moving away from the crack tip, compressive
residual stresses induced by LP-1 and LP-3 gradually decrease
and turn into tensile stresses. On the contrary, for LP-2 samples,
the compressive residual stresses maintain at about —220 MPa
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Fig. 1. Dimension of 6061-T6 compact tension samples used in the FCG tests.

Table 1

The processing parameters used in multiple LP.
Parameters Value
Beam divergence of output (mrad) <05
Spot diameter (mm) 3
Pulse width (ns) 10
Repetition-rate (Hz) 5
Laser wavelength (nm) 1064
Pulse energy (J) 5
Export stability <z5%
Polarization Horizontal
Beam profile Top hat

due to the sampling point always moving inside the LP coverage
area. Fig. 3b shows the surface residual stress distribution along
Path 2 (perpendicular direction as shown in Fig. 2). It is observed
that compressive residual stresses generate in the LP coverage
area, with the maximum values of —213 MPa, —218 MPa and
—225 MPa after LP-1, LP-2 and LP-3, respectively. With the sam-
pling point moving away from the LP coverage area, compressive
residual stresses induced by LP-1 and LP-2 gradually decrease
and turn into tensile stresses. However, for LP-3 samples, the com-
pressive residual stresses maintain at about —225 MPa due to the
test point always moving inside the LP coverage area.

It indicates that the compressive residual stresses with a rela-
tively uniform distribution have been generated in the LP coverage
area. High amplitude compressive residual stresses can be induced
by crystal defects such as high density and homogeneous disloca-
tion, which is the main factor for greatly improving fatigue limits
and dropping the fatigue gap sensitivity [13,17,24]. However, with
the sampling point moving away from the LP coverage area, the
compressive stresses decrease and turn into tensile state. For the
notched samples, the superposition principle is often used to
determine the stress intensity factor (SIF) subject to combined ef-
fects of external applied stress and residual stress [25,26]. Zhang
et al. [27] introduced a weight function method to investigate
the relationship between the SIF and compressive residual stresses
induced by LP, and the effective SIF was used to evaluate the FCG
properties. Combined with the above-mentioned experimental re-
sults, it is concluded that LP coverage area significantly affect the
effective SIF along the FCG path, which have an important influ-
ence on the FCG properties.

3.2. TEM observations

Typical TEM observations of the 6061-T6 samples are shown in
Fig. 4, and the test region can be found in Fig. 2b. Fig. 4a shows a
TEM image in the near-surface of the untreated sample, it can be
clearly seen that there are many precipitates and the dislocation
density is relatively low. Figs. 4b-d show the TEM images in the
near-surface of samples subjected to LP-1, LP-2 and LP-3, respec-
tively. It is observed that the dislocation is not uniformly distrib-
uted. There are plenty of dislocation lines (as shown in Fig. 4b
and c) and randomly arranged high-density dislocation tangles
(as shown in Fig. 4c and d) in some grains. This phenomenon
may be due to the dislocation accumulation and rearrangement
for minimizing the total energy state.

Compared with the untreated samples, the dislocation lines and
dislocation tangles induced by LP reveal significantly higher dislo-
cation density, and the energy induced by highly tangled and dense
dislocation arrangements would reduce the crack driving forces. Lu
et al. revealed the micro-structural evolution and grain refinement
mechanism of multiple LP impacts on LY2 Al alloy [24]. Combined
with the above-mentioned experimental results, it is inferred that
multiple LP impacts can refine the coarse grain in the superficial
layer of 6061-T6 Al alloy by dislocation movement. The grain
boundaries normally act as a blockage of FCG and can reduce the
crack driving forces due to the energy induced by piled-up disloca-
tions [17]. It implies that the FCG path of the untreated sample
intersects the fewest grain boundaries. Furthermore, the disloca-
tion density increases with the increase of the LP coverage area.
Therefore, the FCG path of the sample subjected to LP-3 intersects
the most grain boundaries in the superficial layer, and LP-3 can
obtain the greatest improvement of FCG resistance.

3.3. Micro-structure on the fracture surface

Fig. 5a shows the micro-structure on fracture surface of the un-
treated 6061-T6 CT sample, and Fig. 5b—d shows the crack arrest
and fatigue striation patterns on fracture surface of the samples
subjected to LP-1, LP-2 and LP-3, respectively. From the typical
photos of all the fractured CT samples, FCG paths are found basi-
cally perpendicular to the direction of external fatigue loads. From
the fracture cross-section along A-A direction, it can be seen that
fatigue cracks initiate at the machined notch tip and grow to
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Fig. 2. Different LP coverage areas of (a) LP-1, (b) LP-2 and (c) LP-3 and typical photos of 6061-T6 CT samples used in the FCG tests of (d) LP-1, (e) LP-2 and (f) LP-3.

failure under continual fatigue cycling. Meanwhile, the whole fati-
gue fracture can be divided into pre-crack stage, stable FCG stage
and final rupture stage. In order to study the micro-structure on
stable FCG stage, the regions where appear the phenomenon of
crack arrest are magnified. Compared with the untreated sample,
shell ridges can be found on the fracture surface of samples sub-
jected to LP. Figs. 5a-d also show the SEM images of fatigue stria-
tion on the crack arrest region of CT samples (a =25 mm), it is
observed that the fatigue striation spacing of the untreated sample
is 0.59 um, while it reduce to 0.32 pum, 0.23 pm and 0.12 pm after
LP-1, LP-2 and LP-3, respectively.

Generally speaking, the morphology of fatigue fracture is the di-
rect result of material progressive wreck [28]. Compared with the
untreated samples, the appearance of shell ridges induced by LP
signify the effects of crack arrest, which can be attributed to the
compressive residual stresses and grain refinement in the superfi-
cial layers. Compared with the shell ridges of LP-1 (as shown in
Fig. 5b), the shell ridges of LP-2 and LP-3 (as shown in Fig. 5c¢
and d) are deeper and wider, which imply the better crack arrest
effects. Also, it is well known that local FCG rate can be estimated
from the spacing of fatigue striations observed on stable FCG stage
[16,21,28]. The decrement of striations spacing indicate that LP has
positive influence on fatigue properties by lowering the FCG rates
compared with corresponding behavior in the untreated samples.
Since the fatigue striation spacing of LP-3 is narrowest, it is
inferred that the most obvious improvement of FCG resistance is
obtained by LP-3.

3.4. Fatigue crack growth rate

Assuming that crack growth of untreated and laser peened CT
samples is always in stable expanding stage which follows Paris
formula [29]:

da m

N~ C(AK) (1)
Stress intensity factor for mode I of crack growth K; is determined
using the following equation [30]:

P24 (/W 2
K= g _Jr(é%v )])3 o {0.886 +464(i) - 13.32(1)
+14.72 (%)3 - 5.60(%)4} @)

where P is external load, B and W are thickness and width of sample,
a is crack length.

Fig. 6 shows the experimental curve of FCG rate da/dN as a func-
tion of SIF range AK, which can be regarded as linear under the log-
arithmic coordinates. Paris formula is adopted to fit the
relationship of curves in order to obtain the constant values of C
and m. The changes of C and m can be found in Table 2. Compared
with the untreated samples, C decreases while m increases after LP.
Meanwhile, the samples subjected to LP result in a reduction of
FCG rate, and it can be indicated by the decline of da/dN — AK
curves. The reduction is obvious in the initial FCG stage. When
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Fig. 3. Residual stresses distribution of 6061-T6 CT samples subjected to LP with
different coverage areas (a) along the path 1 and (b) along the path 2.

the initial AK is 6.56 MPa m'/?, da/dN is 8.09E-5 mm/cycle of the
untreated sample, while the values decrease to 4.66E-5 mm)/cycle,
3.80E-5 mm/cycle and 1.77E-5 mm/cycle after LP-1, LP-2 and LP-3,
respectively. However, when AK increases to 17.81 MPa m'/? in the
FCG final stage, the FCG rate of all the samples are almost the same.

It indicates that the improvement of FCG resistance induced by
LP can be separated into a relatively large increase in the initial
FCG stage and a small increase in the final FCG stage. In the initial

FCG stage, compressive residual stresses induced by LP can cause
the crack closure and incur the reduction of effective driving force,
which is favorable for the reduction of SIF range and FCG rate [25-
27]. Moreover, LP coverage area significantly affected the FCG rate
in the initial FCG stage, the decrement of FCG rate induced by LP-3
is more evident than LP-1 and LP-2. It is attributed to the increase
of compressive residual stresses distribution perpendicular to the
crack growth direction. However, compressive residual stresses re-
lease with the increasing of crack length, and the decrement of FCG
rate weakens. Even if LP-2 covers the whole path of fatigue crack,
the crack arrest effects in the final FCG stage are limited, since
the crack driving force is much larger than the resistance induced
by compressive residual stresses.

3.5. Fatigue crack growth life

Fig. 7 shows the curves of crack length a versus cycles N on
6061-T6 CT samples subjected to LP with different coverage areas.
It shows that the initial crack length of all the samples is 15 mm
after pre-cracking. When the crack length increases to 32.47 mm,
the untreated sample is pulled off with the final fatigue life of
80477 cycles, while the treated samples continue to expand to
33.89 mm, 34.11 mm and 34.42 mm after LP-1, LP-2 and LP-3, with
the corresponding fatigue life of 100976, 115930 and 229374 cy-
cles, respectively. Fig. 8 shows the fatigue life of 6061-T6 CT sam-
ples subjected to LP with different coverage areas.

It is obvious that fatigue life of the 6061-T6 CT samples sub-
jected to LP is higher than that of the untreated sample at a given
applied external load. The beneficial effects on the fatigue life is be-
lieved to be associated with the compressive residual stresses and
dense dislocation arrangements induced by LP, which are expected
to influence the FCI and FCG properties favorably. Samples sub-
jected to LP-1, LP-2 and LP-3 respectively provide a 25.47%,
44.05% and 185.02% increment in the fatigue life as compared with
the untreated sample, therefore, LP coverage area significantly
affect the fatigue life. Furthermore, samples subjected to LP-3 ob-
tain the highest fatigue life, which is due to the largest compressive
residual stresses distribution in the initial stage of FCG and the
most obvious grain refinement induced by highly tangled and
dense dislocation arrangements.

Fig. 4. Typical TEM images of 6061-T6 CT samples subjected to LP with different coverage areas (a) untreated, (b) LP-1, (c) LP-2 and (d) LP-3.
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the sampling point moving away from LP coverage area.
Therefore, LP coverage area can significantly affect the effec-
tive stress intensity factor along the FCG path.

(2) Highly tangled and dense dislocation arrangements can be
found in the superficial surface of 6061-T6 Al alloy subjected
to multiple LP impacts. The energy induced by piled-up dis-
locations would reduce the crack driving forces.

(3) The appearance of shell ridges and the decrement of stria-
tion spacing on the fracture surface indicate that LP has a
positive influence on lowering the FCG rates compared with
corresponding behavior in the untreated samples. Samples
treated with LP-3 can create the most obvious FCG resis-
tance as verified by the widest shell ridges and narrowest
fatigue striation spacing.

(4) LP coverage area significantly affects the FCG rate. The dec-
rement of FCG rate of LP-3 is more evident than LP-1 and
LP-2 in the initial stage of FCG, which could be attributed
to the introduction of wider compressive residual stresses
distribution and more intensive dislocation arrangements.
However, the reduction of FCG rate caused by LP is weak,
which is due to the fact that the compressive residual stres-
ses release with the increasing of crack length in the final
stage of FCG.
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