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This study reports the investigation of the thermomechanical behavior of aluminum alloys (Al-1060, Al-6061, and
Al-7075) under the combined action of tensile loading and laser irradiations. The continuous wave ytterbium fiber laser
(wavelength 1080 nm) was employed as the irradiation source, while tensile loading was provided by the tensile testing
machine. The effects of various pre-loading and laser power densities on the failure time, temperature distribution, and
the deformation behavior of aluminum alloys are analyzed. The experimental results represent the significant reduction in
failure time for higher laser power densities and for high preloading values, which implies that preloading may contribute
a significant role in the failure of the material at elevated temperature. Fracture on a microscopic scale was predominantly
ductile comprising micro-void nucleation, growth, and coalescence. The Al-1060 specimens behaved plastically to some
extent, while Al-6061 and Al-7075 specimens experienced catastrophic failure. The reason and characterization of ma-
terial failure by tensile and laser loading are explored in detail. A comparative behavior of under-tested materials is also
investigated. This work suggests that studies considering only combined loading are not enough to fully understand the
mechanical behavior of under-tested materials. For complete characterization, one should consider the effect of heating as
well as loading rate and the corresponding involved processes with the help of thermomechanical coupling and the thermal
elastic-plastic theory.
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1. Introduction

Aluminum alloys, because of their high strength to weight
ratio, mechanical stability, thermal management, ease of fab-
rication, machining, and ability to withstand the stresses that
occur during launch and operation, have been used as the
primary structural material for the automotive and aeronau-
tic industries.[1–5] In aerospace engineering, various struc-
tural components may be subjected to severe thermal load-
ing, which may be originated by aerodynamic heating, laser
irradiation, or local intense fire. Besides aerospace engineer-
ing, aluminum alloys are increasingly being employed in a
broad range of load bearing applications, such as lightweight
structures, light rail, bridge decks, marine crafts, and off-
shore platforms. The aluminum alloy’s applications in a
preloaded environment demand for a more detailed investi-
gation to its thermomechanical behavior for determining the
safety of materials, designing components, and service perfor-
mance assessment.[6]

High energy, continuous wave lasers are a proficient
source of varying levels of machining or damaging to struc-
tural materials. Studies about the laser damage effect of alu-
minum, focusing on continuous laser[7–10] as well as high
pulse laser,[11–15] were carried out frequently during the past

several decades. However, the research about the laser dam-
age effect of aluminum under preloaded conditions is infre-
quent and should be considered. The combined laser beam and
mechanical loading may significantly reduce the breakdown
time, energy, and room temperature tensile strength.[9,16] This
may also help to avoid the material melting and being burn
through before breakdown due to strong local thermal incon-
sistency. The combination of laser energy with mechanical
loading remarkably increases micro defects of the material and
degrade the mechanical properties of the specimen. In sub-
ject to the presented issue, a brief review of some studies on
structural materials considering preload and laser irradiation is
illustrated below.

Medford et al.[9] developed an analytical model to deter-
mine failure threshold and to predict the thermal and structural
response of aluminum alloys under combined effects of laser
beam exposure and mechanical loading. The specimens were
irradiated by continuous wave (CW) CO2 laser under tension
or compression in the presence of tangential subsonic flow.
It was observed that combined laser exposure and mechani-
cal loading significantly reduced the room temperature tensile
strength and threshold energy. Yang et al.[16] studied experi-
mentally the CW laser damage effect on steel under preloaded
invariable stretching stress. The 30CrMnSiA steel sample was
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preloaded with invariable stretching force and then irradiated
by YAG laser. An empirical formula was derived, which re-
lates the stretching stress and rupture temperature. Moreover,
a decrease in threshold rupture laser energy with the increase
of stretching stress or laser power density was reported. Long
et al.[17] presented the effects of laser power density, pre-
loading, and the thickness on the failure time of the carbon
fibre/epoxy composite laminates subjected to CW CO2 laser.

The current work focuses on the experimental investiga-
tions of the thermomechanical behavior of aluminum alloys
subjected to combined tensile loading and laser irradiation.
The purpose of the laser damaging is to determine the laser
power density required to significantly change the structural
capability of the under-tested materials and to explore the de-
pendency of specimens’ failure time and failure temperature
on preload and laser power density. Moreover, we aim to in-
vestigate the comparative response of different types of alu-
minum alloys under simultaneous tensile loading and laser
heating. To explore these objectives, three types of aluminum
alloys (Al-1060, Al-6061, and Al-7075) were exposed to si-
multaneous tensile loading and CW ytterbium fiber laser irra-
diations. The temperature rise, deformation behavior, and fail-
ure time were recorded by using a pyrometer and high-speed
video camera, respectively. The fractured surfaces of the spec-
imens after tensile tests were examined through scanning elec-

tron microscopy.

2. Experimental detail

Three different kinds of aluminum alloys (Al-1060, Al-
6061, and Al-7075) were used for the experiments in this in-
vestigation. The rectangularly shaped samples with the length
of 150 mm, the width of 10 mm, and the thickness of 2 mm
were selected. The specimens were prepared in the sufficient
length (80 mm gauge length) to ensure a region about the cen-
ter in which the temperature does not vary much along the
length. Moreover, in the normal tensile testing, the standard
test sample (machined into a reduced section or in dog bone
shape) is required to avoid fracture in the grips. In our case,
since the gripped portion of the test specimen (heated by laser)
is much cooler than the central part, a transition section is not
required to avoid fracture in the gripped sections. The chemi-
cal composition and physical properties of the used materials
are given in Table 1 and Table 2, respectively.

Table 1. The chemical composition of aluminum alloys in weight %.

Alloy Cu Fe Mg Zn Mn Si Al
Al-1060 0.05 0.35 0.03 0.05 0.03 0.25 balance
Al-6061 0.4 0.7 1.2 0.25 0.15 0.8 balance
Al-7075 1.6 0.5 2.5 6.1 0.3 0.4 balance

Table 2. The physical and mechanical properties of the under-tested materials.[18–20]

Physical properties Al-1060 Al-6061 Al-7075
Room temperature ultimate tensile strength/MPa 115 403 605

Room temperature tensile yield strength/MPa 115 370 565
Density/g·cm−3 2.7 2.7 2.8
Melting point/◦C 646–657 582–652 477–635

Thermal conductivity/W·m−1·K−1 234 173 130
Thermal diffusivity/mm2·s−1 95 70 46
Strength/weight/kN·m·kg−1 26–48 48–144 86–211

Specific heat capacity/J·kg−1·K−1 896 900 910

Before carrying out the experiments, the room tempera-
ture tensile strength of specimens was measured by using the
JVJ-50S universal testing machine. The measured values of
room temperature tensile strengths are 115, 403, and 605 MPa
for Al-1060, Al-6061, and Al-7075 alloys, respectively.

The experiments were conducted for four different load
values, including 40%, 55%, 70%, and 85% of room tempera-
ture tensile strengths. The actual values of preloaded stress are
listed in Table 3. The loading was provided by a JVJ-50S uni-
versal testing machine with a crosshead speed (loading rate)
of 3 mm/min.

The continuous wave ytterbium (Yb) fiber laser RFL-
C1000 was employed for laser loading. The maximum power
of the laser system is 1 kW with wavelength 1080 nm. The dis-
tance between the laser emitter and the specimen was 60 cm.

The laser spot that was 7 mm in diameter was perpendicularly
focused on the center of the specimen, with four laser pow-
ers 55, 70, 85, and 100% of the maximum power of the laser
system used in the test. The corresponding laser power den-
sities are calculated and given in Table 3. The samples were
divided into three groups based on material type. The laser be-
gan to irradiate when the measured pre-load reached the prede-
termined value. The specimens were continuously irradiated
until failure occurred and the exposure time required for com-
plete failure was recorded. All the process was observed and
recorded simultaneously with a high-speed video camera and
by the pyrometer (see Fig. 1). The fracture surfaces (within
thickness) or metallographs of the specimens after tensile tests
were examined through scanning electron microscopy (SEM,
FEI Quanta 250F).
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Table 3. Experimental parameters: laser power densities and tensile
loading values.

Material type Sample number
Laser power

densities/kW·cm−2 Pre-load/MPa

Al-1060

1–4 1.5, 1.9, 2.3, 2.7
(In order, one for
every 4 samples)

97

5–8 80
9–12 63
13–16 46

Al-6061

17–20 342
21–24 282
25–28 222
29–32 161

Al-7075

33–36 514
37–40 423
41–44 333
45–48 242

pyrometer

thermodetector

laser system laser beam

data collection

video camera

sample

tensile loading

Fig. 1. (color online) Experimental setup for laser irradiation of
preloaded specimen.

3. Results and discussion

3.1. Strength degradation

Figure 2 represents the failure behavior as a function
of pre-loaded values under fixed laser power densities for
the Al-1060 type specimens. For the laser power density
of 1.5 kW/cm2, as the laser starts to irradiation, the tensile
stress drops dramatically due to thermal expansion. At some
point the tensile stress increases again because the loading
overcomes the thermal expansion and tries to recover to the
preloaded value, and forms a valley. Here, the highest point of
the stress curve after the valley is called the yield point, beyond
which the flow stress continually decreases until specimen’s
fracture. It is important to note that firstly the load applied to
the specimen is not constant in the process and secondly the
yield point is not constant, with a changing inhomogeneous
temperature field in the specimen. Therefore, the definition
and determination of the yielding of the specimen is unusual.
When the stress increases to the yield point of the samples,
it decreases again and at some point drops dramatically un-
til the samples complete failure due to the sample fracture,
as shown in Fig. 2(a) line 1. With the increase of pre-loaded
value, the depth of the valley decreases and even disappears
for the higher pre-loaded values, as shown in Fig. 2(a) line 4.
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Fig. 2. (color online) Failure behavior of the Al-1060 specimens as a function of pre-loaded values under fixed laser power densities:
(a) 1.5 kW/cm2, (b) 1.9 kW/cm2, (c) 2.3 kW/cm2, and (d) 2.7 kW/cm2.
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When the samples took comparatively shorter time to
reach the the yield point, which means that the temperature
is lower at the yield point, so the yield point value increases
along with the preloaded value. At last, the samples also took
comparatively shorter time to reach the complete failure. For
the laser power density of 1.9 kW/cm2, the sample showed
similar behavior as that of 1.5 kW/cm2. For higher power den-
sities 2.3 kW/cm2 and 2.7 kW/cm2, the thermal effects start to
dominate on the preloading effect and even predominate on the
loading effect, the tensile stress shows negative under lower
load values, and the fracture point disappears.

Figure 3 demonstrates the failure behavior as a function
of laser power densities under fixed pre-loaded values for the
Al-1060 type specimens. Under lower preloaded conditions
of 46 MPa and 63 MPa, the depth of the valley increases

along with the increasing laser power density due to faster

thermal expansion. Meanwhile, the samples took a compar-

atively shorter time to reach the yield point and with a lower

yield point value, which means that the temperature is higher

at the yield point, so the yield point value decreases along with

the increasing laser power density. At last, the samples also

took comparatively shorter time to reach the complete failure.

Under higher preloaded conditions of 80 MPa, with the in-

crease of laser power density, the specimen experienced com-

paratively enhanced thermal effects and the valley disappeared

at 2.3 kW/cm2. For higher loading and higher laser density,

the behavior is almost the same. So for 97 MPa preloading,

the behavior showed a few differences.
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Fig. 3. (color online) Failure behavior of Al-1060 specimens for various laser power densities under the fixed preloading conditions:
(a) 46 MPa, (b) 63 MPa, (c) 80 MPa, and (d) 97 MPa.

Figure 4 represents the failure behavior of Al-7075 spec-
imens subjected to various preloading under the fixed laser
power densities. In Fig. 4(a) for 1.5 kW/cm2, under 242 MPa
preload, as the laser starts, the tensile stress decreases due to
thermal expansion, but the Al-7075 is more brittle and anti-
temperature, so the decease is comparatively little. After that,
the preloading and the thermal expansion equally contribute to
the deformation.

As the laser continually irradiates, the temperature rises,
and at some point the tensile stress decreases faster due to the
yield stress level shown out. After a while at some point,
the tensile stress decreases most sharply due to the fracture
point achievement, until the fracture is complete and the ten-

sile stress falls to zero.
As the preloading value increased, specimen took a

shorter time to reach the yield point, fracture point, and com-
plete failure but with higher yield point value and fracture
point value. Meanwhile, for higher preloading values of
423 MPa and 514 MPa, the fracture process was relatively
fast. For the higher power densities 1.9 kW/cm2 in Fig. 4(b),
a similar behavior as that of 1.5 kW/cm2 is observed. For
2.3 kW/cm2 and 2.7 kW/cm2 in Figs. 4(c) and 4(d), under
the lower preloads the fracture becomes weak and the frac-
ture point is unobvious due to plastic deformation occurrence
owing to the higher laser power density and elevated tempera-
ture.
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Figure 5 represents the failure behavior of Al-7075 spec-
imens subjected to various laser power densities under the
fixed preloading conditions. In Fig. 5(a), it shows that as
the increasing laser power density, the yield point, the frac-
ture point, and the complete failure decrease due to relatively

high-temperature rise. Figures 5(b) and 5(c) show similar be-
havior for all specimens with significant shortening in failure
time with the increase of power densities. For the highest pre-
loaded condition in Fig. 5(d), relatively quicker failure is ob-
served with the increase of laser power densities.
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Fig. 4. (color online) Failure behavior of the Al-7075 specimens as a function of pre-loaded values under fixed laser power densities:
(a) 1.5 kW/cm2, (b) 1.9 kW/cm2, (c) 2.3 kW/cm2, and (d) 2.7 kW/cm2.
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For Al-6061 type specimens, the failure behavior with
respect to laser power densities and preloads is included in
our previous work.[21] It was observed that the Al-6061 spec-
imen’s deformation pattern is almost the same as that of Al-
7075 specimens. Since the Al-6061 is more brittle and with
higher strength, the decrease in yield stress with the increase
of power density or preload is fewer than Al-1060 specimens.
But there is no significant difference as compared to Al-7075.
For higher power densities/preload, the fracture point becomes
weak, because relatively higher elevated temperature induced
by the higher laser power density makes the material plasticity
dominant.

3.2. Failure time

Figure 6 represents the failure time (the time from the
start of laser irradiation to the fracture of the specimen) as a
function of preload and laser power density respectively for
the Al-1060 type specimens.

In Fig. 6(a), the failure time decreased along with increas-

ing power density at the same preload. The preloading influ-
ence on shortening the failure time is significant under low
load values with the increase of power density. For maximum
loading of 97 MPa, very slight decrease in failure time with
increasing power density is observed. Figure 6(b) represents
the overall decrease in the failure time with the increase of
pre-loaded values except in the case of highest laser power
density. The influence of preloading on failure time reduction
is more significant for low laser power densities with higher
preload values. For 1.5 kW/cm2 and 1.9 kW/cm2 laser power
densities, preloading reduces failure time significantly, but for
higher laser power density of 2.3 kW/cm2, preloading effects
start to be dominated by thermal effects. For the maximum
laser power density of 2.7 kW/cm2, these effects are more con-
siderable, therefore the failure time increases slightly instead
of decreasing. The possible reason is that the higher preload-
ing with higher power density offers more capability for ther-
mal expansion.
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Fig. 6. (color online) Failure time variation for Al-1060 specimens subjected to various laser power densities and preloading. (a) Time
versus laser power density for various preloads. (b) Time versus preload for various laser power densities.

Figure 7 represents the variation of failure time under
fixed laser power and fixed tensile preloading respectively for
Al-7075 type specimens. Figure 7(a) shows the decrease of
failure time with the increase of laser power densities, which
is more obvious in the case of lower preload values. A simi-
lar trend as that of Al-6061 specimens in the failure time re-
duction with increasing preload and laser power is noticed.[21]

Under 242 MPa loading, with the increase of power density, a
large reduction in failure time is found. For 333 MPa preload,
when the power density increases from 1.5 to 1.9 kW/cm2, a
notable decrease in failure time is observed, but for further in-

crease in power density, the decreasing rate becomes slow and
small. For the case of 423 MPa preload, with the increase of
power density, a small and linear reduction in failure time is
observed.

Under the condition of 514 MPa preload, initially, fail-
ure time reduces with the increase of power density from 1.5
to 1.9 kW/cm2. A slight increase in failure time is observed
when the power density increases to 2.3 kW/cm2, but for the
maximum power density of 2.7 kW/cm2, again failure time
decreases. In Fig. 7(b), overall decreasing trend in failure time
with the increase of preloading is observed. For the lower
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power densities of 1.5 and 1.9 kW/cm2, with the increase
of preload, a significant decrease in failure time is observed.
For higher power densities of 2.3 and 2.7 kW/cm2, a rela-
tively small difference in failure time with increasing preload
is found.

For Al-6061 specimens, failure time variation as a func-
tion of laser power density and preload is included in our pre-
vious work.[21] Those results illustrate the overall decrease

of failure time with the increase of laser power densities or
preloading. However, the decreasing capacity is limited to
low preload and low laser power densities. For the higher
laser power densities of 2.73 kW/cm2 and 2.7 kW/cm2, with
the increase of preload, only slight or no reduction in failure
time is found. In summary, for the case of Al-6061 speci-
mens, preloading contributes significantly to reducing the fail-
ure time of specimens under low laser power densities.
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Fig. 8. (color online) Failure temperature variation for Al-1060 specimens subjected to various laser power densities and preloading.
(a) Temperature versus laser power density for various preloads. (b) Temperature versus preload for various laser power densities.
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3.3. Failure temperature

Figure 8 expresses the failure temperature (the tempera-
ture of the center point of the front surface of the specimen
when it gets fractured and laser irradiation is turned off) of
Al-1060 as a function of preload and laser power density, re-
spectively.

Figures 9 and 10 give the failure temperature of Al-7075
and Al-6061 type specimens as a function of preload and laser
power density, respectively.

From Figs. 8–10, it is observed that, for all kinds of spec-

imens with a fixed load value, the temperature rise rate in-
creases and becomes sharp with time by the increase of laser
power density. Moreover, for the fixed laser power density, the
temperature rise rate decreases with the increase of preload
value. For the higher laser power densities, especially for
2.7 kW/cm2, the rise in failure temperature is relatively high.
The rise in temperature in the laser irradiated area is cred-
ited to absorption of laser energy which causes the decrease
of the material strength, thermal expansion, and local combus-
tion melting.
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Fig. 9. (color online) Failure temperature variation for Al-7075 specimens subjected to various laser power densities and preloading.
(a) Temperature versus laser power density for various preloads. (b) Temperature versus preload for various laser power densities.
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Fig. 10. (color online) Failure temperature variation for Al-6061 specimens subjected to various laser power densities and preloading.
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The combined effect of tensile load and thermal effects
gradually accelerated the crack initiation and expansion, and
caused complete failure of specimens. It is observed that for
most of the specimens under the fixed laser power density,
the failure temperature of the pre-loaded material reduces with
the increase of pre-loaded stress, due to the softening (tensile
strength reduces) of material at elevated temperature.[22,23]

In general, higher laser power densities under fixed
preloading exhibit the distinct rise in maximum temperature.
The remarkable reduction in failure temperature can be ob-
served with the increase of pre-loaded values, which implies
that preloading may contribute a significant role in the fail-
ure of the material at elevated temperature. Especially, in the
case of higher laser power densities, the difference between
the failure temperatures with increasing pre-load is signifi-
cant and the effect of preloading becomes dominant, which

can be observed by comparing the curves corresponding to
2.7 kW/cm2 laser power density for all kinds of tested spec-
imens. When we compare the temperature rise rate for the
three under-tested materials, it is found that, in general, with
the increase of laser power density, the temperature rise rate
and the maximum value of temperature rise for Al-6061 are
highest and least for Al-7075 except for the maximum laser
power density. The comparatively low temperature rise in Al-
7075 is attributed to the relative increase of micro defects in
the preloaded material due to local thermal inconsistency ow-
ing to the relatively low thermal conductivity value.

3.4. Rupture morphology

The difference in the rupture morphology under different
preloading stress conditions for the maximum and minimum
employed laser power densities is shown in Fig. 11.

Al 1060 Al 6061 Al 7075

242 MPa161 MPa46 MPa

97 MPa 342 MPa 514 MPa

242 MPa161 MPa46 MPa

97 MPa 342 MPa 514 MPa

2.7 kWScm-2

1.5 kWScm-2

Fig. 11. Rupture texture of the specimens fractured by different preloading stress while the laser power densities are 1.5 kW/cm2 and
2.7 kW/cm2.

In the presented morphology results, the selected preload-
ing stress values are also both the lowest and highest used val-
ues for all three specimen types. According to the rupture mor-
phology, in the case of 1.5 kW/cm2, when the preloading stress
is lowest (46 MPa, 161 MPa, and 242 MPa), for all types of
specimens the rupture morphology is a ‘)’-like shape in ap-
pearance, the edge is smooth, and the necking can be seen.
When the preloading stress increases to maximum used values
(97 MPa, 342 MPa, and 514 MPa), the necking extent reduces.
In short, as the preloading stress increases, the degree of ther-
mal softening before rupture decreases. When the preloaded
stress increases to a certain extent, the phenomenon of thermal
softening before rupture becomes less obvious.[16]

For the condition of 2.7 kW/cm2, commonly the heat af-
fected zone increases and local combustion effects are also vis-

ible. The increasing preloading stress does not produce any
significant effects on rupture morphology during the highest
used (2.7 kW/cm2) laser power density. This behavior may
be explained by that, under higher power densities and higher
preloads, the relatively higher temperature and the higher heat-
ing rate do not allow heat accumulation and localized effects,
and instead boost the thermal activation, dynamic softening,
and failure processes.

The extent of damage to the laser irradiated specimens
can be classified into three main categories depending on the
laser power density and applied load level. The degree of dam-
age to the tested specimens is identified as broken without ob-
vious deformation, melt, and melt and deformed. From the
observations, it is concluded that in general with the increase
of preload level under constant laser power density, specimens
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get fractured before reaching the melting point. While by the
increase of laser power density under constant loading state,
the melting phenomenon is favored. The degree of damage
can be associated and justified from the corresponding fail-
ure temperature data provided in Section 3.3. Since compar-
atively higher failure temperatures were reported for Al-6061
type specimens, melting is observed up to higher preload lev-
els.

3.4.1. Metallographs

The fracture surfaces of the specimens after tensile tests
were examined through scanning electron microscope (SEM,
FEI Quanta 250F). Some typical metallographs of fractured
surfaces are presented in Fig. 12 to get a clearer picture of the
fracture mechanism. Actually, metallographs corresponding
to various experimental conditions were taken, but no signif-
icant difference in the fracture characterizing features was re-
ported. Mainly, the appearance of dimples, dimple rupture,
voids growth, and their coalescence was identified as fracture
describing features. For the Al-1060 specimens in Fig. 12(a),
primarily pillar-like structures having dimples and voids are
observed. The specimens were fractured in the ductile mode

because dimples are commonly assumed to be a feature of the
ductile fracture mode.[24,25]

The formation of dimples arises from plastic strain during
the growth and coalescence of microvoids.[26,27] During ten-
sile loading, development of the dimples pattern is generally
credited to local softening and structural disordering induced
by applied stress and temperature rise.[28,29] For Al-6061 spec-
imens in Fig. 12(b), rupture of dimples with tearing edges is
found. Moreover, as discussed above, melting effects can be
seen on the fractured surface. Whereas for the Al-7075 frac-
tured surface in Fig. 12(c), the fracture mechanism seems to
be turned toward brittleness. Briefly, for Al-6061 and Al-7075
specimens, the fracture evolution process follows the void nu-
cleation, growth, and coalescence events through plastic flow.
The initial voids tend to grow and expand under tensile load-
ing with increased local stress concentration at higher laser
power densities. The expanded induced defects act as favor-
able crack initiations and propagation sites, leading to rela-
tively early failure of the specimens under higher preload and
laser power densities. Moreover, for the Al-7075 specimen,
the metallograph exhibits a dense net of shear bands or micro-
cracks, which suggests localized brittle behavior.[30,31]

(a) (b) (c)

100 mm 100 mm 100 mm

Fig. 12. Metallographs of the tested specimens fractured by 1.9 kW/cm2 laser power density under different preloading values: (a)
80 MPa for Al-1060 specimen, (b) 282 MPa for the Al-6061 specimen, and (c) 423 MPa for the Al-7075 specimen.

3.5. Discussion

When the local region of the specimen is irradiated by the
strong laser beam, the temperature in the laser irradiated re-
gion rises quickly and the thermal as well as mechanical prop-
erties of the specimens change dramatically, causing the spec-
imen’s softening, melting, and gasification spray. The ther-
mal effects increase as the laser power density increases. For
higher laser power densities, the absorption of laser energy
increases, which results in temperature rise, material soften-
ing, and relatively rapid breakdown.[32] The mechanism be-
hind this deformation is that the ultimate strength of the spec-
imen significantly decreases with the increase of the exposure
loading or temperature. In other words, it can be said that

the load-bearing capacity of the material will be reduced un-
der increased thermal or tensile loading.[3,33,34] The laser ir-
radiated area gets into the plastic yield stage and with the in-
crease of the exposure time the yield region expands to the
specimen interior gradually, causing structural damage to the
specimen.[32,34,35]

The experimental results reveal that depending on the
laser power density level, material failure is followed by two
kinds of thermal effects. Material removal due to ablation
was found to dominate the response at high power densities,
whereas thermal diffusion with the associated degradation of
material properties was most apparent at lower laser power
densities. When we compare failure time for different under-
tested aluminum alloys under fixed tensile loading and fixed
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laser power density, it is observed that Al-1060 type material
takes the longest time to break down while Al-6061 type ma-
terial takes the least time. Moreover, in comparison of the
temperature rise rate for the three under-tested materials, it is
found that, in general, with the increase of laser power density,
the temperature rise rate for Al-6061 is highest and least for
Al-7075 except for the maximum laser power density (shown
in Figs. 8–10). The comparatively low temperatures in Al-
7075 are attributed to the relative increase of micro defects in
the preloaded material caused by local thermal inconsistency
due to relatively low thermal conductivity value.

Mechanical property degradation during tensile load-
ing and laser exposure can partly be examined through the
strengthening mechanisms, which are alloy-dependent due
to different chemical compositions and microstructural states
from material processing (e.g. heat treatment and cold-
work).[36] The Al-6061 and Al-7075 alloys are precipita-
tion hardened, whose primary strengthening development is
through precipitate growth under controlled heating (aging) to
a required state. Combined (laser and tensile) loading and el-
evated temperature cause further precipitate growth (over ag-
ing) and strength reduction. The relatively long failure time of
Al-7075 is possibly due to its high mechanical properties (ten-
sile strength) as compared to Al-6061. The graphs of Al-1060
for both loading and laser powers exhibit the thermal diffusion
and expansion before the complete failure. Comparing with
the other two alloys, Al-1060 utilizes some energy and time in
the localized thermal processes and the structure does not col-
lapse immediately. This behavior is more obvious for low laser
power densities and low load values. Due to the relatively high
melting temperature, the Al-1060 alloy after the initial rise in
temperature experiences the strain hardening well below the
melting point during the plastic deformation. The combined
effects of preload and thermal stress induced by the thermal
expansion add to the specimen, which leads to local stress
and shortens the failure time with the increase of power den-
sity or preloading. Studies considering only combined loading
are not enough to fully understand the mechanical behavior.
For complete characterization, one must consider the effect of
heating as well as loading rate. The degradation of mechan-
ical behavior under combined loading could not be explained
only by thermal softening. High energy laser and the external
load combination for the specimen is a complex process in-
volving multiple physical fields simultaneously. Many aspects
should be considered for more detailed investigation, such as
the heat conduction process, the thermomechanical coupling
theory, and the thermal elastic-plastic theory.

4. Conclusion
We attempted to explore the thermomechanical response

of three different types of aluminum alloys under the com-

bined tensile and laser loading. From the results, it is con-
cluded that the load bearing capability of the under-tested
specimens reduces due to thermal and mechanical effects
caused by the laser irradiation to the preloaded material. The
low loading values provide a long time for energy accumula-
tion and high temperature boosts the thermal activation pro-
cess of the alloys, accelerating the dislocation motion and an-
nihilation which leads to dynamic softening. The fractured
time was shortened with increasing either laser power den-
sity or preload value, while the failure temperature increases
with increasing laser power density and decreases with the in-
crease of preload. The preloads contribute significantly to the
fracture of specimens under low laser power densities. For
higher laser power densities, relatively imperceptible effects
of preloading are noticed. The Al-1060 type material takes the
longest time to break down and Al-6061 type material takes
the least time. Fracture on a microscopic scale is predomi-
nantly ductile comprising micro-void nucleation, growth, and
coalescence. Moreover, Al-1060 specimens behave plastically
to some extent while Al-6061 and Al-7075 specimens experi-
ence catastrophic failure.
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