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Effect of laser shock processing on erosive resistance of 6061-T6 aluminum
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Abstract: Application of laser shock processing (LSP) on 6061-T6 aluminum was made in order to evaluate its response to the
erosive wear by silica sand. Impact angles of 15°, 30°, 60° and 90° were tested, two particle speeds (37 and 58 m/s) and two LSP
irradiation conditions were used. Erosion marks were characterized by 3D profilometry and SEM analysis was conducted to identify
the erosion mechanisms for each tested angle. The results showed a maximum erosive wear at low impact angles (ductile type
behavior). Erosion strength and the erosion mechanisms were not affected by the application of LSP and they were attributed to the
high strain rate of the erosion phenomena. A few differences encountered on the erosion plots were explained on the basis of the
surface roughness left by the LSP process. The maximum mass loss and the maximum erosion penetration happened in different
impact angles (15° and 30°, respectively). Finally, a well-defined erosion mechanism transition was observed, from cutting action at

low impact angle, to crater formation at 90° of incidence.
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1 Introduction

Aluminum alloys are corrosion resistant and easy to
machining, besides, its low density gives an additional
advantage in aeronautics and automotive industries [1].
6061-T6 aluminum is widely used in the transport
industry (automotive and aeronautic), and the artificial
aging T6 provides good mechanical properties [2].

Erosive wear occurs due to the repeated impacts of
erodent particles in a fluid flow hitting the surface of the
material; for example, the aircraft turbine blades while
flying through dust clouds [3], thermal power plants and
pneumatic transport systems [4], fossil energy plants [5]
and carbon processing plants [6]. Erosive behavior can
be classified as ductile or brittle, depending on the angle
that maximum erosion occurs, as shown in Fig. 1. When
the maximum erosion occurs at low impact angles, the
material has a ductile behavior; if it occurs at high angles
close to 90°, it has a brittle behavior [7].

Erosion is the main reason for the thickness loss of
these components. Therefore, it is important to
investigate alternative methods to increase the lifetime of

materials. The possibility to focus a laser beam over a
metal surface, allows local treatments to be carried out,
in order to improve the properties of bulk material [8].
Laser shock processing (LSP) is a surface treatment
technique used for a wide number of metal and alloys;
which was first recognized and explored during the
decade of 1960 [9]. This treatment occurs when a high
density laser beam impacts the surface of a metallic
material [10] generating an expanding plasma due to the
solid to vapor transformation on the surface of the
material. This plasma generates a shock wave that causes
residual stress up to a few millimeters depth in the
material, as shown in Fig. 2, as happens in LSP
treatments on  6061-T6 [1,11,12].
Improvements of properties due to LSP treatments have
been widely demonstrated in materials such as titanium,
copper, aluminum alloys and steels [13]. One of its most
important uses is and automotive
industries; its benefits are related to fatigue, corrosion
and wear resistance [11].

ZHANG et al [14] found that the compressive
residual stress can be induced into the surface of
specimen, and the fatigue life of the specimen with LSP

aluminum

in aeronautic

Corresponding author: J. IBARRA; Tel: +52-33-36035964; E-mail: jose.ibarra@itszapopan.edu.mx

DOI: 10.1016/S1003-6326(16)64258-9



J. IBARRA, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1522—1530 1523

-,

Erosion
~

1 1 1 1 1 1 L

1
0 10 20 30 40 50 60 70 80 90
Angle/(”)

Fig. 1 Ductile (1) and brittle (2) erosive wear behaviors
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Fig. 2 Schematic of laser shock processing (LSP) principle

is 3.5 times as long as that of specimen without LSP in
LY12CZ aluminum alloy. RUBIO-GONZALEZ et al [11]
found that LSP treatment increases fatigue crack
initiation life and reduces fatigue crack growth rate in
6061-T6 aluminum alloy. REN et al [15,16] found a
reduction in the effective stress intensity in 7050-T7451
aluminum alloy LSP treated specimens compared to the
un-treated ones. REN et al [17] investigated the effects of
tempering on surface topography and dislocation
configuration of 6061-T651 aluminum alloy by LSP at
elevated temperature. SANCHEZ-SANTANA et al [1]
showed that 6061-T6 aluminum reduces its wear rate
(roll-on-flat test) about 68% when it is LSP treated with a

5000 pulses/cm® energy density and 1064 nm
wavelength.
According to our knowledge, there is not

information regarding erosive wear behavior about
6061-T6 aluminum treated by the LSP technique.
Therefore, the aim of the present work is to study the
effect of the LSP treatment applied to the 6061-T6
aluminum on its erosive wear response.

2 Experimental

2.1 Specimens preparation
6061-T6 aluminum plate was used to obtain square
specimens for high impact angle and rectangular ones for

oblique impact. One batch of specimen was surface
finished to a roughness less than 1 um. A second batch of
specimens were LSP treated, these were not ground
because this process is able to change the residual stress
state induced by the surface LSP treatment and they were
tested in the as-obtained condition. Its average R,
roughness was 8.2 um. Figure 3 shows the specimens
with and without LSP.

Fig. 3 Specimens with and without LSP treatment

Microstructure was obtained using Barker’s reagent,
which is composed of 85 mL H,0, 10 mL H,SO, and 5
mL HF. Microstructure shows an aluminum matrix with
Mg,Si precipitates [18], as shown in Fig. 4.
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Fig. 4 Typical microstructure of 6061-T6 aluminum alloy

2.2 Laser shock processing

The LSP experiments reported in this work were
performed using a Q switched Nd:YAG laser Brilliant B
model, operating at 10 Hz and providing 5 ns FWHM,
440 mJ with a wavelength of 532 nm, and 6 ns FWHM,
880 mJ with a wavelength of 1064 nm. Table 1 shows a
summary of these parameters. The confining layer was
provided by a water jet incident close to the laser
interaction zone. Some authors present residual
compressive stress induced by the LSP in aluminum
alloys without the use of protective coating [1,11,19,20].
So, no protective coating was applied in the present
work. A maximum compressive residual stress below 0.4
mm depth was determined by a co-author in a previous
work for aluminum 6061-T6 [1,11]. A 2D motion system
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was used to control specimen position and generate the
pulse swept. Due to limited irradiated area, 15° erosion
tests were omitted in LSP treated specimens.

Table 1 LSP irradiation parameters used on 6061-T6 aluminum

alloy
Laser Wavelength/ Pulses/ Diameter Power density/
energy/J nm em’  ofspot/mm (GW-cm )
0.44 532 2500 1 11.2
0.88 1064 5000 1.5 8.2

2.3 Erosion tests

Erosion tests were carried out according to ASTM
G76—95 [21] using a sand-blast type machine, which is
schematically shown in Fig. 5. On this configuration,
sand is poured into a superior chamber that allows the
sand to pass to an inferior chamber where a pressurized
mixture of air and sand is generated. The mixture travels
through an outlet nozzle to hit the specimen which is
tilted to a specified angle. Impact distance was set to
25 mm. Nozzle inner diameter was 2 mm and it was
replaced when it increases in 10% according to Ref. [21].
150 pm silica sand was used as erodent, its morphology
and particle size are shown in Fig. 6. Dry air flux with a
dew point of —45 °C was used as carrier fluid.
Specimens were impacted at 15°, 30°, 60° and 90° and
blow pressures of 6.895 and 20.685 kPa. Each condition
was repeated at least 3 times obtaining an average error
of 3.2%.

Specimens were cleaned before and after the test
with acetone in an ultrasonic bath for 10 min, their mass
losses were determined using a 0.1 mg precision
analytical balance. The erosion rate was measured
dividing the total removed mass (g) by the particles total
mass (kg).

The particles speed was measured by the double
disc method (DD) [22], the results were 37 and 58 m/s
corresponding to pressures of 6.895 and 20.685 kPa,
respectively.

Sand
chamber

Air feeder

Pressure
chamber
Exit
noozle
Angle
indicator

Target holder

Fig. 5 Schematic of erosion testing machine

Erosion mechanisms were identified by FESEM,
and specimens were tilted 40° in order to have a better
topographic view of the eroded zone. A Veeco Dektak
150 profilometer was used to get 3D images of the
eroded mark zone, and the surface roughness values.

3 Results and discussion

3.1 Erosion marks

Figure 7 shows photographs of the wear marks
generated by the silica sand impacts for each angle and
pressure used. At 15° and 30° impact angles, an elliptical
shape mark is created with an eccentricity of 0.93 and
0.81, respectively; at a 60° impact angle, the mark is still
elliptical but with a decrement in its eccentricity of 0.43;
and at 90° impact angle, the erosion mark has a
circumferential shape. In all cases, pressure did not have
influence on the shape of the generated mark.

15° 30° 60° 90°
Without J |
LSP
2500 —
pulses/cm? i
532 nm
5000 :
pulses/cm 3
_20mm 5064 nm -

Fig. 7 Erosion wear marks

3.2 Erosion behavior

In all cases, a ductile behavior was observed. Figure
8 shows an erosion rate vs impact angle at 6.895 kPa
drag pressure for both specimens with and without LSP.
It can be observed that there is a decrease in erosion
strength of the specimens treated with LSP, mainly in the
5000 pulses/cm® condition (1=1064 nm). The biggest
difference in erosion rate as a function of the impact
angle (Points 1 and 2 in Fig. 8) was observed at 30°,
followed by the 60° impact angle (Points 3 and 4) and
finally, there is a convergence in erosion values when
approaching to normal incidence angle (90°).
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Fig. 8 Plot of erosion vs impact angle at blow pressure of

6.895 kPa

The difference in erosion of the samples impacted at
30° shown in Fig. 8 (Points 1 and 2; 0.0015 g), can be
explained on the basis of the initial roughness of the LSP
treated sample (8.2 pm, R,). For this specimen, the
surface presented hills and valleys as shown in Fig. 9 and
for this angle the initial roughness is important because
the erosion mechanism has a large amount of cutting
action. This cutting action is the result of a major
tangential component during the impact, capable to cause
larger mass detachment in a material that presents ductile
behavior as it is shown for this case. The cutting
capability decreases as the impact angle increases.

Figure 10 shows 3D images of the topography and
maximum erosion depth of specimens tested at 30°,
60°and 90° at 6.895 kPa pressure. The eroded mass due
to the initial surface roughness can be calculated based
on the erosion mark ellipse (Fig. 10(b)) with the depth
between the hills and valleys of 31.9 um (see Fig. 11).
For the 30° impact angle, a mass of 0.0014 g is obtained,
which is comparable with the difference in erosion mass
0f 0.0015 g for this case.

Fig. 9 Roughness after LSP treatment

Similarly, in the case of 60° impact angle (points 3
and 4 in Fig. 8) with an eroded elliptical surface area
shown in Fig. 10(d), the mass calculated of the hills and
valleys is 0.0010 g, which is very close to the mass
difference 0.0011 g.

At 90° (points 5 and 6 in Fig. 8), the mass
calculated is 0.0004 g and similarly it can be explained
by the minor eroded area, as shown in Fig. 10(f), but
mainly because this impact angle does not have the
tangential component, then, the initial surface condition
shown in Fig. 9 has a lower effect. That is, the hills
formed by the LSP treatment are easier to remove for a
low impact angle. At 90° impact angle only craters are
formed, as it will be discussed in Section 3.3. The lower
wear values for the ductile behavior is explained by the
fact that the normal impact expends a lot of energy in
such a plastic deformation that not necessarily detaches
metal.

Figure 12 shows that no difference exists between
erosion amount for specimens with and without LSP
treatment, at 20.685 kPa blow pressure for each impact
angle. For this case, the erosion rate at lower impact
angles did not show a significant difference. The ratio of
total removed mass to the contained mass in the hills and
valleys by the LSP is in the order of 24 times which
makes the initial surface effect negligible.

The discussion above makes to conclude that there
is no difference in erosion resistance in Al 6061-T6 alloy
in the as-received condition and after LSP treatment. The
differences are found due to the initial surface condition.
SANCHEZ-SANTANA et al [1] found that LSP
treatment in 6061-T6 alloy reduces its wear rate (roll on
flat test) by about 68%; however, a reduction in erosive
wear rate for impact angles, pressures and laser
irradiation parameters tested in the present research did
not show any improvement. This can be attributed to the
high strain rate of the erosion phenomena (typical values
lie in the range of 10*~107 s™' [4], which implies that the
plastic deformation occurs under adiabatic conditions,
leading to an increase in temperature of the eroded
material. This increase was calculated by CHEN
et al [23] leading to a maximum AT, of 365 K for
aluminum, under ideally adiabatic conditions. We believe
that the heat generated by the adiabatic conditions could
be good enough to relief the residual stresses induced by
the LSP treatment, although, additional experimental
work is necessary in order to confirm this hypothesis. On
the other hand, the strain rate values in the sliding wear
lie in the order of 10" s™" and thus, no adiabatic process
occurs; this means that the heat produced during this
process is able to be dissipated.

LAGUNA-CAMACHO et al [24] reported a ductile
behavior for 6061-T6 aluminum whose maximum
erosion is at 30°, being the lower angle tested. In the
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Fig. 11 Roughness after LSP treatment

present study, the lower angle tested was 15° which
corresponds to the maximum erosion rate; therefore, it
should be taken into account for this trend that the
maximum erosion rate could be even at lower angle than
what is here shown.
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Fig. 12 Plot of erosion vs impact angle at 20.685 kPa blow

pressure

Figure

13 shows the maximum erosion depth

penetration for both impact particle speeds of 37 and
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58 m/s (6.895 and 20.865 kPa, respectively). It is
observed that the maximum penetration values occurred
at 30°, whereas the 15° angle corresponds to the
maximum mass loss. Then, there is no correspondence
between the angle of maximum erosion and the angle of
maximum penetration depth, which is important for
applications where the thickness loss defines the useful
lifetime of the metallic component.

600
500 |
400 F
g
= i
1, 300 +— 6.895 kPa
K =— 20.685 kPa
200 F
wop
0 20 40 60 80 100

Impact angle

Fig. 13 Maximum erosion depth penetration on specimens
without LSP treatment

The laser shock processing induces a residual stress
field up to a depth of 1 to 2 mm [1,11,15] which is
greater than the maximum erosive scar depth (550 pm)
found in this study. Thus, all the erosive scars lie within
the residual stress field induced by the LSP.

3.3 Wear mechanisms

The wear mechanism on the eroded specimens
without LSP treatment impacted at 15°, 30°, 60° and 90°
using a particle speed of 58 m/s is described as follows.

Figure 14 shows the erosion caused by impacts at
15°, it can be noticed that cutting action made by erosive
particles is the main reason of material removal typical
for impact at low angles. The tangential component of
the particle speed has a greater contribution than the
normal component, generating the formation of grooves
with some plastic deformation in lateral lips shape or
frontal lips shape in the erodent flow direction.

Figure 15 shows the erosion mechanism caused by
30° angle impacts. In comparison with erosion at 15°, it
can be noticed that cutting action has decreased but the
formation of grooves is still part of the erosion
mechanism, but these are shorter. However, plastic
deformation has increased considerably in the form of
lateral and mainly frontal lips which are susceptible to be
detached by subsequent impacts.

The erosion surface at 60° impact angle is shown in
Fig. 16. There is a considerable increment of the plastic
deformed material, in such a grade that the groove

o G 4 SEMMAG 1.50 kx

aleral lip
,_f

Fig. 14 Erosion surface without LSP treatment at particle speed
of 58 m/s (6.895 kPa blow pressure) and 15° impact angle

' SEM MAG: 1.50 kx |,

Fig. 15 Erosion surface without LSP treatment at particle speed
of 58 m/s (20.685 kPa blow pressure) and 30° impact angle

mechanism is not clearly identified. Some indentations
with a symmetrical shape can be noticed, which can be
attributed to the erosion ellipse eccentricity close to the
cero value.

Figure 17 shows the erosion surface at 90°. Because
there is only normal component of the particle speed, it
causes damage on the surface by the formation of craters
and displacement of material around the impact point.
Subsequent impacts cause the detachment of ulterior
material which is the principal wear mechanism typical
for ductile materials at this erosion angle.

Figure 18 shows the erosion mechanisms for the
case of the LSP treated samples. There was no difference
found on the wear mechanism in specimens with and
without LSP at the two particle speeds used. This result
is attributed to the adiabatic conditions of high strain rate
of the erosion phenomena, as it was explained previously.
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Fig. 16 Erosion surface without LSP treatment at particle speed
of 58 m/s (20.685 kPa blow pressure) and 60° impact angle

Fig. 17 Erosion surface without LSP treatment at particle speed
of 58 m/s (20.685 kPa blow pressure) and 90° impact angle

4 Conclusions

1) There is no difference in erosion resistance of
6061-T6 aluminum attributed to the LSP treatment, and
the differences found are due to the initial roughness left
by the LSP treatment.

2) Although the maximum mass loss caused by
erosion is at 15°, the maximum erosion depth occurs at
30° impact angle. A ductile behavior is observed in all
cases.

3) The erosion mechanisms observed for the tested
angles are: at 15°, grooves formation due to the mayor
contribution of the tangential component of the particles
speed, and some plastic deformation in the metal; at 30°,
the metal plastic deformation increases considerably
forming lateral and frontal lips. The cutting action has

Fig. 18 Erosion surface with LSP treatment at particle speed of
58 m/s (20.685 kPa blow pressure): (a) 30°; (b) 60°; (c) 90°

decreased and grooves formation is still present but these
are shorter; at 60°, there is a considerably increment in
the plastic deformation of the metal and groove
formation mechanism is not observed. At 90°, surface
damage is due to craters formation causing metal
displacement around the impact and the subsequent
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impacts causes the detachment of the material. The
erosion mechanisms are the same for the samples with or
without LSP treatment, as well as for the two particle
speeds of 37 and 58 m/s.
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