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Abstract—The structure and stressed state of AMg6 alloy have been studied after laser shock processing with-
out protective coating. The method of layer-by-layer X-ray structural analysis has revealed a correlation
between the parameters of crystalline structure and the profile of residual stresses of the processed samples.
After laser processing, the sizes of coherent scattering regions on the material surface decrease to 50 nm, the
value of microstrains increases to 0.0019, and the average dislocation density increases to 4.7 X 10" m—2. The
profile and the depth of the residual compressive stresses depend on the power density, coefficient of over-
lapping of laser spots, and multiplicity of processing, reaching 2 mm.
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INTRODUCTION

Investigations in the field of laser shock processing
have been actively developing in the last 25 years. This
is related to the possibility of its application for pro-
cessing of engineering materials with the aim of
improvement of strength and, in particular, fatigue
properties, corrosion, and wear resistance.

In the conventional variant, the essence of laser
shock peening is in the action of short laser pulses
(10—50 ns) with high power density (10°—10'° W/cm?)
on the surface under processing with a preliminarily
applied absorbing coating via a layer transparent to
irradiation (water or glass). Under the impact of iradi-
ation in the vapors of the absorbing coating surface,
plasma is generated, which forms a shock wave in the
material. If pressure in the shock wave exceeds the
Hugoniot elastic limit, there occurs plastic deforma-
tion of the surface layer of the material under process-
ing and, as a consequence, there occur residual com-
pressive stresses. The absorbing coating, that is, paint,
adhesive tape, or foil, in such a processing sequence
protects the surface against contact with laser-induced
plasma and the transparent layer constrains the
plasma from rapid expansion. Contrary to mechanical
peening, the front of shock wave upon laser shock
treatment is flat, the surface relief after processing
changes insignificantly, and the peening depth can
achieve 1.5—2 mm. The resistance of products against
cyclic loads after such processing can increase from
30 to 200% and even higher [1—4].

In recent years, both conventional methods of laser
shock peening (LSP) under the impact of high energy
nanosecond pulses with the wavelength of 1.06 um on
a surface with an absorbing layer were developed, and
more advanced approaches such as laser shock pro-
cessing with heating of material under processing [4—
6] and laser shock peening without coating (LSPwC)
by irradiation of low energy (from units to tenths of
joule) with the wavelength of 0.532 um were developed
[7, 8].

In the course of laser processing of surface without
coating with the aim of induction of surface plasma, it
is required to evaporate a part of material under pro-
cessing, which is a major drawback of such processing
method. However, the absence of absorbing coating is
also an advantage, since application of such coatings
requires preliminary preparation of the surface, up to
polishing, and the shape of products does not always
allow coatings to be applied. In addition, lower energy
of laser pulses makes it possible to transfer them via
optical fiber, and shorter wavelength makes it possible
to process items submerged in water to significant
depth [9].

The researchers in [10] presented the experimental
results of laser shock processing of the structure and
residual macro stresses in AMg6 alloy during process-
ing with absorbing coating. Selection of AMg6 as the
object of research was dictated by the wide scope of its
application in industry, from mechanical engineering
to the aerospace field, and the absence of works on

619



620

laser shock processing of such alloy; the main method
of improvement of strength properties of such alloy is
plastic deformation, since AMg6 belongs to alloys
which are not hardened by thermal processing.

This work is aimed at studies of the stressed state
and structural changes in AMg6 alloy during laser
shock processing without absorbing coating.

EXPERIMENTAL

The experiments were carried out on flat samples
with the dimensions of 15 X 15 X 4 mm cut out from a
sheet of commercial AMg6 polycrystalline alloy with a
cladding aluminum layer with thickness up to 70 um.
The composition of the initial samples was in confor-
mity with GOST (State Standard) 4784-97; residual
stresses on the surface were absent. Prior to laser pro-
cessing, the cladding layer in most cases was removed
by electrolytic polishing in a solution of hydrochloric
acid HCIO, in ethyl alcohol (1 : 4); then the samples

were washed with distilled water and acetone.

The pulse source was an LSP 2500 YAG:Nd solid
state laser (wavelength A = 0.532 um, pulse duration
T =10 ns, pulse energy £ = 0.34J). Processing of sam-
ples without absorbing coating was performed under
the running layer of distilled water with the thickness
of 60 mm at step-by-step displacement / with overlap-
ping of laser spots. In the course of experiments, the
following parameters were varied: the power density
g= 0.1-2.2 GW/cm?, the coefTicient of overlapping
k, = (d —[)/d, the number of processing events (1—3),
and the state of surface under processing (existence or
absence of protective aluminum layer). The power
density was varied by changes in beam diameter d =
1.4—6 mm by means of a focusing lens with the focal
distance of 100 mm. Upon repeated processing, the
sample was rotated by 90° before each subsequent
cycle of processing.

Preparation of transverse polished cross sections of
processed samples was carried out by their consecutive
grinding and polishing on a felt disk wetted with an
aqueous suspension of chromium oxide. Then, elec-
trolytic polishing was carried out in a solution of per-
chloric acid HCIO, in ethyl alcohol for 1—2 min. At
final stage, the grain boundaries were revealed by
etching with Keller’s reagent (10 mL HF, 15 mL HCI,
25 mL HNO;, 5 mL H,0).

The microstructure of the considered materials was
analyzed using a Neophot 30 optical microscope and
an EVO 50 electron microscope (Carl Zeiss) coupled
to an INCA Energy 300 spectrometer for elemental
analysis. The microhardness of the materials was mea-
sured with a PMT-3 hardness meters at the load of 50 g
(impression diagonal of 30—40 pm). X-ray structural
analysis was carried out using a DRON-3 X-ray dif-
fractometer with CuK, radiation. The diffraction lines
for analysis of structural changes were recorded by
points with increment of 0.01°. The X-ray beam was
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formed using Soller slits, horizontal (0.5 mm) and ver-
tical (6 mm) forming slits, and also a horizontal silt
before the counter with the width of 0.2 mm.

The distribution of residual macro stresses across
the depth was studied using layer-by-layer removal of
material with the increment of 20—150 um (depending
on the processing depth) by electrochemical polishing
in solution of perchloric acid HCIO, in ethyl alcohol.
Macro stresses in each layer were determined by dis-
placement of the most distant diffraction aluminum
line (511) by the sin’y method (the slope method).
The X-ray beam was formed using horizontal and ver-
tical forming slits with the sizes of 2 mm and horizon-
tal silt before the counter with the width of 0.5 mm.
Owing to the necessity to obtain numerous experi-
mental data, the diffraction peaks were recorded at
two slope angles y = 0 and 50° by points with the
increment of 0.02°. The AMg6 sample annealed at
350°C for 2 h was used as the reference. The stresses G,
and o, were determined along and across laser passes,
respectively. The stresses were calculated as follows
[11]:

— E EWSO_EWO
. . >
® 1+ vsin? Vs —sin’ W,
d—d,
g=—=2,
dy

where E is Young’s modulus, v is the Poisson coeffi-
cient, € is the relative change in interplanar distance, d
is the interplanar distance (511) of processed samples,
and d, is the interplanar distance (511) of reference
sample.

The variable Es;; /(1 + v) for the line (511) shown in

Table 1 was calculated in the Royce approximation for
crystals of cubic syngony [12]:

S
LV =851~ S _3F(511 v —ﬂ),
Ey 2

o+ K+ PR
W+ K +1%)
The calculations were performed with the coeffi-

cients of elasticity ¢ and flexibility s determined for
AMg6 in [13] (Table 1).
It should be mentioned that in our case with the

data from Table 1, the values of F and v in the Royce
and Voigt approximations do not differ in fact.

RESULTS AND DISCUSSION

One of the main distinctions of shock processing
without coating from processing with coating is for-
mation of a thin layer of molten material in the zone of
laser treatment. As a consequence of interaction
between the melt and active oxygen of surface plasma
and water vapor, a film is generated on the material
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Table 1. Coefficients of elasticity of the second order in AMg6 alloy
511, GPa~! 513, GPa~! cass GPa S44, GPa™! i, GPa A, GPa E511/((}i): V),
142x 107 | —4.81x 1073 25.9 38.6 x 107 259 52 524

surface containing up to 30—40 at % of oxygen accord-
ing to elemental analysis. The appearance of the
boundary of processed and unprocessed surface (the
top and the bottom parts of the figure, respectively) is
illustrated in Fig. 1a. The processed fragment of the
surface at higher magnification is illustrated in Fig. 1b.
The X-ray diffraction analysis does not reveal struc-
turally ordered oxide phases, which can indicate both
low extent of crystallinity of formed compounds and
low thickness of oxide film.

Figure 2a illustrates fragments of X-ray patterns
recorded at the surface of AMg6 samples before and
after triple laser processing. The changes in the ratio of
intensities of Al diffraction lines, which depends on
processing multiplicity, are obvious. A similar result is
achieved upon increase in the coefficient of overlap-
ping. The change in the intensity of X-ray lines reflects
existence of not only an oxide layer but also a surface
recrystallized layer. Existence of the recrystallized
layer is confirmed also by splitting of initial diffraction
lines into two, one of which is displaced toward lower
and the other toward higher angles (Fig. 2b). The dis-
placement of lines toward higher or lower angles is due
to the existence of tensile or compressive stresses in the
layer, respectively.

The total thickness of the oxide and recrystallized
layers (10—30 um in our case) depends on the power
density and processing multiplicity. Except for the sur-
face layer, no noticeable distinctions between the
microstructure of processed and unprocessed samples
were revealed by either optical or scanning electron
microscopy. The diffraction patterns of the samples
after removal of the surface layer are characterized by

the same features as upon processing with absorbing
coating [10].

Laser shock processing leads to a significant (by
15—-20% at a maximum) increase in microhardness
HVj s to the depth up to 1.5 mm. Figure 3 illustrates
the microhardness in samples exposed to single and
triple processing. One may mention the absence of an
explicit dependence of HV}, ;s on processing multiplic-
ity and a significant scatter of microhardness across
the depth.

Since the main aim of laser shock processing in
terms of engineering application is creation of the
required level of residual compressive stresses in the
material, for determination of the working interval of
the radiation power density, the amplitude of plasma
pressure occurring on the target surface was evaluated
(Table 2). The calculations were carried out using the
model in [14]. The maximum pressure P (GPa) cre-
ated by the laser plasma in the regime of constraint of
plasma cloud expansion by the water layer was deter-
mined as follows [15]:

P =0.01 /LZJO,
o+3

where o is the fraction of internal energy usually
released in the form of heat energy, (typically o =

0.25); 1, (GW/cm?) is the radiation power density on

the material surface; and Z (g/(cm? s)) is the reduced
shock impedance between the target and inertia
medium (water) determined as follows:

2 1 1

_:_+_’
zZ z, Z

Fig. 1. Surface of AMg6 alloy without coating after laser shock processing.
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Fig. 2. X-ray diffraction patterns (a) and diffraction line (511) (b) of AMg6 alloy samples: (/) before laser processing; (2) single

processing; (3) triple processing. k, = 0.65; ¢ = 1.1 GW/cmz.

where Z, and Z, are the acoustic resistance of water
and target, respectively.

In the entire used range of radiation power density,
the plasma pressure formed on the target surface
exceeded the Hugoniot elastic limit for AMg6 alloy
(OueL = 0.42 GPa). The Hugoniot elastic limit was
determined by the well-known equation

A
OHEL = (1 + ZJ Oayn>

where A and W are Lamé parameters (Table 1) and
Ogyn = 210 MPa is the dynamic yield compressive
stress (the deformation rate is 1200—1300 s~!) [16].
The minimum radiation power density required for
plasma pressure in excess of the Hugoniot elastic limit
for AMg6 alloy should be at least 100 MW/cm?. In the
experiments, the compressive residual stresses on the
material surface were recorded at ¢ = 200 MW/cm?,
which quite satisfactorily agrees with the calculations.
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Fig. 3. Microhardness of AMgb6 alloy after single (/) and
triple (2) processing. k, = 0.65; ¢ = 1.1 GW/cmz.
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The distributions of residual stresses averaged
along the directions x and y over depth in samples pro-
cessed by radiation with different power density and
k,= 0.5 are illustrated in Fig. 4. As follows from the
plots, the dependence of the stress profile on the
power density is very complicated. Contrary to the
processing with coating, the residual compressive
stresses are characterized by an explicit maximum
(0, up to —120 MPa) at the depth of ~100 wm, which
is related to above-mentioned surface fusing, forma-
tion of oxide film, and, as a consequence, occurrence
of tensile stresses in the surface layer.

In the range of ¢ = 0.7-2.2 GW/cm? (d = 1.4—
2.5 mm), the function 6(#) has a wavelike pattern with
minimum compressive stresses at the depth of 450—
500 um and the depth of plastic deformation up to
1.6 mm. The increase in the coefficient of overlapping

O —
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2
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[
_120 1 1 1 1 ]
0 400 800 1200 1600 2000
Depth, um

Fig. 4. Distribution of average residual stresses in pro-
cessed samples at different power densities (k, = 0.5):

(1) 2.2; (2 1.1; (3) 0.5; (4) 0.27 GW/cm>.
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Table 2. Calculated amplitudes of plasma pressures on AMg6 surface at different power densities of laser radiation

Z, g/(cm?*s) Z,, g/(cm?s) o Z, g/(cm?s) Iy, GW/cm? P, GPa
1.5 x 10° 0.165 x 10° 0.25 0.297 x 10° 2.2 2.2
L1 1.6
0.7 1.3
0.5 1.1
0.27 0.8

leads to a significant increase in the depth of the region
of plastic deformation (Fig. 4, plot 2and Fig. 5, plot ).

Significant influence on formation of residual
stresses is exerted by the existence of the cladding alu-
minum layer on the material surface. In fact, it acts as
a protective coating and, being the material for gener-
ation of plasma cloud, at the same time protects the
main material against thermal exposure. Laser shock
processing in the presence of such layer leads to a sig-
nificant difference in residual stresses along (c,) and
across (0,) passes, as well as to a significant increase in
their maximum value on the surface of the main mate-
rial in comparison with processing of alloy without
cladding layer (Figs. 6a and 5, respectively). In addi-
tion, a noticeable difference should be mentioned in
the results of processing of samples with cladding alu-
minum layer and samples with coating in the form of
adhesive polymer tape described in [10]. At a lower
number of pulses per unit surface area (155 and
175 pulse/cm?, respectively) and half the power den-
sity, the depth of the zone of plastic deformation and
the residual compressive stresses in cladded samples
are significantly higher (Fig. 6). Obviously, this is a
consequence of different conditions of formation and
propagation of shock wave due to different properties

1MPa
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Residual stresses
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1500 2000 2500

1000
Depth, um
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Fig. 5. Distribution of the measured average residual
stresses in samples with different multiplicity of processing

(ky=0.65,g=1.1 GW/cmz): (1) single processing; (2) tri-
ple processing.
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of coating materials and contact areas water—coating
and coating—AMg6 alloy.

The increase in multiplicity of processing influ-
ences comparative weakly the maximum residual
stresses, slightly varying their profile (Fig. 5) and
increasing the depth of formation of negative stresses
up to 40%. In the case of alteration of processing
direction in each cycle, the multiplicity influences the
ratio of 6, and ¢,. If upon single processing 6,/0, var-
ies mainly in the range of 1—1.2 and upon double pro-
cessing G, = G, then triple processing results in
0,/0,=0.8—0.9.

When analyzing in detail the profile of residual
stresses (Figs. 4—6), one can see that, at the depth
from 500 to 1500 wm, their distribution has wavelike
pattern with regard to the approximating curve. Since
the formation of residual stresses due to the absence of
phase peening in the considered case is mainly related
to the dislocation structure, it is possible to assume
that such distribution is dictated by layer-by-layer
variation of the dislocation density over the depth.

The dislocation density and other structural prop-
erties were determined by analysis of the profile of
X-ray diffraction line (200), since in FCC lattices the
structural defects are best of all exposed in variation of
the profile of this line. With this aim, experimental
and instrumentation lines were approximated by
asymmetric pseudo-Voigt functions. The apparent
size of coherent scattering regions (CSR) D and the
value of microdeformation €, as in [10], were calcu-
lated by the analytical results in [17]. The equations in
[17] make it possible to calculate D and € with consid-
eration for asymmetry of instrumentation and physical
lines without performing deconvolution for recovery
of the physical profile. The dislocation density was
calculated by the equation used in analysis of plasti-
cally deformed FCC metals [18]:

. 23
bD "’

where b = a/x/E is the modulus of the Burgers vector
and a is the unit cell parameter.

According to the calculations, on the surface of
unprocessed material, D = 120—160 nm, € = 0.0007—
0.0008, and dislocation density p = 6.2 x 1013-7 X
108 m=2. The structural properties of unprocessed
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Fig. 6. Distribution of measured average residual stresses 6, and G, in processed samples with coating: (a) cladding Al layer,

g=11 GW/cmz; (b) polymer coating, g = 2.2 GW/cmz.
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Fig. 7. Dependences of the average density of dislocations on the depth in processed samples with cladding layer (a) and with
different multiplicity of processing (b): (7) single processing; (2) triple processing. k, = 0.65, ¢ = 1.1 GW/cmz.

samples are characterized by an obvious dependence
on radiation power density and multiplicity of pro-
cessing. Thus, the minimum D = 50 nm, the maxi-
mum € = 0.0019, and the maximum dislocation den-
sity p = 4.7 X 10" m~2 are achieved on the surface
(after etching of the oxidized layer) in the course of tri-
ple processing. Figure 7 illustrates the dislocation den-
sities as a function of depth for samples processed
under different conditions (corresponding to the sam-
ples in Fig. 5 and Fig. 6a). In the course of single pro-
cessing of AMg6 with cladding layer, the changes in
dislocation density can be described using the follow-
ing equation: p(h) = bx~“, where a = 0.94. For samples
without cladding layer, the dislocation density as a
function of depth has a more complicated form. The
wavelike pattern of the dislocation density distribution
with regard to the approximating curve at the depth of
450—2000 um should be mentioned, which correlates
quite well with the distribution of corresponding resid-

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 13

ual compressive stresses. In Figs. 7a and 7b, it is pos-
sible to determine sufficiently precisely the depth of
plastic deformation upon laser treatment, which also
correlates satisfactorily with the microhardness as a
function of depth. The scatter of microhardness values
across the depth can be attributed to generation of lay-
ers with different crystallographic properties after
shock processing. In this case, in contrast to the
microhardness, X-ray structural analysis makes it pos-
sible to determine more precisely the depth of the pro-
cessing zone (the zone of plastic deformation) during
laser shock processing.

The observed features of the distribution of dislo-
cations and profiles of residual compressive stresses,
in addition to the parameters of laser processing, can
be attributed to the formation of a surface recrystal-
lized layer, the specificity of formation of shock waves
in the presence of a water layer of high thickness, and
the influence of waves reflected from rear side of sam-
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ples on the material structure, which form significant
tensile stresses. However, supplemental studies are
required to account for the contribution of these
factors.

CONCLUSIONS

This work demonstrated the efficiency of laser
shock processing of AMg6 aluminum alloy without
absorbing coating for creation of residual compressive
stresses to the depth up to 2 mm. The profile of resid-
ual stresses was determined as a function of the power
density of laser pulse, and its boundary value was
determined, equal to 200 MW/cm?, at which residual
stresses can be formed.

X-ray structural analysis demonstrated an explic-
itly pronounced correlation between dislocation den-
sity and residual stresses over the depth of laser treat-
ment area. With increase in the power density of laser
radiation and multiplicity of processing, the average
dislocation density on the material surface increases to
4.7 x 10 m~2, the sizes of coherent scattering regions
decrease to 50 nm, and the value of microstrains
increases to 0.0019.

Increase in the multiplicity of processing influ-
ences the ratio 6,/0, and increases the depth of forma-
tion of residual stresses by 1.3—1.4 times, weakly influ-
encing their maximum value.

The existence of cladding aluminum layer leads to
increase in the maximum value of residual compres-
sive stresses from —120 to —155 MPa and changes in
the distribution of dislocation density over the depth
in comparison with processing of alloy without clad-
ding layer or with protective polymer coating.
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