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Study of Residual Stress and Surface Morphology
Changes in Al,0; Induced by Nd:YAG Laser Irradiation
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In this study, the residual stress and surface morphology changes in alumina plates by the irradiation of a
Q-switched Nd: YAG laser were investigated. The results of x-ray diffraction using the sin*\s technique show
that laser irradiation induces tensile residual stresses on the surface of the plates, which increase with the
increasing energy density of the laser beam. Residual stress and surface morphology are sensitive to the
irradiation conditions. The surface morphology of the plates systematically changed with the laser energy
density and the presence of an aluminum foil or water on the plates. The physical reasons for these changes

are discussed in this article.
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1. Introduction

Alumina (Al,O5) is one of the typical refractory ceramics
having high thermal shock strength and a high resistance to
corrosion and erosion. Therefore, Al,Oj3 is utilized in various
applications such as space planes, fusion reactors, gas turbines,
and incinerators. Moreover, the laser surface treatment of Al,O5
can yield a pore-free, homogenous, and crack-free surface, which
has a low permeability to corrosive species and a high surface
hardness, and hence an increased corrosion and erosion resis-
tance (Ref 1). The main factors affecting corrosion and erosion
resistance are composition, oxygen content, and surface mor-
phology (Ref 2, 3). Though laser irradiation cannot change the
composition and oxygen content significantly, it can affect the
surface morphology or surface roughness by sealing pores and
eliminating surface flaws and crack homogenization macroscop-
ically (Ref 4-6). Since the decrease in the surface roughness due
to the densification and elimination of surface defects causes an
increase in corrosion and erosion resistance, a study of the
surface morphology provides information on important proper-
ties of ceramics. However, very few surface morphology studies
have been carried out at the grain size level using a Q-switched
Nd:YAG laser under various irradiation conditions.

Residual stress is also an important property of ceramics. It
is related to various mechanical properties such as crack
propagation, fatigue strength, and corrosion cracking. Further-
more, residual stress is one of the essential factors determining
the thin film quality. For example, residual compressive stress
causes the delamination of the surface layer from the substrate,
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while residual tensile stress may cause the formation of a
surface crack in films (Ref 7, 8). Many techniques are used to
investigate residual stress, such as x-ray diffraction (Ref 9, 10),
nanoindentation fracture (Ref 11), Raman spectroscopy (Ref
12, 13), confocal photostimulated microspectroscopy (Ref 14),
and object-oriented finite element analysis (Ref 15). Among
these, x-ray diffraction is a nondestructive method and one of
the most frequently used methods. In this study, a systematic
investigation of residual stress changes is carried out using an
x-ray diffraction method by controlling the wavelength and
energy density of a Q-switched Nd:YAG laser. Furthermore, the
effects of various irradiation conditions on Al,O5 grains in a
few microsize levels are investigated through scanning electron
microscope (SEM) images.

2. Experiment

2.1 Measurement of X-ray Diffraction and Surface
Morphology

A Rigaku x-ray diffractometer with Cu Ko radiation was
used to evaluate the residual stress before and after the laser
irradiation of the samples. High-purity alumina (Al,0O3) plates
(Sumitomo Chemical Co., Ltd., Osaka, Japan) with dimensions
of 20 x 50 x 1 mm were used as the samples. These plates
were manufactured using a grinding machine. An Xx-ray
radiation source of Cu Ko, (wavelength: 1.5406 A) was used
at 40 kV and 20 mA. The (1310) peak around 127.7° was
selected for the residual stress analysis because the higher 20
peaks are more sensitive to strains (or stress). 0-20 scans were
performed in the step mode wherein the data acquisition time
was 30 s at every data point. Surface morphology images were
obtained using the SEM (JSM 5200, JEOL) in a high vacuum
state. Since Al,Oj is an insulator, all the alumina plates used for
SEM experiments had to be coated with metallic materials to
eliminate the charging effect. In the experiments described here,
the plates were coated with gold using sputtering equipment
(Fine Coat Ion Sputter JFC-1000) in a vacuum. The surface
roughness of the samples was measured by white-light
scanning interferometry (NV-3000, NanoSystem).
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2.2 Laser Irradiation

Figure 1 shows the experimental setup for the residual stress
control of Al,O3 by laser irradiation. A Q-switched Nd:YAG
laser (Quanta-Ray Pro-230, A = 1064 nm) was used as a
source. By means of a second harmonic generator (SHG) with a
nonlinear optical crystal, a frequency-doubled fundamental
wave of a Q-switched Nd:YAG laser can be generated; this is a
water-penetrable wave (A = 532 nm). A serrated aperture was
placed in front of a vacuum spatial filter to improve the beam
spatial profile and image relay. The beam transmitted through
the serrated aperture was propagated through a 1.4 times
magnifying vacuum spatial filter. The laser beam was focused
by a lens and irradiated on a test sample in a water jacket (or no
water jacket for A = 1064 nm) through a window. The test
sample was fixed on a sample holder and moved along the
x- and y-directions in the water jacket during laser irradiation.
For A = 1064 nm experiments, the alumina plates were envel-
oped by aluminum (Al) foils, instead of a water jacket, to
reduce surface damage. The thermal conductivity of Al foils is
235 W/mK. Laser pulses with a pulse energy of 10-100 mJ
were incident on the sample surface with a focal spot waist of
1 mm, a pulse duration of 10 ns, and a repetition rate of 10 Hz.
The spot size was measured by a beam profiler (Newport LBP-
1-USB). The sample holder speeds along the x- and y-directions
were 1 and 0.2 mm/s, respectively. To control the experimental
conditions, the laser pulse energy and beam profile (includ-
ing the spot size) were monitored using an energy meter
(Coherent J25LP) and a beam profiler (Newport LBP-1-USB),
respectively.

2.3 Residual Stress Analysis

Since selecting the appropriate angle is important for the
residual stress analysis, the x-ray diffraction experiments on the
Al,O5 plates are performed up to 20 = 135°, as shown in
Fig. 2(a). All the peaks in the diffraction patterns are well
defined by the Al,O5 polycrystalline peaks, indicating that the
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Fig. 2 X-ray diffraction pattern for residual stress analysis. (a) 6-20
scan for alumina plates. An example of the x-ray diffraction pattern
for residual stress using the wavelengths (b) 1064 nm and (c)
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Fig. 1 Experimental set-up for residual stress control of Al,O; by laser irradiation
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angles, the sample angle (0) can be tilted to higher angles for
residual stress measurements, suggesting more reliable residual
stress analysis due to the availability of more data points. In this
article, s denotes the tilting angle of the sample. For the
residual stress analysis, the x-ray background is removed by
linear fitting and the Cu Ko peaks are normalized. Figure 2(b)
and (c) shows examples of residual stress measurement using
x-ray diffraction patterns for the wavelengths A = 1064 and
532 nm, respectively.

The residual stresses (og) are evaluated by the sin®\y
technique (Ref 9), which is one of the most widely used
techniques. It is essential to obtain precise peak positions for
the sin®| technique. In order to remove the Cu Ko, peak
contributions, the Rachinger correction (Ref 16) should be
applied. However, since the Cu Ko, peak is well separated
from the Cu Koy peak, there is no significant difference
between the peak positions obtained with and without the
Rachinger correction. Peak positions are determined for all s
data by parabola fitting using the top 15% rule, which is an
empirical rule that states the x-ray data points corresponding to
85% of the maximum intensity should be fitted by a parabola
function (Ref 17). From these peak positions (20), the
interplanar spacing (dy,) for every | can be obtained using
the Bragg condition as follows: dy = 12';.‘:]096 (A). The residual
stress G, can be obtained from the slope (@) of dy, plotted as a
function of sin®\r. Residual stress can be expressed as

E
Op=———"
* T a1+

(Eq 1)

where E and v are elastic modulus and Poisson’s ratio,
respectively. The elastic modulus and Poisson’s ratio of
AL O3 are ~300 and ~0.33 GPa, respectively (Ref 18). In
practice, the unstressed lattice spacing (dy) is replaced by the
lattice spacing measured at \y = 0 (Ref 9).

3. Results and Discussions

3.1 Residual Stress

Figure 3 shows a plot of interplanar spacing as a function of
sin®{ for the alumina plates irradiated with different energy
densities. According to Eq I, the residual stresses of the
alumina plates are determined by the slopes of dlp(Sil‘lZ\ll), which
systematically increase with the increasing energy density (g) of
the laser. It is important to note that a positive slope of
dw(sinzw) corresponds to tensile residual stress, whereas a
negative slope corresponds to a compressive residual stress.
The as-received alumina plate also has tensile residual stress
(~257 MPa) due to the grinding process in the manufacturing
stage (Ref 19). The inset of Fig. 3 summarizes the relation
between the energy density and the stresses of the plates; the
higher the energy density, the higher is the tensile stress
induced. A compressive stress on a surface can be achieved by
infiltrating some materials on the surface. In contrast, a tensile
stress on a surface can be achieved by removing some materials
on the surface. Basically, a laser irradiation transfers thermal
energy on the surface, which can evaporate some materials on
the surface. Therefore, higher energy density causes more
evaporation and, hence, more tensile stress on the surface.
However, a high enough irradiation energy density tends to etch
the surface of the alumina plates.
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Fig. 3 The interplanar spacing versus sin®}y by change of energy
density A = 1064 nm. The inset summarizes the relation between
residual stress and energy density

Since photon energy at A = 532 nm is considerably higher
than that at A = 1064 nm, the irradiation conditions should be
adjusted to prevent damaging the alumina plates. In order to
investigate the effect of irradiation conditions on the residual
stress of the alumina plates, the samples were irradiated under
various conditions, for example, by changing the energy
density, irradiating in a water jacket, enveloping the samples
with Al foils, and so forth. Among those conditions, the
samples irradiated with an energy density of 12.7 J/em?® in a
water jacket without Al foils exhibit the largest tensile residual
stress. Figure 4 shows d\l,(SiIlzlll) for different scan times at the
same energy density, 12.7 J/em®. Though it is expected that
increasing the scan time increases the slope of d\,,(sinz\lj), there
is no systematic change in the slope with increasing scan time.
The reason will be discussed in the next section. The residual
stresses are estimated again by the sin®\s technique. The
evaluated residual stresses by a one time scan, a two times scan,
and a four times scan are ~848, ~75, and ~300 MPa,
respectively. This indicates that the residual stress can be
controlled, and the residual stress is sensitive to the irradiation
conditions. Figure 5 shows dw(sin2\|/) for the other irradiation
conditions. The solid circles and diamonds correspond to data
obtained by enveloping the samples by Al foils and irradiating
them in water, respectively. The residual stress estimated by a
one time scan is higher (~421 MPa) than that (~69 MPa) by a
two times scan. This result is consistent with that obtained by
irradiating the samples without Al foils, as shown in Fig. 4.
When an alumina plate is irradiated in air without an Al foil
with an energy density of 3 J/cm?, the residual stress is about
590 MPa. Note that, in the case of A =532 nm, when the
alumina plates are irradiated in air without the Al foils with an
energy density over 3 J/em? the surfaces of the plates get
etched.

3.2 Surface Morphology

An SEM is one of the most powerful tools to investigate the
surfaces of alumina plates irradiated by laser beams. All the
alumina grains of the as-received alumina plate have sharp
edges because the manufacturing process such as grinding
breaks or splits alumina grains, as shown in Fig. 6(a). However,
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Fig. 5 dq,(sinz\|/) for other irradiation conditions of A = 532 nm

when the laser beam of A = 1064 nm irradiates the alumina
plates enveloped by the Al foils, the sharp edges of the alumina
grains get deformed according to the irradiation energy density.
Figure 6(b), (c), and (d) shows the SEM images at the
irradiation energy densities of 3.81, 5.09, and 6.36 J/em?,
respectively. Since Al foils have a good thermal conductivity,
the thermal energy of laser beam directly affects the contact
areas, which are the likely edges of the grains. Thus, when the
energy density is increased, the sharp edges of the grains get
further deformed, as shown in Fig. 6(b)-(d). Though the energy
density is 6.36 J/cm?, the sharp edges of the grains can be
observed in the inner region where the Al foil is not attached, as
shown in Fig. 6(d). Since alumina is a good thermal insulator,
the inside grains can be preserved during the laser irradiation.

Figure 7(a)-(c) shows SEM images of samples irradiated
with A = 532 nm at an energy density of ~12.7 J/cm? in water
without Al foils. The SEM image obtained by a one time scan
(Fig. 7a) shows that the edges of alumina plates are destroyed
by the irradiation. The second laser irradiation of the alumina
plates results in the formation of many pores on the grains,

140—Volume 21(1) January 2012

AE 1§64 pm
g =3.81 J/cm?
> 4

Fig. 6 The change in surface morphology after irradiation by a
laser beam with A = 1064 nm. (a) The SEM image of the
as-received sample. The SEM image of alumina plates irradiated by
the energy densities (b) €= 3.81 J/em?, (c) €= 5.09 J/em? and
(d) & = 6.36 J/cm®

shown in Fig. 7(b). The presence of pores indicates that the
some parts of alumina surfaces have melted by the second laser
irradiation. Further, the difference in the densities of solid and
liquid alumina causes partial cracking of the surface due to
mechanical tension. This is called laser-induced explosive
boiling, which often occurs under high-power nanosecond laser
irradiation (Ref 20, 21). Results of the four times scan show
that an increase in the scan time increases the number of pores
on the surface (Fig. 7c). As discussed earlier, the residual stress
of the two and four times scanned samples is considerably less
than that of the one time scanned sample. Since the pores are
formed by the cracking of the alumina surface because of the
density difference between solid and liquid alumina, the high
tensile residual stress induced by the first laser irradiation
should be relieved. When laser irradiation is performed without
water and Al foils, the edges of the grains are severely
deformed, and the tiny alumina debris can be observed on all
the surfaces, as shown in Fig. 7(d). Figure 8(a) and (b) shows
SEM images of the samples enveloped by Al foils and
irradiated by a laser beam with A =532 nm in water. As
compared to the one time scan, as shown in Fig. §(a), the two
times scan causes severe deformation of the edges of the grains.
However, in this case, the edges of the inside grains are not
affected by the laser irradiation. Again, this can be attributed to
the good thermal conduction of Al foils and the good thermal
insulation of alumina.
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Fig. 7 The change in surface morphology after irradiation by a
laser beam with A =532 nm. The SEM image of a (a) one time
scan, (b) two times scan, and (c) four times scan. (d) The SEM
image of alumina plates irradiated in air without aluminum foils

In the case of the samples irradiated by A = 532 nm in
water, increasing the scan time increases the number of pores
on the surface, indicating an increase in the surface roughness,
which surface roughness measurements have proved. The
average surface roughness of the as-received sample is
1.11 um. The average surface roughnesses obtained by the
one time scan, two times scan, and four times scan are 1.37,
1.7, and 3.07 pm, respectively. In the case of the samples
irradiated by A = 1064 nm, the average surface roughness for
the energy densities of 3.81, 5.09, and 6.36 Jem? are 1.82,
1.13, and 1.11 pm, respectively. This result can be expected
from the SEM images, because the increased energy density
deforms the sharp edges of the grains severely, indicating that
the surface roughness decreases with the increasing energy
density. All the SEM images and the surface roughness data
suggest that the surface status strongly depends on the laser
irradiation conditions.

Laser irradiation gives rise to tensile residual stress. In
general, tensile residual stress is increased by the heating and
cooling of surfaces. In the case of the fundamental wave of a
Q-switched Nd:YAG laser, the wavelength (A = 1064 nm)
belongs to the infrared range and, hence, the irradiation causes
the heating of the samples. Further, Al foils can dissipate the
heat from the samples causing tensile residual stress. It is noted
that the two times scan using A = 532 nm greatly reduced
tensile residual stress, indicating that the residual stress can be
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Fig. 8 The SEM image of Al,O3 irradiated by A =532 nm with
aluminum foils in water. The SEM image of a (a) one time scan and
(b) two times scan

controlled by modifying the irradiation conditions. Sometimes,
certain applications require a high tensile residual stress. For
example, to improve the mechanical properties of Al,O3, a
glass infiltration method (Ref 20, 22) with silicate glass is used.
However, the compressive stress of the layers fabricated by this
method is so high that the surface sometimes gets delaminated.
In such a case, it is necessary to relieve compressive residual
stress by applying laser treatments.

4. Conclusions

Residual stress and surface morphology changes in alumina
plates irradiated by 1064 and 532 nm laser pulses from a
Nd:YAG laser were investigated. Residual stress and surface
morphology are sensitive to the irradiation conditions such as
wavelength, energy density, scan time, and the presence of Al
foils or water. Laser irradiation of the alumina plates induces
tensile residual stress, which increases in proportion to
increasing energy density. Increasing the scan time by main-
taining the energy density constant at the value that yields the
largest tensile stress does not increase residual stress. The SEM
images and average surface roughness of the samples are
seriously affected by the laser irradiation conditions.
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