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The effects of laser energy on the sintering of zirconia (ZrO2� on a magnesium (Mg) alloy were stud-
ied. The sintered surface was resistant to corrosion by Na2SO4 solution. The surface micro-nano
structure and cross-sectional micro-nano structure of the sintered layer were observed by optical
microscopy and scanning electron microscopy (SEM). Incomplete sintering was observed at low
volumetric laser energy levels (0.38–0.51 MJ/cm3�. Defects in the sintered and diffusion layers, and
a thinner diffusion layer, were observed at a high volumetric laser energy levels (1.27–1.70 MJ/cm3�.
At an intermediate volumetric laser energy level (0.64–0.76 MJ/cm3�, the sintered layer quality was
high and the ZrO2 sintered layer and diffusion layer were balanced. Elemental analysis of the sin-
tered ZrO2 layer and the diffusion layer was performed using laser-induced breakdown spectroscopy
(LIBS). The thickness of the diffusion layer in the sintered region was measured and the diffu-
sion of elemental Zr was analyzed. The diffusion coefficient of ZrO2 (0.94–41.67 �m2/s) was also
determined by analyzing the concentration of Zr in the diffusion layer.

Keywords: Corrosion Surface, Laser Sintering, Laser-Induced Breakdown Spectroscopy, Mg
Alloy, Surface Treatment, Zirconia.

1. INTRODUCTION
Magnesium (Mg) alloys are lightweight, high-strength
metals that are used in the automotive, aerospace, electron-
ics, and biotechnology industries.1 However, their vulner-
ability to corrosion limits applications of these alloys.2–4

Hence, surface treatment of Mg alloys to offset these dis-
advantages is of great importance. Sintering of ceramic
coatings on metal materials is a widely used type of sur-
face treatment.5�6 Surface coating with zirconia (ZrO2� is
attractive because it can reduce oxidation, prevent corro-
sion, thermally insulate, and enhance the surface strength
of materials.7�8 Specifically, Mg–ZrO2 sintering, which
sinters coatings of ZrO2 on Mg alloys, prevents corrosion
of the Mg substrate and increases surface strength.

The reaction at the interface between two materials
is very important during the sintering of ceramic-coated
metal surfaces. This reaction has decisive influence on
the coating bonding properties.9�10 For example, interfa-
cial reactions of metal–ceramic compounds strongly influ-
ence the mechanical and functional properties of ceramic
composites.11–14

Sintering methods for metals include reaction
sintering,15 pressure sintering,16 spark plasma sintering,17

and sol–gel coating.18 Reaction sintering is performed by
chemical reaction in a closed vessel in the presence of
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a gas. Pressure sintering forms a powder at high pres-
sure. Discharge plasma sintering applies pressure and
voltage to a powder. Among the methods used to sinter
ceramic coatings on a metal surface, laser sintering is
particularly advantageous because it can be applied to
various materials: it constrains the laser energy locally
and thereby minimizes heating of the substrate. Laser
machining selectively liquefies powder on the surface of a
specimen very rapidly. In this way, the surface properties
of a specific region of precision-machined parts can be
readily modified. Also, the influence of the heat-affected
zone (HAZ) generated during the bonding process can
be minimized through precise laser energy control. Laser
sintering does not require pressure, gas, or a confined
space, and demands less technical skill to implement.
Sintering can also be accomplished in a relatively short
time.19–22

X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), scanning electron microscopy (SEM), and
energy dispersive spectroscopy (EDS) have been used
to characterize ZrO2 coatings on Mg alloys.15�23�24 Pre-
processing and postprocessing can greatly affect mea-
surements derived from these techniques. Although the
methods are time-consuming, the same specimen can be
used to obtain additional data in some cases. Recently,
techniques for measuring physical properties using lasers
have been developed.
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Laser-induced breakdown spectroscopy (LIBS) ana-
lyzes the plasma signal generated from the surface by the
laser. The focused laser beam is irradiated onto the sur-
face of the sample, which generates a plasma. This plasma
atomizes and ionizes elements that are present on the sur-
face; the emission spectrum is characteristic of the ele-
ments and their energy states. LIBS uses spectral analysis
to provide qualitative and quantitative information con-
cerning the test material. Although LIBS vaporizes the
specimen and ionizes it into a plasma, the amount of
material is very small and so it can be considered a non-
destructive test method. The small amount of material,
short analysis time, and minimal pre- and post-treatment
makes it possible to monitor elemental composition in
real time. Additionally, the laser can generate microholes
through the surface of the specimen so that the interior of
the material can be analyzed.25

In this study, ZrO2 powder was sintered on the sur-
face of an Mg alloy using a laser beam. The thickness of
the Mg–ZrO2 compound layer was controlled by adjusting
the laser power. The corrosion resistance of the surfaces
of samples having different ZrO2 coating thicknesses was
measured to explore the effect of the coating. LIBS was
used to analyze the Mg–ZrO2 compound layer. The nano-
scale diffusion characteristics was verified and the diffu-
sion coefficient of the material migrating from the coating
to the substrate was estimated.

2. EXPERIMENTAL DETAILS
The composition of the Mg alloy (AZ91D) used in the
experiments is given in Table I. The surface of the Mg
alloy was coated with ZrO2 powder and sintered using a
laser. The ZrO2 powder was mixed with a small amount
of Na2SiO3 solution to increase the initial adhesion of the
powder to the Mg surface before sintering. After laser
sintering, the Mg surface was covered with 40–250 �m-
sized ZrO2 granules. The thickness of the sintered layer
was ca. 90–250 �m and the sintered area had dimensions
4×4 mm2.
The laser used for laser sintering was a continuous-

wave (CW) fiber laser with a wavelength of 1,070 nm
(YLR-50-SM-AC; IPG); the experimental set-up is shown
in Figure 1. The scanning path of the laser beam was
controlled by a 100-mm focal length galvanometer, and
the specimen was transported using a micro-motion stage.
The laser process conditions are given in Table II. The
laser scanning pattern was linear and overlapping was
set at 10%. The surface and cross-sectional morphologies
of laser-sintered Mg specimens were examined by opti-
cal microscopy (BX51M; Olympus) and scanning electron

Table I. Chemical composition of the AZ91D alloy (wt%).

Mg Al Zn Mn Si Fe Cu Ni

Bal. 9.1 0.74 0.12 <0.2 0.005 0.015 0.001

Fig. 1. Schematic diagram of the experimental set-up.

Table II. Laser parameters for sintering.

Volumetric laser Scan Wave Scanning Laser
energy density speed length area spot size Process
(MJ/cm3� (mm/s) (nm) (mm2� (�m) time (s)

0.38–1.70 15–20 1,070 16 50–300 15

microscopy (SU8010; Hitachi). The composition of the
coating layer after sintering was analyzed by LIBS and
SEM up to nanoscale. The diffusion coefficient of the sin-
tered layer was derived from the LIBS results. To evaluate

Fig. 2. Optical microscopy image of cross-sectional micro-nano
structures of the sintered layer as a function of volumetric laser energy
density. (a) No treatment, (b) 0.38 (MJ/cm3�, (c) 0.51 (MJ/cm3�,
(d) 0.64 (MJ/cm3�, (e) 0.76 (MJ/cm3�, (f) 0.89 (MJ/cm3�,
(g) 1.27 (MJ/cm3�, and (h) 1.70 (MJ/cm3�.
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the surface corrosion resistance of the Mg alloy as a func-
tion of the laser process parameters, the specimens before
and after sintering were exposed to 10% Na2SO4 solution
for 50 h to initiate corrosion. The distributions of oxy-
gen in the samples were measured with LIBS to evaluate
the corrosion resistance. It is necessary to quantify the
laser energy used to generate the plasma for consistent sin-
tering analysis. For this purpose, volumetric laser energy
density was calculated from the laser power density and
the laser beam transport speed. The scanning speed was
15–20 mm/s.

The LIBS (RT100; Applied Spectra) used an Nd:YAG
pulse laser operating at a wavelength of 1,070 nm. The
laser provided an energy of 45 mJ per pulse and a pulse
width of up to 5 ns. Spectral data collection was done
at room temperature and atmospheric pressure. The LIBS
laser was irradiated onto the material surface through a
focusing lens; the spot size of the ablation for plasma gen-
eration was ca. 300 �m. The plasma spectral line was ana-
lyzed using a five-channel charge-coupled device (CCD)
camera. The spectrometer detected a plasma wavelength
ranging from 180 to 900 nm and set the gate delay time
of the detector to 1 �s. The detected elemental spectral
lines were analyzed using a data analysis program (Aurora;
Applied Spectra).

Fig. 3. Scanning electron microscopy (SEM) image of surface (a–d)
and cross-sectional (e–h) micro-nano structures of the sintered layer as
a function of laser energy density. (a, b, e, f) 0.51 (MJ/cm3�, (c, g)
0.64 (MJ/cm3�, and (d, h) 0.76 (MJ/cm3�.

3. RESULTS AND DISCUSSION
3.1. Micro-Nano Structure of the Sintered Layer
The surface of the sintered layer consisted of micron-sized
clusters of ZrO2 particles. Figure 2 shows the cross-
sectional morphologies as a function of the laser param-
eters. The volumetric laser energy density was defined as
laser power density per scanning velocity. Sintering of the
ZrO2 coating was incomplete at the low volumetric laser
energy density of 0.38 MJ/cm3. As a result, Mg surface
traces of ZrO2 were detected. When the volumetric laser
energy density was increased to 0.51 MJ/cm3, a uniform
ZrO2 surface was obtained with a thickness of 90 �m.
A sintered surface layer was present even when the vol-
umetric laser energy density reached 0.89 MJ/cm3. How-
ever, a micro porous region formed in the specimen during
the sintering process due to melting and solidification.
At a higher volumetric laser energy density (1.27 MJ/cm3�,
the size of the sintered particles was greater than 100 �m.
Multiple cavities and extended micro porous regions were
observed in the cross-section, and sintered particles were
finely crushed or agglomerated. Figure 3 shows the surface
morphologies and the nanoscale structures of a boundary
between diffusion area Mg and zirconia. The interface of
two materials shows a behavior of magnesium and zir-
conia. To observe the corrosion resistance of the sintered

Fig. 4. Particle size as a function of laser energy density.

Fig. 5. Laser-induced breakdown spectroscopy (LIBS) spectral lines for
magnesium (Mg) and zirconia (Zr) at 250 nm depth.

Nanosci. Nanotechnol. Lett. 10, 1–6, 2018 3



Analysis of Laser Sintering of Zirconia to Magnesium Alloy by Laser-Induced Plasma Spectroscopy Yoon et al.

layer, the presence of oxide in the sintered layer was con-
firmed by treatment with the aqueous Na2SO4 solution.
The mean sintered particle size increased with increasing
laser energy density (Fig. 4). Increased sintered particle
size in turn increased the surface roughness and could lead
to the formation of micro cracks and increased brittleness
in harsh external environments. The size of the particles
was 40–240 �m. The most uniform grain formation was

Fig. 6. LIBS spectral line intensity and diffusion as a function of depth. (a) 0.38 (MJ/cm3�, (b) 0.51 (MJ/cm3�, (c) 0.64 (MJ/cm3�, and (d) 1.70
(MJ/cm3�.

observed with a volumetric laser energy density of 0.64–
0.76 (MJ/cm3�. The sintered layer was 100–300 �m deep
and depended on the laser energy density.

3.2. Analysis of the Interfacial Layer
Analysis of the sintered interfacial layer was carried out
by LIBS. Spectral lines at 292.863 and 339.198 nm cor-
responded to Mg (II) and Zr (II), respectively (Fig. 5).
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The specimens were irradiated by the lasers at an energy
of 63.7 J/cm2 per pulse, and spectral line data were col-
lected from the surface to ca. 250 �m deep (Fig. 6). Each
laser pulse generated a microhole ca. 250 nm deep; LIBS
data were accumulated for each of 1,000 pulses to a depth
of 250 �m, and minimum depth measured by LIBS is
250 nm. The sintered and diffusion layers were character-
ized by the relative intensity of the observed spectral line
peaks for Mg and Zr. The sintered layer displayed peaks
only for Zr. In the diffusion layer, Zr had diffused into Mg
to form a compound layer; hence, signals for both Mg and
Zr were observed, with those for Mg being more intense.
The diffusion layer in which ZrO2 diffused into the base
material and the sintered region both thickened as the laser
energy increased. The sintered region was thickened from
30 to 250 �m as the laser energy increased from 0.38 to
1.70 MJ/cm3. The sintered and diffusion regions were also
analyzed at each laser energy level. At low energy lev-
els, the diffusion region was thicker than the region where
only sintering occurred. The diffusion region decreased in
thickness with increasing laser energy. Notably, diffusion
into the Mg base material had stabilized when the energy
per laser volume was 0.64 and 0.76 MJ/cm3.

The diffusion behavior of ZrO2 was characterized by
estimating the diffusion coefficient through modeling the
change in concentration of Zr obtained through LIBS. The
change in elemental concentration can be expressed as a
function of the diffusion coefficient according to Fick’s
law,

J =−D
dC

dx

where J is the diffusion flow, D is the diffusion coefficient,
and x is the depth. The diffusion flow is proportional to the
concentration gradient of the material, where the diffusion
coefficient is a constant. The one-dimensional governing
equation of this diffusion flow is as follows:

�C�x� t�

�t
=D

�2C

�x2

The diffusion coefficient D can be derived from the diffu-
sion flow and concentration gradient. The solution of the
governing equations for the diffusion of matter in the tran-
sient state of the governing equations is as follows:

C�x� t�−C0

C1−C0

= 1− erf

(
x

2
√
Dt

)

where C0 is the initial concentration, Cl is the final con-
vergence concentration, and C�x� t� is the concentration at
time t at depth x. Experimentally obtained concentration
changes were curve-fitted to the error function using this
relationship, from which the diffusion coefficient of the
sintered material was derived (Fig. 6). The value of the dif-
fusion coefficient increased with increasing laser energy,
reaching a maximum at 0.64 MJ/cm3. Clearly, it is shown
that diffusion is a function of laser energy.

Fig. 7. Intensity of the oxygen spectral line as a function of depth
from the corrosion surface for different volumetric laser energy
densities.

The corrosion resistance of sintered surface-treated
specimens was analyzed by LIBS; the presence of oxi-
dized compounds indicated corrosion. The sintered speci-
mens were exposed to 1 M Na2SO4 solution for 50 h and
the micro-nano structures of the corroded specimens were
measured by LIBS. Figure 7 shows the oxygen intensity
data as a function of depth from the surface. In the case of
specimens sintered with a laser energy of 0.38 MJ/cm3, the
solidified layer of sintered ZrO2 protected the Mg substrate
from the etchant, and thus the oxygen concentration along
the layer was low. The oxygen concentration at the sur-
face was highest when the laser energy was 0.51 MJ/cm3,
but this concentration decreased sharply with increasing
distance from the surface. The results indicate that the cor-
rosion resistance of the surface-sintered region increased
with increasing laser energy.

4. CONCLUSION
The effect of laser energy level on the sintering of a ZrO2

coating was studied. A fiber laser was used to sinter ZrO2

particles on an Mg alloy surface. The volumetric laser
energy density used in the process ranged from 0.38 to
1.70 MJ/cm3. Sintering progress for each laser energy level
was determined by examination of the surface and cross-
sectional structures up to nanoscale. At low laser energy, a
localized, non-homogeneous sintered layer was observed.
Defects in the sintering solidification layer and the diffu-
sion layer were noted at high laser energies; the optimal
volumetric laser energy density for sintering was 0.64–
0.76 MJ/cm3. The concentration of ZrO2 in the sintered
layer was analyzed using LIBS, from which the diffusion
coefficient was calculated. Such quantification of the dif-
fusion coefficient enabled characterization of the diffusion
layer under different sintering conditions. The oxygen con-
centration on the sintering side, as measured by LIBS, was
used as an indicator of corrosion resistance; this was deter-
mined as a function of the laser energy.
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