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Aluminum Nitride ceramic is an excellent material for heat dissipation in electronic applications. The precision
machining of AIN ceramic is difficult due to its high hardness and brittleness. To improve the machinability of
the ceramic material, a microsecond laser was applied to soften the surface of AIN ceramic in this work. To reveal
the surface softening mechanism of the laser processing of AIN ceramic, the phase composition, microstructure,
processing depth and hardness variation of laser-treated AIN ceramic surface were studied. The phase transition

and surface morphology evolution during laser treatment were explained. It was found that Al and Al,O3 were
formed on the surface after laser treatment. The surface hardness decreased from 14.3 GPa (base material) to
0.708 GPa. The revealed surface softening mechanism of laser treatment in this work is helpful for the opti-
mization of the softening process and post-machining quality.

1. Introduction

Aluminum Nitride (AIN) ceramic is characterized by its high thermal
conductivity (greater than 175 W/(m*k) at 25 °C), high electrical re-
sistivity, low thermal expansion coefficient and non-toxic. As a result, it
is widely used as substrate materials for high-power electronic devices
[1-4]. However, traditional machining of AIN ceramic is found to be
problematic because of its high hardness and brittleness. The cutting
forces generated in traditional machining of AIN ceramic cause surface
or subsurface cracks, which are harmful to AIN ceramic reliability and
service life [5-7]. Therefore, it is essential to develop a method to avoid
crack formation during the machining process of AIN ceramic [6,8].

In recent years, surface softening was applied to improve the
machinability of hard and brittle materials (such as reaction-bonded SiC,
single-crystal SiC and WG, etc) [9,10]. Zhang et al. [11] investigated the
in-situ laser-assisted diamond cutting of reaction-bonded SiC. They
found the hardness of SiC decreased by the in-situ laser heating. The
surface softening led to the plastic deformation of material during the
cutting process, which was conducive to the formation of high surface
quality. Yan et al. [12] applied electrical discharge machining (EDM)
before the grinding of single-crystal SiC. The SiC decomposed into Si and
C to form a recasting layer during EDM, which increased the material
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removal rate for the grinding. You et al. [13] studied the laser-assisted
diamond turning of binderless WC. They found the WC hardness
decreased when the WC was heated by laser. The residual stress of the
machined workpiece could be decreased by 40 % with laser assistance.

AIN ceramic decomposes into Aluminum (Al) and Nitrogen(N) at
high temperature [14-17]. This reaction is called ‘metallization’. The
surface hardness decreases due to the formation of an Al layer on the AIN
ceramic surface. Surface metallization is a promising method to decrease
the cutting forces and avoid crack formation during the machining of
AIN ceramic. As a heat-concentrated source, laser is widely used in
surface treatment, such as laser cleaning, laser polishing, laser drilling,
etc. [18-21]. The laser process is a non-contact and highly selective
process. It can provide localized treatment and precise control for pro-
ducing complex features with minimal thermal effect on the bulk ma-
terial [22-25]. Therefore, laser is thought to be a suitable heat source to
achieve the surface metallization of AIN ceramic.

Some research has been conducted to study the laser treatment on
AIN ceramic surface. Hirayama et al. [26] applied microsecond (ms),
nanosecond (ns) and femtosecond (fs) laser ablations on AIN surface.
They found an Al layer was formed on the surface after the microsecond
and nanosecond laser-induced thermal decomposition process. Howev-
er, the nonthermal process occurred with the fs laser ablation. No
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Fig. 1. The schematic diagram of laser treatment experiment: (a) processing diagram (b) laser scanning strategy (c) experimental setup.

Table 1

Experiment parameters of laser treatment.
Sample P(W) f(Hz) V(mm/s) H(pm) Ox Oy
1 40 5000 85 17 82.5% 82.5%
2 127.5 25.5 73.8% 73.8%
3 170 34 65.1% 65.1%
4 212.5 42.5 56.4% 56.4%
5 255 51 47.7% 47.7%
6 297.5 59.5 39.0% 39.0%
7 340 68 30.2% 30.2%

decomposition reaction occurred. The influence of laser parameters on
surface metallization was also investigated. Four laser wavelengths of ns
laser (266 nm, 355 nm, 532 nm and 1064 nm) were used by Nedyalkov
et al. [27] in the experiment of AIN surface metallization by laser. A
special ripple structure was formed in the case of irradiation at 1064 nm.
Such structure was not observed after laser ablation with the other
wavelengths. The influence of pulse duration on AIN surface metalli-
zation by laser was investigated by Yang et al. [28]. They found the
amount of Al increased with the pulse duration due to increasing ther-
mal diffusion time and depth. The influence of processing parameters on

surface metallization was also investigated. The critical laser fluence of
KrF excimer laser (wavelength: 248 nm) for surface metallization was
2.0 J/cm? while the critical laser fluence of Ytterbium pulsed fiber laser
(wavelength: 1064 nm) for surface metallization was 21.53 J/cm?
[29-31]. Besides, the amount of decomposed Al increased with the
number of pulses irradiated at the same position corresponding to a
higher amount of absorbed laser energy [32]. AIN surface metallization
experiments by laser under different shielding gas environments (air, Ar
and Ny) was conducted by Shao et al. [2] They found the critical laser
fluences required for AIN decomposition under different shielding gas
environment were different.

However, the main purpose of the above works was to improve the
electrical conductivity of AIN ceramic by forming a conductive Al layer
on AIN surface in high-power electronic devices. The most concerned
property of the above works was electrical resistance. Only a conductive
Al line or groove was fabricated in most of the above works. There is still
a lack of study about the influence of 2-D surface laser treatment on the
hardness variation of AIN surface, which is related to the machinability
of AIN ceramic. Besides, the influences of process parameters on
microstructure and surface roughness were also not clear to date.

Based on the above research background, the 2-D laser surface
treatment experiment was conducted in the present work. To reveal the
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Fig. 2. Macro-morphology of laser-treated surfaces.
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Fig. 3. The chemical composition of laser-treated surface at different positions.
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Fig. 4. The XRD spectrum of AIN ceramic.
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Fig. 5. XRD spectrums of AIN laser-treated surfaces.
AIN ceramic surface softening mechanism by laser irradiation, the phase

composition, microstructure and surface roughness of metallized layer
and the unmetallized AIN surface beneath the metallized layer were
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Fig. 6. Raman spectrums of base material and laser-treated surface with
different overlap ratios.

observed. Besides, the processing depth and hardness of laser-treated
surface were measured after laser treatment. Finally, the formation
mechanism of softened surface layer (the metallized layer) was
discussed.

2. Experimental details
2.1. Materials

The samples used in the laser treatment experiments were AIN
ceramic plates (Feida Electronics Co. Ltd) with the size of 10 mm x 10
mm X 1 mm (thickness). The ceramic was composed of 95 % AIN par-
ticles and 5 % Y203 particles as binders. The surface roughness Sa of AIN
ceramic plate ranged from 0.25 pm to 0.5 pm. Before the laser treatment
experiments, each plate was cleaned in 99.9 % alcohol by ultrasonic
cleaner for 5 minutes.

2.2. Experimental setup

RFL-QCW150 fiber laser (wavelength: 1080 nm) was used in the
laser treatment experiment. The laser beam was a Gaussian beam. The
schematic diagram of laser treatment was shown in Fig. 1. The AIN
sample was placed in a chamber which was filled with Argon (Ar) to
protect the metallized surface from oxidation. A K9 glass was placed on
the top of chamber to let the laser pass through. The laser was controlled
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Fig. 7. The cross-section morphologies of laser-treated surfaces: (a) sample 3 with overlap ratio 65.1%, (b) sample 4 with overlap ratio of 56.4%, (c) sample 5 with
overlap ratio of 47.7%, (d) sample 6 with overlap ratio of 39.0%, € sample 7 with overlap ratio of 30.2%.
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Fig. 8. The surface microstructure of: (a) AIN ceramic, (b) the laser-treated surface.

by a galvanometer scanner to achieve 2-D laser scanning. In the exper- the laser scanning direction.
iment, the laser scanned in the strategy as shown in Fig. 1b. The X di- Preliminary experiments were done to determine the appropriate
rection was the laser scanning direction. The Y direction was vertical to laser fluence which was defined as the quotient of the pulse energy and
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Fig. 9. The microstructure of laser-treated surfaces with 1000x magnification: (a) base material, (b) sample 3 with overlap ratio 65.1%, (c) sample 4 with overlap
ratio of 56.4%, (d) sample 5 with overlap ratio of 47.7%, € sample 6 with overlap ratio of 39.0%, (f) sample 7 with overlap ratio of 30.2%.

the laser irradiation area as shown in Eq. 1 [33].

_4r
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Where F is the laser fluence (the average energy power density of the
laser power spot), Pis the laser power, f is the repetition frequency and D
is the laser spot diameter.

Finally, the laser treatment parameters were set as follows: laser
power (40 W), repetition frequency (5000 Hz), defocus diameter
(+2.712 mm) and laser spot diameter D on the AIN plate surface was
97.5 pm. The laser fluence applied in the laser treatment F was 1.41 J/
mm?2. The area of laser treatment on each sample was 8 mm x 8 mm.

Overlap ratios of laser pulses in X direction and Y direction were
given in Egs. 2 and 3, respectively [34,35].

0, = (1 —f%) * 100% 2

H
0, = (1 _B) * 100% 3

Where V is the laser scanning velocity, H is the hatch distance be-
tween adjacent laser scanning line in Y direction as shown in Fig. 1b.

The influence of the overlap ratio on surface metallization was
studied in the present work. The overlap ratios in X direction and Y
direction were set to the same in each experiment. The overlap ratios
used in the experiment ranged from 30.2 % to 82.5 %. The experiment
parameters were listed in Table. 1. As shown in Fig. 2a, when the overlap
ratio was greater than 65.1 %, the laser-treated surface was ablated
seriously. Only laser-treated surfaces with overlap ratios ranging from
65.1 % to 30.2 % (samples 3-7) were studied in the following sections.
As shown in Fig. 2b, 3 samples were fabricated with each set of exper-
iment parameters. The consistency of the macro-morphology of each
laser-treated surface with the same set of experiment parameters indi-
cated the process reproducibility. However, the black color of the laser-
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Fig. 10. The microstructure of laser-treated surfaces with 2000x magnification: (a) base material, (b) sample 3 with overlap ratio 65.1%, (c) sample 4 with overlap
ratio of 56.4%, (d) sample 5 with overlap ratio of 47.7%, € sample 6 with overlap ratio of 39.0%, (f) sample 7 with overlap ratio of 30.2%.

treated surface with overlap ratio of 65.1 % indicated serious oxidation.
2.3. Measurement

After the laser treatment experiments, X-ray diffraction (Shimadzu
XRD-7000) and Raman spectra tests (Renishaw Micro-Raman Spec-
troscopy System) were conducted to analyze the phase composition on
the metallized surface. The digital microscope (EasyZoom5 3D) was
applied to observe the cross-section morphology of laser-treated surface.
The microstructure of laser-treated surface was observed with scanning
electron microscopy equipped with EDX (SEM, Tescan VEGA3). The
chemical composition of laser-treated surface was measured by EDX.
The surface roughness in terms of Sa and Sz and processing depth were
measured by the white light interferometer (WLI, Zygo NEXVIEW). The
microstructure of unmetallized AIN surface was also observed by SEM.
Finally, the hardness of metallized layer was measured by the nano-
indenter (Agilent, G200).

3. Results and discussion
3.1. Phase composition after laser treatment

During laser treatment, the AIN samples were heated by laser. When
the temperature of AIN ceramic exceeded the critical value, the AIN
ceramic would decompose into Al and Nj. The decomposition mecha-
nism could be expressed as [31]:

AIN(s)—Al(s) + 1/2N,(g), AH = 3.13 x 10°kJ /mol (6)

Where (s), () and (g) denote the solid, liquid and gas phases,
respectively. AH. is the reaction enthalpy.

When the temperature reached 2573 K, the molten pool of Al would
be formed on the AIN surface:

AIN(s)—Al(l) + 1 /2N, (g), AH = 3.23 x 10°kJ /mol )

When the temperature further reached 2767 K, the vaporization of Al
would occur:

AIN(s)—Al(g) + 1/2N(g), AH = 6.43 x 10°kJ /mol ©)
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Distance along X direction

Fig. 11. The accumulated laser fluence in a single scanning line with different overlap ratios: (a) sample 3 with overlap ratio 65.1%, (b) sample 4 with overlap ratio
of 56.4%, (c) sample 5 with overlap ratio of 47.7%, (d) sample 6 with overlap ratio of 39.0%, € sample 7 with overlap ratio of 30.2%, (f) the accumulated laser

fluence distribution along the symmetric axis.

The typical chemical composition of laser-treated surface (sample 3)
was shown in Fig. 3. There were 2 kinds of phases formed on the surface.
As shown in Fig. 3a, pure Al was formed. As shown in Fig. 3b-c, Al oxides
were formed on the laser-treated surface.

The XRD result of AIN ceramic and the laser-treated surface were
shown in Figs. 4 and 5, respectively. Besides AIN and Y03 (binder) in
the base material, Al and Al,O3 were formed after laser treatment for
samples 3-7 with overlap ratios ranging from 65.1 % to 30.2 %. Some
compounds of Al and Y (such as YAl and YsAls) were also formed on
laser-treated surfaces.

The result of Raman spectrums was shown in Fig. 6. The three most
intense peaks of Al-N bond in AIN ceramic (A;(TO), E; and E1(TO))
appeared in the Raman spectrum ofbase material [36,37]. However, it

was found that these peaks decreased strongly after laser treatment. It
indicated that the laser-treated surfaces were covered by an Al layer
which gave a Raman spectrum without peak [29]. Besides, the peaks of
samples 6 with overlap ratio of 39.0 % and 7 with overlap ratio of 30.2 %
were higher than that of samples 3-5 with overlap ratio ranging from
65.1 % to 47.7 %. It demonstrated that the amount of decomposition
product Al decreased with overlap ratio, which shielded the detection
signal in the Raman spectrum test.

3.2. Microstructure of metallized layer surface

Fig. 7 showed the cross-section morphologies of laser-treated sur-
faces vertical to the laser scanning direction. All the laser-treated
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Fig. 12. The typical 3D surface topography of Al layer surfaces with different overlap ratios: (a) sample 3 with overlap ratio 65.1%, (b) sample 4 with overlap ratio of
56.4%, (c) sample 5 with overlap ratio of 47.7%, (d) sample 6 with overlap ratio of 39.0%, (e) sample 7 with overlap ratio of 30.2%, (f) the Sa values and Sz values of

metallized layer surfaces with different overlap ratios.

surfaces were in a wave-shaped morphology. However, the wave-shaped
morphologies of sample 3 with overlap ratio of 65.1 % and sample 4
with overlap ratio of 56.4 % were not very periodic. The microstructure
at the wave-shaped morphology was shown in Fig. 8. Fig. 8a showed the
cross-section microstructure of AIN ceramic, which was composed of
AIN particles and Y203 particles. After laser treatment, Al was formed on
the surface as shown in Fig. 8b.

Fig. 9a showed that the base material was consisted of AIN ceramic
particles and Y203 polygonal phases. Fig. 9b-f showed the microstruc-
ture of Al layer on the AIN ceramic surface. It was found that the
microstructure was consisted of a series of craters in a rectangular array,
corresponding to the microstructural characteristic of metal laser
treatment [38-40]. This phenomenon indicated that the surface
microstructure resulted from the flow and solidification of molten Al,
which was the AIN decomposition product. The shape of craters was

circle, which was consistent with the shape of Gaussian laser spot.
During the laser treatment, the subsequent laser remelted the ridge of
the crater caused by preceding laser. A new ridge was formed by the
subsequent laser. Therefore, the ridges stacked in both X direction and Y
direction regularly. However, it was found that when the overlap ratio
was higher than 47.7 % as shown in Fig. 9b and c, the ridge along Y
direction was indistinct. It indicated that the molten pool caused by
subsequent laser was formed before solidification of the molten pool
caused by preceding laser. In this circumstance, the adjacent individual
molten pools caused by individual laser spots merged into the consec-
utive molten pool. Fewer ridges were formed along Y direction.

Fig. 10 showed the detailed microstructure in the craters with 2000x
magnification. There were spherical phases and cracks on the bottom of
the craters. The spherical phases come from the condensation of the
vaporized Al. The cracks resulted from the shrinkage of molten Al during
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Fig. 13. The microstructure of unchanged AIN surface beneath Al layer with different overlap ratio with 1000x magnification: (a) base material, (b) sample 3 with
overlap ratio 65.1%, (c) sample 4 with overlap ratio of 56.4%, (d) sample 5 with overlap ratio of 47.7%, (e) sample 6 with overlap ratio of 39.0%, (f) sample 7 with

overlap ratio of 30.2%.

solidification. With the decrease of overlap ratio, it was found that the
number of spherical phases decreased when the number of cracks
increased.

To verify the key influence factor of metallized surface microstruc-
ture, the accumulated laser fluence in single laser scanning line (the sum
of laser fluences accumulated by different lasers at the same point in
single laser scanning line) was determined, as shown in Fig. 11 (The unit
of both X and Y axis was the laser spot diameter D). The accumulated
laser fluence distribution was shown in Fig. 11a-e. It was found that
when the overlap ratio was greater than 47.7 %, the fluctuation of
accumulated laser fluence along laser scanning direction was very small.
When the overlap ratio was equal to or smaller than 47.7 %, the periodic
peak value and valley value of accumulated laser fluence were formed.
The accumulated laser fluence along the symmetric axis of single laser
scanning line was shown in Fig. 11f. It was seen that the peak value of
accumulated laser fluence increased from 2.93 J/mm? to 5.06 J/mm?
when overlap ratio increased from 30.2 % to 65.1 %. The accumulated

laser fluence value and consistency along laser scanning direction
decreased with overlap ratio.

With great value and high consistency of accumulated laser fluence
along laser scanning direction, the consecutive molten pool was formed.
With small value and low consistency of accumulated laser fluence along
laser scanning direction, individual molten pools were formed. The
ridges along Y direction were formed as shown in Fig. 9d-f. Besides, the
amount of vaporized and molten Al decreased with accumulated laser
fluence. Therefore, a large amount of Al was vaporized and then con-
gealed on the Al surface to form spherical phases with great overlap
ratios (65.1 % and 56.4 %) as shown in Fig. 10b and c. However, with
small overlap ratios (47.7 %, 39.0 % and 30.2 %), small amount of
vaporized and molten Al was generated. Therefore, little condensation
of vaporized Al occurred. No spherical phase was formed. Besides, the
amount of molten Al was too small. Many gaps were formed during
solidification of molten Al. No molten Al flowed into the gaps due to the
shrinkage of Al for compensation. Finally, numerous cracks were formed
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Fig. 14. The typical 3D surface topographies of unmetallized layers with different overlap ratios: (a) sample 3 with overlap ratio 65.1%, (b) sample 4 with overlap
ratio of 56.4%, (c) sample 5 with overlap ratio of 47.7%, (d) sample 6 with overlap ratio of 39.0%, (e) sample 7 with overlap ratio of 30.2%, (f) the Sa values and Sz

values of unmetallized surfaces with different overlap ratios.

with small overlap ratios as shown in Fig. 10d-f.

Besides, the flow behavior in the consecutive molten pool was fiercer
than that in individual molten pool due to higher absorbed laser energy.
Therefore, the cross-section morphologies of sample 3 with overlap ratio
of 65.1 % and sample 4 with overlap ratio of 56.4 % for each laser path
were more irregular. In this circumstance, the wave-shaped morphol-
ogies of sample 3 with overlap ratio of 65.1 % and sample 4 with overlap
ratio of 56.4 % were not very periodic as shown in Fig. 7a-b.

3.3. Surface roughness of metallized layer surface

The typical three-dimensional (3D) surface topography and surface
roughness after laser treatment with different overlap ratios were shown
in Fig. 12. With overlap ratio greater than 47.7 % as shown in Fig. 12a-b,
the ridges were only formed along X direction. The phenomenon was
consistent with the microstructure of metallized layer surface. The

10

consecutive molten pool was formed along X direction. Therefore, fewer
ridges were formed along Y direction. In addition, the time interval of
adjacent laser spot overlapping along Y direction was at least 23.5 ms
(=distance/greatest laser scanning velocity). This value was much
greater than the molten pool solidification time. Therefore, in Y direc-
tion, the molten pool caused by preceding laser solidified before the
molten pool caused by subsequent laser was formed. In this circum-
stance, ridges along X direction were formed by each laser spot.

With an overlap ratio equal to or smaller than 47.7 % as shown in
Fig. 12c-e, individual molten pools in both X and Y direction were
formed. The ridges were formed in both X and Y directions. The surface
roughness of the Al layer surface was obtained by measuring 5 areas of
each specimen. The average values and standard deviations of surface
roughness of the laser-treated surfaces with different overlap ratios were
shown in Fig. 12f. It was found that with the same molten pool mode
(consecutive molten pool for sample 3 with overlap ratio of 65.1 %and



L. Xiong et al.
50 - —=a— X direction
—e—Y direction
£
=
=40 |
=
o
[)
°
[o)]
c
‘® 30
(7]
[
Qo
e
o
20 |
1 1 1 1 1

65.1 56.4 47.7 39.0 30.2
Overlap ratio (%)

Fig. 15. The processing depths with different overlap ratios.

sample 4 with overlap ratio of 56.4 % or individual molten pool for
sample 5 with overlap ratio of 47.7 % and sample 6 with overlap ratio of
39.0 %), the surface roughness Sa and Sz decreased with overlap ratio. It
could be seen from Fig. 2a-b that the process effect of sample 7 with
overlap ratio of 30.2 % was not homogenous. Therefore, the surface
roughness increased dramatically.

3.4. Microstructure of unmetallized AIN surface

In order to measure the microstructure, surface roughness and
thickness of metallized layer, the metallized layer on the AIN surface
was required to be removed. The chemical etching was applied. The
laser-treated samples were placed in NaOH solution (solute concentra-
tion was 43 mg/ml). The chemical bath for each sample was carried out
at the temperature of 45 °C for 4 hours. Al and Al,O3 reacted with hy-
droxyl ion [41,42]. The Al and Al,O3 were translated into
meta-aluminate which dissolved in water as illustrated in Egs. 9 and 10.
After the chemical etching, the generated Al layer and the oxidation of
Al was removed.

2Al 4 2NaOH + 2H,0—2NaAlO, + H,O0 9

Al O3 + 2NaOH—2NaAlO, + H,0 (10)

The microstructure of unmetallized AIN surface beneath the metal-
lized layer was observed as shown in Fig. 13 (with 1000 x magnifica-
tion). Compared to the microstructure of base material in Fig. 13a, the

Surfaces and Interfaces 46 (2024) 104023

smooth areas observed on the unmetallized surface indicated the slight
melting of AIN in Fig. 13b. The melting point of AIN ceramic was 3000 K
[42,43]. It was found that the slight melting of AIN was only observed
with overlap ratio 65.1 % for greatest accumulated laser fluence in
Fig. 11. No crack was found on the unmetallized AIN surface, indicated
no damage was induced to the unmetallized AIN ceramic.

3.5. Surface roughness of unmetallized surface

The typical 3-D surface topographies of unmetallized AIN surfaces
with different overlap ratios were shown in Fig. 14. Compared to Fig. 12,
the characteristic of surface topography of unmetallized AIN surfaces
was different from that of metallized layer surface. With an overlap ratio
greater than 47.7 % as shown in Fig. 14a-b, few ridges were formed
along Y direction. Besides, the small local fluctuation of surface topog-
raphy of unmetallized AIN surface was more apparent than that of
metallized layer. The surface topographies of unmetallized surfaces
were seen to be coarser. The surface roughness of unmetallized surface
were obtained by measuring 5 areas of each sample. The average values
and standard deviations of surface roughness with different overlap
ratios were shown in Fig. 14f. It was found that the surface roughness
increased when overlap ratio decreased from 56.4 % to 30.2 %. The
smallest Sa and Sz of unchanged AIN surface was 2.6 pm and 30.4 pm
respectively with overlap ratio of 56.4 %. The surface roughness with an
overlap ratio of 65.1 % was greater than that with 56.4 %, which may be
caused by the serious oxidation.

3.6. Processing depth

The average height difference of AIN original surface and the
unmetallized surface beneath the metallized layer was measured by
WLI, which was defined as the processing depth.

The processing depths with different overlap ratios were shown in
Fig. 15. It was found that the processing depth along X direction was
higher than the processing depth along Y direction. It was related to the
difference between the time intervals of adjacent laser spot overlapping
along X and Y direction. Along X direction, the time interval of adjacent

Table 2
The hardness values of test points in the nanoindentation test.
Hardness Hardness Hardness Hardness Average
(Point 1) (Point 2) (Point 3) (Point 4) hardness
Specimen 0.83 GPa 0.83 GPa 0.60 GPa 0.69 GPa 0.738
3 GPa
Specimen 0.71 GPa 0.71 GPa 0.72 GPa 0.69 GPa 0.708
4 GPa
Test position
25um 25um

Metallized layer

Fig. 16. The positions of test points in the nanoindentation test.
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10 um

10 um

Fig. 17. The residual indentation morphologies of: (a) AIN ceramic, (b) metallized layer.
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47.7%
Samples

Base material 39.0%

Fig. 18. Comparison between base material hardness and metallized
layer hardness.

laser spot overlapping was 0.2 ms (=1 s/repetition frequency). How-
ever, the time interval of adjacent laser spot overlapping in Y direction
was greater than 23.5 ms (=distance/greatest laser scanning velocity) as
mentioned in Section 3.3. When the absorbed energies from 2 adjacent
laser spots was the same, the energy dissipation time between adjacent
laser pulse along Y direction was much longer than that along X direc-
tion. It caused the energy accumulation along X direction to be greater
than that along Y direction. Therefore, the processing depth along X
direction was greater than that along Y direction. This phenomenon
indicated that the processing depth was not only related to the overlap
ratio in spatial domain but also the time interval of adjacent laser spot
overlapping in time domain.

The processing depths of sample 3 with overlap ratio 65.1 % and
sample 4 with overlap ratio 56.4 %were apparently greater than that of
samples 5-7 with overlap ratio ranging from 47.7 % to 30.2 %. The
processing depth was influenced by the depth of molten pool. Since
more accumulated laser fluence was absorbed by the consecutive molten
pool, the size of consecutive molten pool with overlap ratios of 65.1 %
and 56.4 % for sample 3 and sample 4 was greater than the size of the
individual molten pool with overlap ratios of 47.7 %, 39.0 % and 30.2 %
for samples 5-7. Therefore, processing depths of sample 3 and sample 4

12

@ AIN particle

Y203

Al surface formation mechanism:
flow behavior of molten pool

Laser scanning direction

Fig. 19. The formation mechanism of Al layer surface.

were apparently greater than that of samples 5-7. Besides, the pro-
cessing depth of samples 5-7 were similar due to the same individual
molten pool mode and similar accumulated laser fluence.

3.7. Hardness variation after laser treatment

To evaluate the surface softening degree, a nanoindentation test was
conducted on the cross section of metallized layer. In order to guarantee
the reliability of measurement, the hardness of 4 positions in the
metallized layer was measured as shown in Fig. 16. The distance be-
tween adjacent points along horizontal direction and vertical direction
were set as 25 pm and 10 pm respectively to ensure the independence of
measurement result of each test point. The nanoindentation test area
range was 75 pm (along horizontal direction) x 30 pm (along vertical
direction). The constant load mode was applied in the nanoindentation
test. In each test, the load was 300 pN. The load time was 10 s. The
holding time was 2 s. The unloading time was 10 s. Due to the processing
depths of samples 5-7 with overlap ratios ranging from 47.7 % to 30.2 %
were less than 30 pm, which did not satisfy the requirement of
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Fig. 20. The formation mechanism of unmetallized AIN surface.

nanoindentation test, only samples 3 with overlap ratio of 65.1 % and 4
with overlap ratio of 56.4 % were used in the indentation test.

The hardness values of test points were shown in Table. 2. The
average metallized layer hardness of sample 3 with overlap ratio 65.1 %
was 0.738 GPa, while metallized layer hardness of sample 4 with overlap
ratio of 56.4 % was 0.708 GPa. These values were close to the aluminum
hardness value [44]. The hardness of base material was also measured.
The average hardness value of AIN ceramic was 14.3 GPa. The charac-
teristic residual indentation morphologies of AIN ceramic and metal-
lized layer were shown in Fig. 17. By comparing the hardness values of
metallized layer and base material as shown in Fig. 18, it was concluded
that surface softening was achieved by laser treatment.

4. Discussion

From the comparison of experimental results, it was found that both
the microstructure and surface roughness of surface softened layer and
unmetallized layer were different. All the differences were caused by the
different formation mechanisms of softened surface layer and unme-
tallized surface.

It was concluded that during the laser treatment, a molten pool
composed of molten Al was generated on the surface as shown in Fig. 19.
With a great overlap ratio (65.1 % and 56.4 %), a consecutive molten
pool was formed. With low overlap ratio (47.7 %, 39.0 % and 30.2 %),
an individual molten pool was formed. The surface topography was
controlled by the molten pool flow behavior. In the same molten pool
mode, with the decrease of overlap ratio in X direction, energy absorbed
by the molten pool decreased. Therefore, the molten Al temperature
decreased, which led to the increase of molten Al viscosity and the
decrease of molten Al amount. In this circumstance, the flow behavior
was more stable with greater laser scanning velocity for the same kind of
molten pool (consecutive molten pool and individual molten pool). It
could be observed from Fig. 10 that the surface roughness of sample 4
with overlap ratio of 56.4 % was lower than that of sample 3 with
overlap ratio of 65.1 %. Besides, the surface roughness of sample 6 with
overlap ratio of 39.0 % was lower than that of sample 5 with overlap
ratio of 47.7 %. Furthermore, the surface roughness of sample 7 with
overlap ratio 30.2 % increased dramatically due to the processing het-
erogeneity as shown in Fig. 2a-b.

The unmetallized AIN surface topography was controlled by the AIN
decomposition reaction. During the laser treatment experiment, AIN
decomposed into Al and Nj. AIN particles completely decomposed or
partially decomposed. Because the AIN particle size (less than 3 pm) was
much smaller laser irradiation area size (diameter: 97.5 pm), the influ-
ence of AIN particle size could be ignored. The influence of overlap ratio
on unchanged AIN surface topography was shown in Fig. 20. The arcs
represented the boundary between the decomposition reaction area and
base material. The surface peak and valley were formed by the over-
lapping between adjacent decomposition reaction area. When the
overlap ratio decreased, the distance between two individual decom-
position reaction area increased (from Distance; to Distancey). The
height difference between peak to valley increased (from H; to Hp).
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Therefore, the surface roughness increased with decreasing of overlap
ratio as shown in Fig. 14. However, the surface roughness of unchanged
AIN surface with overlap ratio of 65.1 % was a little greater than that
with overlap ratio of 56.4 %. It was speculated that this phenomenon
was caused by the slight melting of AIN particle shown in Fig. 13a.

5. Conclusion

To reveal surface softening mechanism of Aluminum Nitride (AIN)
ceramic by laser irradiation, microsecond pulse laser was applied to
soften the AIN ceramic surface. The influence of overlap ratio on surface
softening was investigated. The microstructures of surface softened
layer and unchanged AIN surface were observed. To evaluate the
improvement of machinability, the surface hardness and surface
roughness were measured. The main conclusions were as following:

(1) With overlap ratio of 56.4 %, relatively thick metallized layer
with relatively small surface roughness on the AIN ceramic sur-
face can be obtained by laser treatment. The thicknesses of
metallized layer were 45.3 pm in X direction and 36.5 pm in Y
direction, respectively. The surface roughness Sa was 2.3 pm. The
surface roughness Sz was 19.7 pm.

(2) Al and Aluminum Oxide (Al;03) were formed on the laser-treated
surface; The number of cracks on the surface increased with the
decreasing of overlap ratio.

(3) Both accumulated laser fluence distribution in spatial domain
and time interval between laser pulse in time domain affected the
microstructure and surface roughness significantly.

(4) The surface roughness of metallized surface was affected by flow
behavior of molten Al while the surface roughness of unmetal-
lized surface was affected by the overlap ratio of decomposition
craters.

(5) The molten pool mode (consecutive/individual) affected the
processing depth significantly. The processing depth with
consecutive molten pool was greater due to the greater accu-
mulated laser fluence.

(6) The hardness of AIN ceramic surface decreased from 14.3 GPa to
0.708 GPa after metallization by laser treatment.

The hardness of AIN ceramic surface decreased after laser treatment.
However, the surface roughness increased compared to base material.
The change of machinability of the laser-treated AIN needs to be further
verified by the ultra-precision machining experiment. Our next goal is to
investigate the comprehensive effect of hardness and surface roughness
of laser-treated AIN surface on the machinability of AIN ceramic in
machining experiment.
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