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Abstract

We studied the microstructure characteristics and solidification behaviour of the recast layer on a 1 mm Al,O; electronic ceramic substrate processed
by CO, laser cutting to improve the cutting quality. SEM (scanning electron microscope) and CLSM (confocal laser scanning microscope)
observations showed that the upper and lower regions of the recast layer consist of equiaxed grains, while columnar grains dominate in the middle
region, downgrading cutting quality. We used finite element modelling (FEM) to understand the solidification mechanism and explain profile and
microstructure variation along the kerf. Using this analysis, we performed experiments to study the influences of assist gas pressure and laser
cutting speed on the grain size and recast layer thickness. A thin, dense recast layer of uniform thickness and microstructure resulted from the

following optimal parameters: 8 bar N, assist gas pressure, cutting speed of 1500 mm/min, and laser fluence of 200 W.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Compared to traditional mechanical ceramic cutting tech-
niques, laser processing provides several advantages, such as
high efficiency, low noise, and zero mechanical stress.!* The
demand for miniaturisation and high precision in the elec-
tronics industry drives the need for high quality cutting of
hard and brittle electronic ceramics. High quality cutting also
reduces final machining processes, thus lowering production
costs. Dissimilar to thick ceramic laser cutting, crack elimina-
tion in thin ceramic laser cutting is a relatively mature research
field, resulting in crack-free cutting of electronic ceramic sub-
strates (~1 mm thickness) by parameter optimisation.>-® Current
research focuses more on improving cut surface quality. Our pre-
vious work shows that the laser cut recast layer on thick ceramic
surfaces is easily detached because of loose microstructure.’
However, the recast layer of laser cut thin ceramics is too con-
solidated for removal. Thus, to achieve high cutting quality for
thin electronic ceramics, it is essential to obtain a thin, dense
recast layer of uniform thickness and microstructure.

* Corresponding author. Tel.: +86 10 67392052.
E-mail address: ncltji@bjut.edu.cn (L. Ji).
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Current studies generally consider two aspects of improving
cutting quality. One aspect is to improve cut surface roughness.
Through analysis of mullite-alumina cross-sections, Quintero
et al. showed that higher assist gas pressures reduce the recast
layer extension along the beam direction.® Furthermore, lower
laser frequency reduces the recast layer thickness and dross size.
By investigating cut surface profiles, Li et al. improved cut-
ting quality by period striation elimination on both metal and
ceramic. The striation is removed as the continuous wave (CW)
mode laser cutting speed increases, while lower assist gas pres-
sures result in a wider operating window of cutting speeds.”~!!
For pulsed lasers, high peak power and high pulse repetition
rate are necessary for evaporation to govern the cut process and
stabilise cut front movement.'?

Another aspect for improving cutting quality is to consider a
numerical simulation analysis of the melt flow and temperature
distribution along the cut surface. Schulz et al. used a variational
formulation and finite dimensional approximation to develop
a mathematical melt flow model. In particular, they adopted a
1D heat conduction model for melting front axial dynamics.'?
Ermolaev et al. established a mathematical model for oxygen
laser cutting of mild steel. Here, a 3D temperature field and
profile simulation predicted a temperature increase with down-
ward melt flow.!*!5 Makashev et al. used a quantitative laser
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Fig. 1. Cross-sectional view of the work-piece.

cutting model for recast layer and dross generation.'® Simplifi-
cations include, using a point heat source, rather than a surface
heat source, and neglecting overheating and heat transfer across
the thickness direction. Though simulation analysis can support
experiment research, the latter simplifications make it difficult to
provide direct guidance for laser processing optimisation. Cur-
rently, no satisfactory mathematical model exists for describing
the complex rapid laser cutting process.!”

Microstructural material features, including shape, size, ori-
entation and grain arrangement, provide direct information
about thermal or mechanical effects. It is therefore worthwhile
to look at laser process optimisation based on an analysis of
microstructural features of a laser-cut ceramic. In this paper,
we study the temperature distribution and cooling effect vari-
ation along the kerf for processing optimising by analysing
microstructure characteristics and solidification behaviour of
recast layer. Our analysis shows the effect of assist gas pres-
sure and cutting speed on recast layer formation, and results in a
defect-free cut surface specimen with a uniform microstructure
and thin recast layer.

2. Materials and methods

We used 96% alumina electronic ceramics with a thickness of
1 mm and a density of 3.77 g/cm?. Because of good beam quality
(TEMyo, M?< 1.1) and high absorption coefficient on Al,O3
(up to 80%), we employed a slab CO; laser (Rofin DC035)
in CW mode, with 127 mm focal length lens; and a focused
beam spot diameter of about 100 wm. The focal point position
was 0.5 mm below the upper surface of the work-piece, with a
standoff distance of 1 mm. The laser power was set to 200 W and
cutting speeds ranged from 500 mm/min to 1500 mm/min. N»,

0O, and compressed air were used as assist gases respectively for
comparative experiment and N, was eventually selected for the
experiments afterwards with gas pressure varied from 1 to 8 bar.

We used the work-piece for external profile cutting.
Microstructure characteristics of a cross-sectional view of the
cut surface recast layer (Fig. 1) were analysed using a scanning
electron microscope (SEM, FEI Quanta 200) and confocal laser
scanning microscope (CLSM, Olympus OLS 3000). The solid-
ification process and assist gas velocity influence on the recast
layer were studied using Ansys.

3. Results and discussion
3.1. Comparative experiment with difference assist gases

In metal laser cutting, N, O, and inert gas such as He
and Ar are often used to be as assist gas for different pro-
cessing application. However, in ceramic laser processing, no
such preference is shown between the gases with different
chemical properties because chemical reactions seldom take
place due to the stable chemical properties of ceramics, even
at high temperature condition. The difference processing effect
induced by the assist gases is mainly the shear stress and cool-
ing effect they provide. Variation of shear stress and cooling
effect mainly attributes to the density, heat capacity, thermal
conductivity and viscosity difference of gases. Due to a higher
cost of He and Ar, comparative experiment was focused on
Nj, O and compressed air. The physical properties in tem-
perature of 300 K and 100 kPa absolute pressure are shown in
Table 1.

As demonstrated, the physical property difference amongst
the assist gases is small which indicates that their effect on
ceramic laser cutting should be similar. The similar experiment
result with different assist gases coincided with the comparable
physical properties of them. Fig. 2 is the CLSM images of the
kerf vertical edge cross-section taken at the same position of the
specimens, which were cut with different assist gases in 2 bar
gas pressure and 1500 mm/min cutting speed. As marked in the
images, a thin recast layer is attached firmly to the base material
and there is no obvious boundary between the two regions, mak-
ing it difficult to remove the recast layer. One can distinguish
between the recast layer and the base material only by grain
morphology differences as shown in Fig. 3, a high magnifica-
tion SEM image of the cross-section: the base material consists

Fig. 2. CLSM images of work-piece cross-section cut with different assist gases: (a) N, (b) Oz and (c) compressed air.
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Table 1
Physical properties of Ny, O, and compressed air '8,

Type of assist gas Density (kg/m?®) Isobaric heat Thermal conductivity Dynamic viscosity
capacity (kJ/(kg K)) (mW/(mK)) (pkg/(s m))

N» 1.123 1.041 25.97 17.89

(0)) 1.284 0.920 26.49 20.65

Compressed air 1.161 1.007 26.38 18.54

of equiaxed grains of about 5 wm in size, while recast layer struc-
ture is more compact with a much smaller grain diameter. On the
other hand, the profile and microstructure of recast layer with
different assist gases is similar. The thickness is 7.1-7.8 pm for
all specimens shown in Fig. 2 and the recast layer consists of
refined grains with diameter about 0.8 pm.

It can be concluded that the difference of the effect on the kerf
quality of different assist gases employed in thin ceramic laser
cutting is small. However, due to a lower ionisation potential
of O, plasma would generate easily while using O, as assist
gas in high laser power processing. Thus, O, was not used in
the following experiment because plasma can attenuate laser
energy absorbed by the work-piece and may eventually lead to
cut failure. Besides, for concern of cost and component purity,
compressed air was not selected as assist gas. Accordingly,
N> was used for the following experiment to assist the cutting
process.

3.2. Microstructure evolvement characteristics of recast
layer

To study recast layer microstructure characteristics depen-
dence on laser cutting parameters, we employed cross-section
specimen cutting at a speed of 1200 mm/min and assist gas pres-
sure of 4 bar for the SEM analysis. Fig. 4(a) is the kerf vertical
edge SEM image showing the relative positions of Fig. 4(b)—(f).
Based on morphology features, we divided the analysis region
of the recast layer cross-section into three regions, namely the

20.0pm

Fig. 3. SEM image of the work-piece cross-section.

upper region (between the beam entrance edge and the middle
of the kerf), the lower region (about 100 pwm from the bottom
(beam exit) edge), and the middle region (between the upper and
lower regions).

Fig. 4(b) and (c) reveals a thin upper region recast layer. The
layer consists of equiaxed grains much smaller than those in
base material. The recast layer thickness increases in the upper
region along the kerf from 3.4 to 6.3 wm. The thickness increases
sharply in the middle region. The higher magnification SEM
images in Fig. 4(d) and (e) shows that the dominant anisometric
columnar grains in the middle region result in increasing recast
layer thickness. The columnar grain growth direction is mainly
perpendicular to the cut surface. The diameters and lengths are
0.5-0.7 pm and 5.6-9.6 pm, respectively, larger than the aver-
age grain sizes in the base material and upper region. On entering
the lower region, the number and length of columnar grains
decrease. Columnar grains are not observed while approaching
the bottom edge (Fig. 4(f)). The recast layer thickness decreases
to about 4 um in the lower region and grain sizes are smaller
than those in the base material.

3.3. Analysis of recast layer grain growth variation

In Fig. 4, we see that equiaxed grains emerge in the upper and
lower regions, while columnar grains, with the growth direction
perpendicular to the cut surface, dominate in the middle region.
The variation of thickness and microstructure characteristics of
the recast layer in different regions along the kerf vertical edge
reflects altered solidification behaviour under different temper-
ature conditions.

The formation of the columnar grains in the middle region
leads to a thicker recast layer than in other regions. Recast layer
structure defects and mismatch with the base material deteriorate
with increasing recast layer thickness, resulting in an eventual
unexpected break off from the cut surface. Hence, kerf quality
can be improved by appropriate thickness reduction of the con-
solidated recast layer. On the other hand, the volume property
of columnar grains makes brittle deformation more troublesome
compared to equiaxed grains, because there are fewer plastic
slip systems in the direction perpendicular to grains. In sum-
mary, there is an obvious dissimilarity of microstructure and
thickness in the different regions of the recast layer, which dete-
riorates the cut surface quality. As a result, the columnar grain
growth should be suppressed to obtain a thin and uniform recast
layer.

Grain generation in ceramics follows the steps of nucleation
and growth. After nucleation, grains grow as the solid-liquid
boundary moves. Thornton reports that temperature differences
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Fig. 4. SEM images of recast layer microstructure characteristics. (a) The work-piece cross-section and (b)—(f) higher magnification images of different regions

along the kerf.

between the base and molten material causes microstructure

variation after solidification.'>?? In laser processing, the critical

value for columnar grain generation is>':

or 27 (1)

vp D’

where Gr denotes the temperature gradient in the recast
layer thickness direction, vj, represents moving velocity of the
solid-liquid boundary, AT=T; — T refers to the equilibrium
freezing range, 7; and T denote the liquidus and solidus tem-
peratures, respectively, and D is the liquid diffusion coefficient.
Columnar grains emerge when the left side of Eq. (1) is less
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Fig. 5. Sketch of heat flux distribution during solidification.

than the right side. Otherwise, equiaxed grains will be gen-
erated. Since the right side of Eq. (1) is constant, grain type
formation depends on the temperature gradient and boundary
velocity. As shown in Fig. 4, grain morphology variation along
the kerf indicates a modified ratio of temperature gradient to
boundary velocity. Compared to columnar grains in the middle
region, the upper and lower regions indicate a higher ratio.

During solidification, there are three types of heat flux as
shown in Fig. 5: forced convection of the molten material and
assist gas, natural convection on the base material surface,
and heat conduction from the molten material to the base. For
analysing forced convection, the Reynolds number, Re, needed
for characterising different flow regimes, is given by:

ud  flayd |2p
Re = — = —,
v v P

(@)

where d denotes the specimen thickness, v is nitrogen kine-
matic viscosity, u is the kerf assist gas velocity calculated from
Bernoulli’s equation,?” p is the gas pressure, p is the nitrogen
density, and /2p/p denotes the maximum gas velocity for a
specific pressure. The value of f(a) increases with kerf width a,
with estimated f{a) values (using simulations similar to those in
Section 3.4) between 0.01 and 0.1, representing the cut surface
effect on assist gas flow. The Reynolds number extracted from
Eq. (2) is far less than the critical value 5 x 10°, indicating lami-
nar gas flow in the kerf. Hence, we calculated forced convection

heat flux, ¢1, from?3:

kAT’ 0.664KAT’ Re!/? prl/3

q=——Nu= y ;
where k is the nitrogen thermal conductivity, AT denotes the
temperature difference between assist gas pressure and molten
material, Nu refers to the assist gas Nusselt number, and Pr
denotes a Prandtl number of 0.718 for nitrogen. For a tempera-
ture difference of 2200 K (based on the difference between room
temperature and alumina melting point), and assuming indepen-
dence of assist gas density and specific heat with temperature,
we estimated the heat flux to be of order 10° W/m?. We estimated
natural convection heat flux, ¢, from:

3

¢ = hAT', “
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Fig. 6. Simulation result of transient temperature gradient along the kerf.

where h denotes a heat transfer coefficient of about
5-20 W/(m? K). The heat flux is of the order 10* W/m2. We
calculated heat conduction flux, g3, from Fourier’s law of heat
conduction, namely:

4 = —h - gradT, 5)

where A refers to alumina conductivity of 24 W/(m K) for the
material used in our experiment. Using recast layer thickness
and temperature difference between boiling and melting points
of alumina, we estimated a maximum temperature gradient of
about 107 K/m, though the actual value may be much lower.
Theoretically, the highest heat flux is of order 103 W/m?, and
decreases along the heat flux direction into the base.

Based on the above discussion, we used Ansys to perform
a 2D numerical simulation. The thermal model includes natu-
ral convection, forced convection, and base material conduction.
The simulation does not consider material melting and vaporisa-
tion. We applied a surface heat source based on the experiment to
the cut surface. Assist gas pressure was set to 2 bar. The transient
cut surface temperature gradient shown in Fig. 6 reflects the vari-
ation trend along the kerf. The temperature gradient increased
in the upper and middle regions, and decreased sharply in the
lower region.

The low thermal conductivity of alumina prevents rapid con-
duction of the energy absorbed in the upper region, resulting in a
relatively low temperature gradient. As assist gas flowing along
the kerf, the temperature of the assist gas increases because of
forced convection with molten material. The temperature differ-
ence between molten material and assist gas is lower in the lower
region compared to that in the upper and middle region, reduc-
ing forced convection heat flux according to Eq. (3). Therefore,
the cooling effect in the lower region weakens, decreasing the
temperature gradient.

Normally, columnar grain generation follows higher temper-
ature gradients. Assuming the critical value for columnar grains
formation is around 163,000 K/m in the transient simulation
result obtained above, the curve was divided into three parts as
shown in Fig. 6. The value in the middle part is above the crit-
ical value where columnar grains would generate, while in the
left and right part of the curve, they would not emerge because
the temperature gradient is below the critical value. The divi-
sion of the curve agreed with the microstructure variation of the
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Fig. 7. CLSM images of the work-piece cross-section for different assist gas pressures p: (a) p=2bar, (b) p =5 bar and (c) p =8 bar.

kerf recast layer demonstrated in Fig. 4. On the other hand, the
boundary velocity in Eq. (1) is also known as cooling rate.?!
As already mentioned, three types of heat flux exist during the
solidification process of the recast layer. Cooling through the
upper surface of the upper region can only occur by natural
convection. However, numerical analyses of Egs. (3)-(5) show
natural convection cooling is inefficient compared to forced con-
vection and conduction. The same situation occurs for cooling
from the lower region of the lower surface of the work-piece.
Because of the lack of base material surface, natural convection
does not occur in the middle region of the kerf. Heat transfer
takes place by forced convection and thermal conduction along
the £y axis direction; this is more efficient than natural con-
vection. Hence, a much higher cooling rate is achieved in the
middle region, leading to a lower ratio of temperature gradient
to boundary velocity and columnar grain formation according
to Eq. (1). Consequently, because of a much lower cooling rate
and thus higher ratio, equiaxed grains generate in the upper and
lower regions. The above analysis and simulation results agree
with microstructure variation of the recast layer.

For laser processing, one can control the temperature vari-
ation by optimising parameters such as laser power, assist gas
pressure and cutting speed. Normally, we need to exceed a criti-
cal power density value to achieve a successful cut kerf through
melt removal and/or evaporation. In a pre-research experiment,
for a fixed focal point position, we obtained a kerf with laser
power of 200 W. Fixing the laser power at 200 W, the follow-
ing discussion focuses on assist gas pressure and cutting speed
parameters.

3.4. Effect of assist gas on solidification behaviour

For fixed laser energy input and cutting speed, assist gas pres-
sure plays a vital role in the temperature variation inside the
kerf. We chose the following parameters: 200 W laser power,
1000 mm/min cutting speed, and 2, 5, 8bar assist gas pres-
sures. Fig. 7 shows CLSM images taken at the same position
(about 200 wm above the bottom edge) for different speci-
mens: and it shows that the recast layer thickness decreases
with increasing assist gas pressure. For 2 bar assist gas pres-
sure, the thickness is 6.5-8.0 um (Fig. 7(a)), decreasing to
4.6-5.4 wm for 5 bar pressure (Fig. 7(b)), and further decreasing
to 3.2-4.0 pm for 8 bar pressure (Fig. 7(c)). At the same time,
columnar grains were well restrained with assist gas pressure
increase.

The assist gas pressure affects cooling and wall shear stress.
According to Egs. (2) and (3), higher assist gas pressures result
in higher forced convection heat flux, leading to better cooling
effects for grain refinement, thus improving recast layer density
and uniformity. More importantly, higher assist gas pressures
increase wall shear stress. In the work on boundary layers,*
Blasius assesses wall shear stress, 1, by:

2 3,2
r = 0.332u32, | *P = 0,330 (a2 i BRI (6)
X

ox?

where p is the dynamic viscosity of the melt layer, and x denotes
the kerf position x-axis coordinate (see Fig. 1). Because the
change in condition of a through cut was small, we consid-
ered p to be constant. As the assist gas pressure p increases,
the melt layer surface temperature decreases and, consequently,
w increases. We neglected the effect of p on kerf width, and thus
also neglected f{a). Hence, for a fixed position x, t,, increases
with increasing assist gas velocity in the kerf, thus achieving a
higher wall shear stress by increasing the assist gas pressure.
The increasing shear stress applied to the melt layer, leads to a
growing melt removal rate for recast layer thinning under high
gas pressure.

To validate the effect of assist gas on recast layer thickness, we
developed a numerical simulation for a typical sample: we set the
assist gas pressure to 2 bar, and chose kerf profile (Fig. 8) widths,
130 wm and 120 pm, at the top and at the outlet, respectively.

Fig. 9 shows the simulation result, which describes the veloc-
ity field of assist gas along the x axis (—y axis in the Ansys

Fig. 8. Typical CLSM kerf profile for 2 bar assist gas pressure.
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Fig. 9. Simulation contour map of assist gas velocity along the x axis.

coordinate system) near the kerf outlet. The black region in
Fig. 9 represents the base material. Wall shear stress is defined
as being proportional to the velocity gradient perpendicular to
the surface, namely:

du(y)
8y y=0

= 1 @)

We see that the lower velocity region becomes smaller while
approaching the kerf’s bottom edge, i.e. the velocity gradient
increases, resulting in increasing wall shear stress and thinner
recast layer thickness as shown in Fig. 4(f). The velocity gradient
variation is caused by a sharp increase of the assist gas flowing
channel near the kerf outlet. For higher assist gas pressures, the
velocity gradient increases because of a higher velocity reached
in the kerf. Therefore, wall shear stress increases and the recast
layer thickness decreases. Our simulation result supports the
recast layer thickness dependence on assist gas pressure. Hence,
we can reduce the recast layer thickness by controlling assist
gas pressure. On the other hand, increasing assist gas pressure
induced the cooling effect to rise, which resulted in a lower ratio
of temperature gradient to boundary velocity according to Eq.
(1). Therefore, the growth of columnar grains was suppressed. In
summary, a higher assist gas pressure (~8 bar) removes exces-
sive molten material and restrains the growth of columnar grains,
yielding a thin and compact recast layer.

3.5. Effect of cutting speed on solidification behaviour

During ceramic laser cutting, altering the cutting speed
adjusts energy input for fixed laser power, duty cycle and
spot size. We examined specimens with the following cut-
ting parameters: 200 W laser power, 2 bar assist gas pressure,
and different cutting speeds of 500 mm/min, 1000 mm/min and

1500 mm/min. Fig. 10 displays CLSM images of the cross-
section recast layer.

We can see that the thickness decreases with increasing
cutting speed. For a cutting speed of 500 mm/min, the recast
layer thickness is about 6.7-8.5 wm (Fig. 10(a)), and decreases
to about 6.0-8.0um at a cutting speed of 1000 mm/min
(Fig. 10(b)). For a cutting speed of 1500 mm/min, the thick-
ness further decreases to about 5.5-6.0 wm (Fig. 10(c)). This
indicates a higher melt removal rate caused by cutting speed
variation, though the extent is smaller compared to the effect of
assist gas pressure. On the other hand, Fig. 10 shows an obvious
decrease in columnar grain diameters with increasing cutting
speed: the diameter decreases from 1.0-1.4 pm to 0.5-0.8 pm.

Because of cutting speed increase, the laser energy absorbed
per input point decreases proportionally under constant laser
fluence. For the same gas pressure (2 bar N»), the heating time,
at a certain input point induced by the laser energy absorption,
reduces with increasing cutting speed. Consequently, a faster
cooling process takes place, resulting in grain refinement, thus
improving recast layer quality. Compared to assist gas pressure
application for reducing the recast layer thickness, cutting speed
plays a more important role for grain size refining. Hence, to
obtain a dense recast layer with refined grains, we need to employ
higher cutting speeds.

3.6. Optimised cutting result

In summary, to obtain a thin recast layer without columnar
grains, we need to employ high assist gas pressure and cut-
ting speed, providing a high melt removal rate to reduce the
recast layer thickness and refining the grains to achieve a dense,
consolidated layer attached to the base material.

Fig. 11 shows the SEM images of recast layer cross-section
with optimised cutting parameters of 1500 mm/min cutting
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speed, and 8 bar assist gas pressure. Fig. 11(b) displays a higher
magnification SEM image of the recast layer microstructure in
the middle region shown in Fig. 11(a). The recast layer thickness
of 3.0-3.7 wm is consistent along the kerf. We do not observe
the columnar grains which dominated the middle region in other
specimens. The recast layer is firmly attached to the base mate-
rial and the boundary is more distinct compared to the middle
region shown in Fig. 4. Hence, we obtained a smooth cut surface
of a uniform recast layer with refined grains.

4. Conclusions

Through analysis of microstructure and solidification
behaviour of the work-piece, we improved the CO; laser cut-
ting quality of alumina electronic ceramic with 1 mm thickness.
Normally, the recast layer thickness increases from the upper to
the middle region, and decreases in the lower region. Equiaxed
grains dominate in the upper and lower regions, while massive
columnar grains emerge in the middle region. Microstructure
variation of the recast layer reveals temperature and solidi-
fication behaviour differences along the kerf. Our numerical
simulation demonstrates that the x axis temperature gradient
increases from the upper to the middle region, and decreases
sharply in the lower region. Because of different solidification
processes, the cooling rate in the middle region is higher than

(b)

Fig. 11. SEM images of recast layer microstructure, showing (a) the work-piece cross-section and (b) a close-up view of (a).

the upper and lower regions. Based on an analysis of the molten
material solidification mechanism, we performed an experiment
to study the relationship between laser cutting parameters and
the recast layer profile. We observed that the recast layer thick-
ness is mainly influenced by assist gas pressure, while cutting
speed significantly affects grain refinement. To achieve a thin
recast layer without columnar grains requires a higher assist gas
pressure and cutting speed. We established the following optimal
cutting parameters for obtaining high quality specimens: laser
power of 200 W, 1500 mm/min cutting speed, and 8 bar assist
gas pressure.
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