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Laser-Pulsed Heating of Aluminum: Cavity Formation
at the Surface
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Laser evaporative heating of aluminum surface is modeled numerically and mushy zone formation across
the solid-liquid and the liquid-vapor phases is introduced in the model study. Temperature rise in the
irradiated region and the cavity formation during the laser heating pulse are predicted. Temperature-
dependent properties are introduced during the simulations. Oxygen diffusion into the substrate material is
considered during the laser heating process while employing temperature-dependent diffusion coefficient.
An experiment resembling the simulation conditions is carried out and the morphology of the cavity
produced at the surface of the laser-irradiated region is examined using scanning electron microscopy
(SEM) and atomic force microscopy (AFM). It is found that the depth of liquid phase increases significantly
with the progressing time and the size of the mushy zone across the solid-liquid phase is smaller than that of
across the liquid and the vapor phases. The cavity depth, observed from the SEM and AFM micrographs, is
shallow and similar to those predicted from the numerical simulations.
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1. Introduction

Lasers are widely used to modify the surface structure of
metallic materials in relation to improved surface properties.
Aluminum alloys are widely used in industry due to their low
density; however, low tribological properties of the surface
limits the wide usage of the alloys. Laser surface treatment
technique is one of the methods, which improves the surface
properties of the alloy with the low cost and the high precision.
During the laser processing, oxide formation in the treated
region is unavoidable despite the fact that aluminum alloys
have low oxygen diffusion coefficients and shielding gas being
used in the process. Although oxide layer is significantly thin,
in some cases, it results in the surface cracks onset of the rapid
solidification due to the non-uniform cooling rates of oxide
components formed in the surface vicinity and the alloy
constituents. However, the model studies provide insight into
the physical processes taking place during the laser processing
of the alloy. When modeling the laser heating situation, the
phase change and oxidation in the laser-irradiated region should
be considered in the analysis. In addition, the model study
provides information, which will be useful to assess the
evaporation depth and the resulting surface recession. Conse-
quently, investigation into the laser heating of aluminum and
oxidation at the surface becomes necessary.

Considerable research studies were carried out to examine
the laser heating of aluminum surfaces. Excimer laser
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Gaussian parameter (m)

Area (m?)

Specific heat capacity (J/kg/K)
Concentration (wt.%)

Concentration at the surface (wt.%)
Diffusion coefficient (m?/s)
Convective heat transfer coefficient (W/m*/K); Sensible
enthalpy (J/kg)

Laser power intensity (W/m?)
Thermal conductivity (W/m/K)

Latent heat (J/kg)

Mass (kg)

Distance along the radial direction (m)
Reflectance

Source term (W/m3)

Temperature (K)

Initial temperature (K)

Time (s)
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Distance along the axial direction (m)
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Reciprocal of absorption depth (m™")
Density (kg/m®)
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vapor-liquid mushy zone; boiling
liquid

solid-liquid mushy zone; melting
initial value
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solid, surface
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interactions with an aluminum alloy were investigated by
Koutsomichalis and Kefalidou (Ref 1). They indicated that the
laser treatment resulted in the oxide and nitride formations at the
surface through which surface properties were improved. The
laser treatment of aluminum surface and corrosion resistance of
the resulting surface was examined by Yue et al. (Ref 2). They
showed that the grain boundaries of the re-solidified structure
were free from precipitates and corrosion resistance of the
surface improved significantly after the laser treatment process.
A review on the laser treatment of aluminum alloys and
corrosion properties was carried out by Watkins et al. (Ref 3).
They indicated that the laser-treated alloy surface had unique
microstructural and compositional characteristics, which
improved hardness and the critical corrosion pitting potential.
The residual stress produced in aluminum alloys by laser shock
processing was investigated by Gomez-Rosas et al. (Ref 4).
They showed that the surface residual stress level was higher
with greater depths than that achieved by conventional shot
peening process. The local surface modification of aluminum
alloy by the laser irradiation was studied by Kikuchi et al.
(Ref 5). They indicated that the key technology in the process is
to use aluminum as a target for the laser irradiation in chemical
solution and the anodic oxide film formed at the surface played
an important role in the processes. The laser-induced aluminum
surfaces and the plasma formation in the laser-irradiated region
were investigated by Mazhukin et al. (Ref 6). They indicated
that the vapor plasma pattern was characterized by the dense hot
zone near the surface where the absorption of the laser energy
took place, and the rapid decrease of density outside the zone
occurred due to the plasma expansion. The mechanical and
thermal effects induced by femtosecond laser treatment of
aluminum single-crystal substrate were examined by Valette
et al. (Ref 7). They showed that the crystallographic structure of
the laser-produced surface was purer than the as-received
surface and the laser effect was persistent on a typical scale of
10 pm below the surface. The laser melting of aluminum alloys
and the corrosion protection were investigated by Davenport
et al. (Ref 8). They indicated that the laser surface melting with
an excimer laser was a promising technique for the corrosion
protection of high-strength aluminum alloys in the aerospace
applications. The rapid solidification of aluminum die cast
alloys by the high-power laser radiation was examined by
Haferkamp et al. (Ref 9). They correlated the heating and
cooling rates with the resulting grain structures.

In the present study, laser melting of aluminum surface is
considered and the heating model allowing the formation of
mushy zones between the solid-liquid and the liquid-vapor
phases is introduced. Temperature field and the resulting cavity
shapes in the substrate material are predicted. Oxygen diffusion
into the irradiated region during laser processing is examined
and oxygen concentration around the region of the cavity
surface is predicted. An experiment is carried out to resemble
the conditions adopted in the simulations. The morphological
and metallurgical changes in the irradiated region are examined
using SEM, EDS, and XRD.

2. Mathematical Analysis

2.1 Heating Analysis

The Gaussian laser output power intensity distribution at the
workpiece surface is assumed and its center is located at the
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center of the co-ordinate system. This results in an axisym-
metric heating of the workpiece material. The temporal
variation of laser power intensity resembling the actual laser
pulse is used in the simulations. The heat conduction equation
for a solid-phase heating due to a laser irradiation pulse with a
Gaussian intensity profile can be written as:

oT ks 0 ( OT 0T
Cps—=——|r— ks—+S,, Eq 1
PsCPs 5t rar(rar)+ o2 " (Eq 1)
where S, is the volumetric source term and it is,
2
So = I,0(1 — rr) exp(—dz) exp(—;), (Eq 2)

where I,, 8, r, and a are the laser peak power intensity,
absorption coefficient, reflectivity, and the Gaussian parame-
ter, respectively.

The initial and boundary conditions for Eq 1 are given
below. Initially, the substrate material is assumed at a uniform
temperature, Ty, i.e.:

At time zero = t =0: T(r,z,0) = T, (specified)

At a distance considerably away from the surface (at
infinity) in the radial direction a constant temperature 7, is
assumed. Since the heating has no effect on the temperature rise
at a depth of infinity below the surface, temperature is assumed
to be constant and equals to the initial temperature of the
substrate material in this region. The respective boundary
conditions are:

rat infinity = r = 00 : T(00,z,t) = T, (specified)
z at infinity = z =00 : T(r, 00,t) = T, (specified)

At the symmetry axis, maximum temperature is assumed
and the convection boundary condition is considered at the
workpiece surface, i.e.:

aT(0,z,1)

or =0

At symmetry axis = r=0:

and

oT(r,0,1)
0z

where / is taken as 10> W/m’K due to natural convection
from the surface (Ref 10).

Since the evaporation temperature depends on the pressure
and this relation is not known for steel vapor, it is assumed that
the substrate material has single melting and boiling temper-
atures. Moreover, once the phase change initiates, a mushy
zone (mutually existence of two phases) is introduced across
the interface of two phases. During the phase change process,
including the mushy zone, temperature of the substrate material
remains the same, but its enthalpy changes in this region. This
situation can be formulated via energy balance in the mushy
zone. It should be noted that nominal laser pulse length is
24 ns, therefore, the flow in the vapor and liquid layer during
the heating process is neglected, i.e., 1 um of fluid motion, in
radial or axial direction, in the liquid layer requires the liquid
velocity in the order of 1000 m/s, which may not be the case
that occurs in the present simulations; consequently, during the
short heating period, the fluid motion in the liquid and vapor
phases is assumed not to influence the heat transfer mechanism
in these zones.

At the surface =z=0:k =n(T(r,0,¢) — T,),
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The energy equation for the differential element in the
mushy zone (Ref 11):

O ke O < aT) &°T
=" +

Ly —— — ko —— + S,
pmm@t rarrar * 2

n (Eq 3)

Equation 3 is valid in the mushy zone (mutually existence of
solid-liquid phases in the zone) where 0 < x,, < 1, ie.,
temperature of the cells with 0 < x, < 1 is set to melting
temperature (7 = T,,). X, is the quality in the solid-liquid
mushy zone, which is defined as x,, = (m)/(m + ms), where
my and mg are the mass of liquid and solid in the mushy zone.
For the situation x,,, = 1, liquid phase occurs and Eq 1 is used to
determine the temperature rise in the liquid heating using the
liquid thermal properties in the equation. Moreover, the liquid
heating continues until the boiling point is reached in the
substrate material; in which case, a new mushy zone is formed.
In this case, Eq 3 is modified for a differential element in the
mushy zone subjected to evaporation, i.e.:

Oxy ky 0 [ OT o’T
prba—th%JE (}”E)‘Fkbg‘kso (Eq 4)
Equation 4 is applicable for temperature 7= T}, and 0 < x,
< 1 in the mushy zone (partially liquid partially vapor zone);
in which case, temperature of the cells with 0 < x, < 1 is set
to the boiling temperature of the substrate material
(T = Ty)(T = Tw). xp is the quality in the liquid-vapor mushy
zone, which is defined as x, = (my)/(my + m), where m,
and m, are the mass of liquid and vapor in the mushy zone.
It should be noted that x,,, is replaced with x;, in Eq 4, which
represents the fraction of vapor phase in the differential ele-
ment. The calculation of x is the same as x,,, provided that
latent heat of fusion is replaced with latent heat of evapora-
tion of the substrate material in Eq 4 in the latter.

The boundary condition at the evaporating surface is
introduced in relation to Eq 4. In this case, the temperature
along the evaporated surface is kept at boiling temperature of
the substrate material, i.e., the cells in the evaporated region are
kept at boiling temperature, i.e.:

In the mushy zone, at z = z, = T(r,zp,t) = Ty,

where z, represents the axial location at the evaporated
surface.

Equations 3 and 4 provide the relative position of solid-
liquid and liquid-vapor interface in the substrate material.
Liquid-vapor interface determines the shape and size of the
cavity generated during evaporation process.

2.2 Formulation of Oxygen Diffusion

Aluminum is resistant to oxidation and shows a very good
affinity with oxygen. It is covered with a very thin layer of
alumina (2-3 nm) at room temperature (Ref 12). Oxide
formation can take place through oxygen adsorption on the
metallic sites. The oxygen distribution in the metallic matrix
depends on temperature, time, oxygen pressure, and crystalli-
zation state of the metal. Temperature-dependent diffusion

coefficient of oxygen is used in the analysis. Since the
Maragoni flow in the melt phase of the substrate material is
neglected, the diffusion mechanism can be formulated from the
second Fick’s law. In this case, the governing diffusion equation
in the axisymmetric coordinate system can be written as:

oc 10 ocC 0 ocC
=~ __Z |, p= “ (pZ=
ot ror (r 8r)+8z( 82)’
where C is the nitrogen concentration and D is the diffusion
coefficient. The relevant initial and boundary conditions are:

(Eq 5)

Initial condition:
At time zero: t =0 — C(r,z,0) =0

Boundary conditions:

z at infinity: z = 0o — C(r,00,1) =0

r at infinity: r = co — C(00,z,¢) =0

At symmetry axis: » = 0 — ((9C(0,z,¢))/(dr)) =0
At the surface: z=0 — C(r,0,7) = C,

where C, is the oxygen concentration at the surface (0.16,
based on the stoichiometry).

Equation 5 is solved numerically with the appropriate
boundary conditions to obtained oxygen concentration in the
substrate material.

3. Numerical Solution

Equation 1 is applicable to solid and liquid heating, Eq 3 is
applicable to mushy zone at solid-liquid interface and Eq 4 is
applicable to mushy zone at liquid-vapor interface. To discretize
the governing equations, a finite difference scheme is intro-
duced. The details of the numerical scheme are given in Ref 11
and 13. To compute the equations discretized for temperature
field and relative positions of solid-liquid and liquid-vapor
interface, an implicit scheme is used, i.e., using the initial
conditions, the temperature in the whole domain is calculated
for following time steps with the respective conditions.
Moreover, implicit scheme is used for solving the oxygen
diffusion equation (Eq 5), provided that temperature field-
predicted previous simulations are used in the prediction of
oxygen concentration.

The calculation domain is divided into grids and grid
independence test is performed for different grid size and
orientation and the grid size resulting from grid independent
solution is used, which is 100X 120 mesh points in the » and
z-axes. A computer code based on implicit scheme is developed
to predict the temperature field.

The material properties and pulse intensity used in the
simulations are given in Tables 1 and 2, respectively, while
Table 3 gives temperature-dependent oxygen diffusion coeffi-
cient (Ref 14). It should be noted that the laser pulse properties
employed in the simulations resemble the actual pulse used in

Table 1 Thermal properties of aluminum used in the simulations

T K Ty, K p, kg/m® Cp, Jkg/K

k, Wim/K 3 (1/m) Lo, J/kg Ly, J/kg

933 2720 2702 —0.00037% + 0.8713T + 631.75

—10747% + 0.067T + 228

6.17x10° 3.21%x10° 1.1x10°
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Table 2 Laser pulse intensity used in the simulations

Peak intensity, Gaussian Nominal pulse
W/m? parameter, m length, ns
3.33x10" 8.33x107° 24

Table 3 Temperature-dependent diffusion coefficient
(Ref 14)

Temperature, K D, m?/s

293 1.3%x107%°
473 5.5%1072°
673 5.1x107%°
773 1.5%x107%°
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Fig. 1 Normalized laser pulse intensity used in the simulations

the experiment. The normalized pulse intensity is shown in
Fig. 1.

4. Results and Discussions

Laser heating of aluminum surface is considered and the
cavity formation at the surface is modeled. The mushy zones
generated across the solid-liquid and the liquid-vapor phases
are predicted and oxygen diffusion into the substrate material is
determined during the laser heating process. An experiment
resembling the simulation conditions is carried out to examine
the morphological and metallurgical changes in the laser-
irradiated region.

Figure 2 shows temporal variation of temperature along the
symmetry axis (Fig. 2a) and at the radial location » =5 um
(Fig. 2b) at different depths below the surface. In the solid
phase, temperature rise is gradual in the early heating period
and as the heating duration progresses it rises rapidly. This is
more pronounced in the surface vicinity where z < 0.16 pum.
This is because of the laser power absorbed in the surface
region, which is higher than that of at some depth below the
surface. It should be noted that the laser power absorbed by the
substrate material decays exponentially with the depth below
the surface (Lambert’s law). Moreover, the gradual rise of
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Fig. 2 Temporal variation of temperature at two radial locations
and different depths

temperature is because of the temporal distribution of the laser
power intensity (Fig. 1), which is low in the early heating
period. As the time progresses, the power intensity increases.
This, in turn, results in the rapid rise of temperature within the
absorption depth of the substrate material. Although convection
heat transfer from the free surface and conduction from the
surface vicinity to the solid bulk lower the internal energy gain
from the irradiated field in the surface region; in which case,
energy gain in the surface region becomes significantly high so
that temperature rises continuously. This situation slightly
differs at some depth below the surface due to the relatively low
energy gain from the irradiated field in this region as compared
to that of in the surface vicinity. Once the melting temperature
of the substrate material is reached, the phase change takes
place and temperature rise at the surface reduces significantly. It
should be noted that during the initiation of the melting process,
a mushy zone is formed; however, the duration of the mushy
zone becomes small because of the high laser power intensity.
This limits the duration of constant temperature during the
melting process. As the time increases further, temperature rise
becomes sharp in the regime of the super heating of liquid
phase. This is more pronounced at the surface. However, at
some depth below the surface, the rate of temperature rise is
low because of the low irradiated energy absorbed in this
region. Once the evaporation temperature of the substrate
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material is reached, a mushy zone is formed across the liquid
and vapor phases; in which case, temperature remains the same.
Since the latent heat of evaporation is much higher than the
latent heat of melting of the substrate material, the duration
of constant temperature at evaporation temperature is longer
than that of at the melting temperature. It should be noted that
temperature rise beyond the evaporation temperature is not
considered in the present study, since the plasma heating is
avoided in the analysis. In the case of the radial location of
=15 um away from the symmetry axis, temperature profiles
behave similar to those at the symmetry axis, provided that the
rise of temperature in the solid and the liquid phases are not the
same. This is because of the spatial distribution of the laser
power intensity, which is Gaussian, i.e., power intensity reduces
along the radial direction so that temperature rise reduces at the
radial location away from the symmetry axis.

Figure 3 shows temperature distribution inside the sub-
strate material for four heating periods and four radial
locations. In the early heating period (¢ = 6 ns), temperature
does not reach the evaporation temperature of the substrate
material and mushy zone formation across the vapor and
liquid phases is not possible. However, the mushy zone
across the solid and liquid phases is evident. This situation is
also seen from Fig. 4; in which the cross-sectional view of
the phases formed in the substrate material at different
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Fig. 3 Temperature distribution inside the substrate material at vari-
ous radial locations and four heating durations
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heating durations is shown. The temperature gradient in the
liquid region is larger along the symmetry axis than that of
the other radial locations. This is because of the laser power
intensity distribution in the radial direction, i.e., the laser
power intensity reduces with the increasing radial distance
from the symmetry axis. As the time progresses, temperature
distribution in the mushy zone becomes visible, particularly
across the liquid and vapor phases. However, the differences
in temperature distributions corresponding to the different
depths becomes more visible at # = 12 ns. This is because of
the phase change process and the absorbed power intensity
distribution in the radial direction. Energy absorbed from the
irradiated field is mainly dissipated for the phase change
process at the radial locationr =15 um away from the
symmetry axis while super heating in liquid phase takes
place in the region around the symmetry axis. As the time
progresses further, the super heating in the liquid phase
almost dominates the heating process, since the size of the
liquid phase in the laser-irradiated region increases signifi-
cantly. This is also evident from Fig. 4. Moreover, the size
of the mushy zone across the solid and liquid phases is
smaller than that corresponding to vapor mushy zone. This is
because of the latent heat of evaporation, which is higher
than the latent heat of fusion. Moreover, Fig. 5 shows the
recession velocity predicted and obtained from the previous
formulation (Ref 15). It can be observed that both results are
in agreement. However, the differences in the values of the
recession velocity are because of the one-dimensional
consideration and the assumption of the constant properties
in the previous formulation (Ref 15). Nevertheless, this
difference is small.

Figure 6 shows the contours of oxygen concentration in the
laser-irradiated region. Since oxygen diffusion coefficient in
aluminum is low, oxygen concentration remains high in the
vicinity of the surface and as the depth below the surface
increases, it decreases significantly. It should be noted that
oxygen concentration is normalized through its maximum value
which is based on the oxygen content (stoichiometric) in Al,O3
compound, i.e., the maximum oxygen concentration at the
surface is 0.16 and the normalized value is 1. Moreover,
oxygen concentration is high in the surface of the cavity and it
reduces sharply with increasing depth below the surface. Since
oxygen diffusion coefficient is temperature dependent and
attains high values with increasing temperature, concentration
remains high in the region of high temperature. Therefore,
oxygen diffusion is high around the surface and its distribution
follows the cavity shape. The sharp decay of oxygen concen-
tration is also evident from Fig. 7, in which normalized oxygen
concentration along the radial direction for two heating periods
and at different depths below the surface is shown. The linear
variation of the normalized concentration is because of the
similar temperature range across the short distance in the radial
direction. Moreover, the sharp decay of concentration indicates
that oxygen diffusion is limited with a short distance in the
radial direction.

Figure 8 shows SEM micrograph of the laser-irradiated
surface and the cross-section of the irradiated region. The
small-size cavity formation is evident at the surface and
cracks are observed in and around the cavity. The surface is
compact and the depth of the cavity is very shallow as
similar to the maximum depth predicted after the laser
pulse ending (1.5 pm). The melt layer and the heat-affected
zone are not clearly identifiable due to the microstructure
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developed below the cavity. The delamination and voids in
the irradiated region are not evident from the cross-sectional
view. The shallow cavity is also evident from micrograph
obtained from the atomic force microscopy (Fig. 8).
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Consequently, the depth of the cavity formed in the surface
region of the substrate material is shallow due to the single
laser pulse irradiation.

5. Conclusions

Laser evaporative heating of aluminum surface is considered
and the mushy zones formation across the solid and liquid and
the liquid and the vapor phases are modeled. Temperature rise
inside the substrate material and the cavity shape are predicted
numerically. Temperature-dependent properties are used in the
simulations. The experiment resembling the simulation condi-
tions is carried out and the morphological changes in the
irradiated zone are examined using SEM. It is found that
temperature rise in the early heating period is gradual due to the
temporal variation of the laser power intensity; however,
temperature rise in the liquid phase is rapid. This is more
pronounced along the symmetry axis, since the laser power
intensity distribution at the irradiated surface is Gaussian. As
the depth below surface increases, the rate of temperature rise
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SEM micrograph of the cross-sectional view of the laser produced cavity
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reduces because of less absorbed laser power in this region. The
size of the mushy zone across the solid and the liquid phases is
smaller than that of across the liquid and the vapor mushy zone.
This is because of the latent heat of evaporation, which is
higher than the latent heat of fusion. The depth of the liquid
zone increases significantly with the progressing heating
duration. This is attributed to the low melting temperature of
the substrate material. Oxygen concentration reduces sharply
with increasing depth below the surface due to low oxygen AFM micrograph of laser produced cavity
diffusion coefficient. The cavity formed in the surface region is
shallow, which can be observed from the SEM and AFM

Fig. 8 SEM and ATM micrographs of laser-produced cavity
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micrographs. This agrees with the numerically predicted cavity
depth at the end of the heating pulse.
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