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ABSTRACT

To obtain more in-depth knowledge about the microscopic
process during laser sintering, phase change processes
including melting, evaporation and resolidification during the
irradiation of femtosecond laser on nanosized gold particles
were simulated. Laser heat source term was revised to be in
accordance with the spherical coordinates and actual situation
in a sintering powder bed. The effects of multiple reflection and
pulse energy overlapping in small particle size were
considered. The results show that, when the particle size is big
enough, the simulation results match those of old model. When
the particle size is small and laser fluence is high, no
resolidification takes place in the time range of the simulation.
The laser fluence range to achieve partial melting is narrow
when the particle is small. When the diameter is smaller than
400 nm, temperature gradient during the heating period is
ignorable, which is different from the large particles. The
threshold value of laser fluence to achieve vaporization is about
two times higher than that of melting with the same particle
size.

INTRODUCTION

Selective Laser Sintering (SLS) utilizes the advantage of
high energy density, precise control characteristics of laser
beams to fuse powdered material layer by layer to build a
desired part. SLS is ideal for fast fabrication of prototype parts
to shorten the development period for new products. It can also
fabricate complex structures that traditional methods cannot
build. Another advantage of SLS lies in its ability to process a
wide range of powder materials, including polymers, metals
and composites. For metallic powders which the current work
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is concerned, particles are joined via melting and
resolidification.

SLS has developed very rapidly since it was invented in the
late 1980s [1-3] and many commercial systems are available in
market now. A review of most recent SLS advances was
presented by Kumar [4]. However, there are still some
problems with SLS to limit it from mass production of end-use
parts. Balling phenomenon is one, which impairs high quality
surface finish and good mechanical properties [5]. Balling
phenomenon takes place when melted powder grains stick to
each other because of surface tension forces and forms metal
spheres along the scanning path. There are two methods to deal
with this problem. The first is to use two different kinds of
powders that have different melting points. Appropriate laser
irradiation can melt the low-melting point powder and bond
high-melting point particles together [6, 7]. Another approach
is to use a pulsed laser instead of a continuous wave [8-10] to
melt on the skin of the single-melting powder to join them
together. Pulsed laser can lead to better precision, which can be
explained by shorter liquid phase existence and evaporation
recoil force that can overcome the surface tension force [10].

Numerous experimental studies have been performed to
enhance the quality of SLS, with a wide range of laser types,
powder material, sizes and scanning strategies [8, 9, 11].
Fischer et al. carried out a series of experimental study on
sintering of Titanium powders with pulsed Nd-YAG laser [12-
16]. The application of SLS on manufacturing biocompatible
implant parts also attracted some attentions [17].

Many theoretical models were put forward to simulate the
sintering process. They can be divided into two categories. The
first category treats the powder bed as continuum media and
studies the macroscopic behavior of the sintering process, such
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as heat affected zone, melting pool size, surface motion, etc.
Gusarov studied the radiation transfer in the powder bed by
treating powder bed as a continuum medium [18]. Yilbas
presented a 3-dimensional model to simulate the phase change
in a powder bed [19, 20]. Rostaml and Raisi obtained the
temperature distribution and melting pool size numerically and
compared them with experiment results [21]. The second
category deals with the irradiation on single or multiple
particles. Fischer et al. studied the heat transfer process in a
single particle through a simple model [22]. However the
particle size is relatively large, around 102 pm in diameter and
phase change of the particle was not considered. Petrushina
built up a multiple particle model to study the sintering process,
but only temperature distribution was simulated, phase change
was not considered [23]. Zhang and co-workers studied the
phase change phenomena when a single metal particle was
irradiated by nano to pico-second pulsed laser. The influences
of laser duration, fluence and particle size on the melting,
vaporization and resolidification process were investigated [24-
26] .

In this paper, the irradiation of femtosecond pulsed laser on
a single nanosized particle is simulated numerically. For the
rapid melting and resolidification processes, nucleation
dynamics is employed to delineate the proceeding of solid-
liquid interface. For the evaporation process, a thermodynamic
model based on wave hypothesis is utilized. The simulation
focuses on the size effect of nano-sized particles. Different
particle size and laser fluence are used to study their effects on
the phase change processes including melting, vaporization and
resolidification.

NOMENCLATURE

Be coefficient for electron heat capacity (J/m’-K?)
C heat capacity (J/m*-K)

Cp specific heat (J/kg-K)

G electron-lattice coupling coefficient (W/m’-K)
h latent heat of phase change (J/kg)

J laser fluence (J/m?)

Jo directional laser fluence (J/m®)

k thermal conductivity (W/m-K)

L thickness of the metal film (m)

M molar mass (kg/kmol)

p pressure (Pa)

q" heat flux (W/m?)

r radial coordinate (m)

R reflectivity

o radius of particle (m)

R, specific gas constant (J/kg-K)

R, universal gas constant (J/kmol-K)

s interfacial location (m)

S intensity of the internal heat source (W/m’)
t time (s)

1 pulse width (s)

T temperature (K)

Tr Fermi temperature (K)

u interfacial velocity (m/s)
Vo interfacial velocity factor (m/s)
Greek Symbols
0 optical penetration depth (m)
p ballistic range (m)
€ total emissivity
p density (kg/m’)
c Stefan-Boltzmann constant (W/m?-K*)
Superscripts
0 last time step
Subscripts
e electron
eq thermal equilibrium state
i initial condition
/ lattice
liquid
A% liquid-vapor interface
m melting
R thermal radiation
s solid
st solid-liquid interface
sur surface
) ambient environment

PHYSICAL MODEL

Figure 1 shows the physical model under consideration. A
laser pulse is deposited on a powder bed with initial
temperature of 7;. Because of scattering, reflection and

Aq'(r)

>
t

Fig. 1 Physical model for ultrafast phase change
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penetration of the laser beams, it is assumed that at any vacant
space in the powder bed, laser radiation distribute in all
direction evenly. [25, 26] For any point on a single particle
surface, it receives laser radiation from all different directions
with the same energy density. Therefore, the problem can be
approximated to 1-dimensional in the radial direction.

rod

Fig. 2 Laser interaction with nanosized metal particle

Following the two-temperature model, the temperatures of
electrons and lattice are calculated separately and coupled by a
term proportional to temperature difference between electrons
and lattice. [27, 28] Since only laser pulses with duration 100 fs
are considered, the heat conductions in both electron and lattice
are assumed to be parabolic. [24]

The energy equations of the free electrons and lattice are

oT, 1 o6/ , 0T
—=——rk,—2|-G(T,-T))+S 1
e 5"[ rz ar( ke arj ( e I) 0 ( )
oT, 1 0 T,
C,—t==—|r’k =L [+G(T,-T, 2
| 8t rzar( kidrj (e I) ()

The heat capacity of electron C,, as suggest by Chen et al. [29],
is approximated by

B,T., T, <T. /7
c - 2B.T,/3+C./3, T./x* <T, <31,/ 3
© |Nkg+C!/3, 3T, /2*<T,<T,
3Nk, /2, T.>T,

where

3Nk;/2-B |F/ﬂ'2 2
C T,-T. /7 4
T,: _TF/ 2 ( e F/ ) ()

The thermal conductivity of electron k, can be obtained by
[30]:

C.=BT. /=" +

(92 +0.16)" (&2 +0.44) 8,
ke = Z N 1/2 ) (5)
(& +0.092)" (& +19)
where 4 =T,/T. and 4 =T,/T;. .
even if the electron temperature is comparable to the Fermi
temperature, which is 6.42x10* K for gold. For the cases that
4, <<1,eq. (5) reduces to

K, = Keq G—Ij (6)

For the metal at thermal equilibrium state, its thermal
conductivity, k., is the sum of the electron thermal
conductivity, k., and the lattice thermal conductivity, ;. In most
cases k, dominates k,, because free electrons contribute to the
majority part of heat conduction, For gold, %; is usually taken to
be 1% of k, [31], i.e.,

Equation (5) is valid

k =0.01k,, @)

In egs. (1) and (2), G is the electron-lattice coupling
factor, which accounts for the heat transfer from hot electrons
to lattice through collisions. Instead of a constant value, a

phenomenological temperature-dependent G suggested by
Chen et al. [32] is adopted:

G =G {%(Te +T, )+1} (8)

Since the electrons are more likely to collide with liquid atoms
than the atoms in solid crystals, in the liquid phase, G is taken
to be 20% higher than that of the solid [33].

The laser irradiation is considered as a source term S, in
eq. (1). As shown in Fig. 2, for any point P inside the particle,
it receives irradiation from all direction. With the origin point
placed at the center of the spherical particle, 1-Dimensional
spherical coordinates is employed. It is assumed that: (1) the
attenuation of laser energy in metal follows Beer-Lambert law,
(2) The refraction angle is neglected, and (3) The laser pulse is
of Gaussian in time domain and the full width at half maximum
(FWHM) and directional fluence of the laser beam are ¢, and
Jo, respectively. The heat source per volume caused by laser
irradiation on any point 7 is an integration on all directions:

2
2 (27 1-R L t
S, = 0.94J €x] =277 — | |}sinpdydw
=0, "t(5+3) | (6+a) (tp] iy
)
where @ is the azimuth angle, R is the reflectivity of the thin
film, & is the optical penetration depth, J is the laser pulse
fluence, and &, is the ballistic depth. Wellershoff et al. [34]
demonstrated that inclusion of ballistic motion of hot electrons
led to a better simulation results to fit the experimental data,
because the ballistic motion and brings incident energy into a
much deeper part of the film. L and ¢ can be expressed as

function of rand y by the following equations:
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L=yX2+(Y -r)’

. Y X .
singp=—cosy+—siny
rO 0

X =—rcotysin® y +sin’ 7\/—r2 1,41, cot’ y

Y =r—rcot’ ysin® y +sin’ y cot }/\/—r2 +1) 41 cot’ y

(10)

All the calculations start from -2t A uniform

o -
temperature distribution is set to be the initial condition:
T,(r.-2t))=T,(r.-2t,)=T, (11)

Axisymmetric condition is applied to the center (» = 0). On
the surface of the particle (r = ry) which receives laser
irradiation, the heat loss caused by radiation will be considered.

AL AT (12)
oy Ol
qlg|r:,— = O-E(Tstr _Ts:) (13)

Before evaporation takes place, T, is the surface lattice
temperature at » = r, After evaporation begins, Ty, is the
liquid-vapor interface temperature.

For rapid melting/solidification processes, the solid-liquid
interfacial velocity is dominated by nucleation dynamics,
instead by energy balance [35]. For short-pulsed laser melting
of gold, the velocity of the solid-liquid interface is described by

[33]
u =V.l1- _ I"Im TI,I _Tm 14
se = Vo €xp RT —TI,I (14)

g m

where V), is the maximum interface velocity, R, is the gas
constant for the metal, and 7}, is the interfacial temperature.
The interfacial temperature, 7, is higher than melting point,
T, during melting and lower than melting point during
solidification.

For the liquid-vapor interface, energy balance at the
interface and evaporation rules derived from kinetics laws will
be applied to find its temperature, velocity, hence location [36].
The energy balance at the liquid-vapor interface is:

ph{,’vu%v-"_o-g(-r:/ —T;)z—kl% (15)

where h,, is the latent heat of evaporation of gold, u,, is the

velocity of the interface, T, is the temperature of the

A

interface. With known interface velocity, eq. (15) will be
used to calculate the interface temperature T,, .

As stated above, to simulate the non-equilibrium
evaporation process, wave hypothesis is employed. The
velocity of the dynamic evaporation process will be a
characteristic speed of sound in the two-phase region of the
fluid. The chosen speed will be that of the coexistence side of
the liquidus line which is the low volume boundary of the two-
phase region. Because of lacking of experimental data, this

value will be calculated based on equation of state. The sound
speed is given by: [37, 38]

1

2

e[ T (16)
dT | p°C,

To calculate this speed, Van der Wal’s equation will be

employed. The evaporation sound speed is evaluated according
to eq. (16) on the liquidus line of the two-phase area.

NUMERICAL METHOD AND INTERFACE TRACKING
In each time step, an iterative procedure will be employed
to deal with the non-linear relationship between electron energy
equation, lattice energy equation, solid-liquid interface and
liquid-vapor interface. Discretized electron energy equation (1)
will be solved first using TDMA (TriDiagonal Matrix
Algorithm), then the lattice energy equation (2). For the first
iteration step in a time step, coefficients in these equations are
evaluated based on the temperature of last time step. After
obtaining an estimated electron and lattice temperature field,
the velocity and temperature of solid-liquid interface will be
calculated by using the method provided in Ref. [39], the
velocity and temperature of solid-liquid interface will be
calculated by using the method provided in Ref. [36].

RESULTS AND DISCUSSION

The irradiation of the laser pulse on a gold particle will be
simulated based on the method described above. The
thermophysical and optical properties are given in Table 1.

First of all, to justify the current model, the energy
balance is checked. For each point on the particle surface, the
local incident energy density J is:

J= joz”jo”ao sinpdpdw=47J, (17)
J will also be referred to as laser fluence directly hereafter in
this paper because it equals to the totally deposited energy
divided by surface area. Define E as the total energy deposited
on the surface of a single particle:
E=(1-R)4zrr;J (18)
On the other hand, in the numerical simulation, if S is defined
as the energy absorbed by the particle, it is related to S, in eq.
(1) as an integration over the volume of the particle and time:

S =j:jsodvdt (19)

When the particle size is large enough, £ and S should be
equal to guarantee energy balance in the computation. We
calculated £ and S with different particle size and different
values of (0+4,) and found that S/E is a simple function of
r,/(6+3,). The dependence of S/E on r,/(5+6,) is plotted
in Fig. 3. It can be seen that with small particle size, because of
the penetration, part of the incident laser will escape from the
other side of the particle, which causes a small ratio of E/S.
However, when the particle size is relatively large, for example,
when r,/(6+6,)>4, the energy absorbed by the particle S
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Table 1 Thermophysical properties of gold

Coefficient for electronic heat capacity, B,
Material constant, 4,

Material constant, B,

Electron-lattice coupling factor at room
temperature, Gyr (W/m3 K)

Specific heat, C, (J/kg K)

Latent heat of evaporation at 7}, &, (J/kg)
Latent heat of fusion, 4, (J/kg)

Molar weight, M (kg/kmol)

Reflection coefficient, R

Universal gas constant, R, (J/K kmol)
Boiling temperature, 7} (K)

Critical temperature, 7, (K)

Melting temperature, 7, (K)

Fermi temperature, 7r (K)

Limit velocity , V, (m/s)

Solid

Liquid

Solid

Liquid

Coefficient for electronic conductivity, ¥ (W/mK)

Optical penetration depth, & (nm)
Ballistic range, J, (nm)

70[28]
1.2x107[32]
1.23x10"[32]
2.2x10"[32]
2.6x10"°[32]
105.1+0.29417, —=8.731x107* T

+1.187x10°T* - 7.051x107°7;*

+1.538x107°T7[15]
163.205[33]
1.698x10°[40]
6.373x10"[40]
196.967[40]
0.6
8314.0
3127
5590
1336
6.42x10*
1300[33]
353[30]
20.6
105[33]

320.973—0.01117, —2.747x 10T}

enough.

accordance with Fig. 3.

Solid s
. . ~4.048x10°T,
Thermal conductivity at equilibrium, k.q (W/m K) .
Liuid 37.72+0.07117; -1.721x107T,
iqui
d +1.064x107°T?
: Solid 19.3x10°
Density, kg/m’
. p (kg/m) Liquid 17.28x10°
still not equals to the energy deposited on the surface E. This is
because in the current model, not all laser beams are
perpendicular to the surface, for those laser beams that have a 10 : : : : : : :
small angle of ¢, it is very easy to penetrate the surface layer /ﬁ////‘
and escape the particle. To prove this, an angle restriction is sl WA /
implemented to the laser beam, only the beams with an /‘ _/: e
‘o
incidental angle ¢ (Fig. 2) between %i% will be considered 06 |- A.,o/'/
/ (]
/
in the calculation of Sy in eq.(9). Under this condition, the S/E & 7[ n
ratio is lifted a lot and reaches 1 when the particle size is large e /-
—m—2Zh d Chen [24]

The computation results obtained from the current model is o2 e Curent rr:wdelenl N
then compared with the old model we used in our previous 4~ Current modlel with angle restriction
work [24]. The particle size is relatively large, with diameter 00 e
equals to 1.0 pm. Figure 4 shows the comparison of solid- (5+5)
liquid interfacial temperature and position. It can be seen that o
the differfance between maximum temperatu'res .is less than Fig. 3 Energy balance with different particle size
1.5%. This proves that when the particle size is large, the
difference between the two models is small, which is in
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With different laser fluence, the irradiation process is
calculate for the case that the laser duration equals to 100 fs
and particle diameter equals to 400 nm, the results are shown in
Fig. 5. When the laser energy increases gradually, the phase
change process shows different characteristics. When effective
laser fluence J equals to 0.102 J/cm® no melting takes place.
When the fluence increases to 0.104 J/cm?, a thin sub-surface
layer melts then resolidifies, as shown in Fig. 5(b), and the final
surface temperature decreases to a value below the melting
point. When the fluence equals to 0.106 J/cm?, resolidification
no longer occurs. The solid-liquid interface moves to a certain
depth then stops. This is because the current model depicts a
single particle. The only way to cool down the heated metal is
radiation on the surface, which takes much longer time to reach
resolidification than the time span covered by the calculations
we conducted. When the fluence is between the ranges of 0.106
J/em? to 0.145 J/em?, there is always a solid part at the center of
the particle. When the temperature in the particle reaches
equilibrium, it always equals to the melting point 1336K. When

3200 : . . .
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= 2400 |
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=
g omor o 1
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fluence is above 0.145 J/cm?, the particle is completed melted,
and the final temperature will be higher than melting point.
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Based on the above discussion, we can define three
threshold value for J. The first is the threshold value for
melting, J;, below which no melting takes place. The second is
the threshold value for resolidification, J,, above which no
resolidification takes place. The third is the threshold value for
complete melting, J;, above which the particle will be melted
completely. For different sizes of particles, these values are
plotted in Fig. 6. It can be seen that these values are related to
particle size almost linearly and larger particles have higher
threshold values. When the particle size decreases, the window
between melting and complete melting threshold values is
smaller, which means for laser sintering with small particles, it
is more difficult to find an appropriate fluence value if partial
melting is wanted.

Another interesting phenomenon we noticed for small
particle in the simulation is the temperature profile. Figure 7(a)
shows the temperature distribution along the r-direction at
different times when particle diameter equals to 1000 nm,
which is relatively large. They are very similar to the results of
our previous works [26, 36]. However, when the particle size
decreases to 100 nm, as shown in Fig. 7(b), the temperature at
the center of the particle rises almost at the same time with
surface temperature. At the time of 24 ps, the surface
temperature decreased significantly when melting starts
because the latent heat for melting consumes a lot of energy at
the interface. The latent heat also causes a dip in the
temperature profile at the place of the solid-liquid interface
when the solid-fluid interface proceeds to the center of the
particle.

0.5
]
—m— Threshold value for vaporization /

0.45 /
NE 0.49 -
L
2
8 0.35
c
(]
3
=
@ 0.3
(%]
©
-

0.25

n
02 200 700 500 500 000 200

Particle diameter (nm)

Fig. 8 Threshold value of laser fluence for vaporization

When the laser fluence is high enough, vaporization takes
place. We also performed calculation to identify the threshold
value of J for vaporization. Figure 8 shows this value with
different particle size. Compared with Fig. 6, this value is much
higher under same particle size. This means that to achieve
sintering, even if complete melting is needed, the laser fluence
needed will not cause vaporization.

Small sized particle also shows different characteristic at
high laser fluence. Figure 9 shows the time relationship
between melting and vaporization with different particle size.
When the particle is large, diameter equals to 1000 nm,
vaporization takes place at very early stage of melting and it
lasts only a very short period of time in comparison with
melting. But for small particle with diameter of 200 nm, the
whole particle melted completely very fast, and the high
temperature caused a relatively long time of vaporization, as
shown in Fig. 9(b).
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Fig. 9 Relationship of melting and vaporization under
different particle size

CONCLUSION

The effects of particle size on phase change processes are
studied numerically when a nanosized particle is irradiated by
femtosecond laser pulse. An improved single particle model is
introduced to enable the simulation when particle size is
comparable to the optical penetration depth. Based on the
calculation with different diameters and laser fluences, the
following conclusions are made.
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When the laser energy increases, phase changes show
different characteristics in the particle. When the fluence is
higher than a certain value, such as 0.103 J/cm® for
diameter of 400 nm, no resolidification takes place for the
time range studied. When the fluence is higher than this
value, a layer of liquid metal remains at the end of the
calculation and temperature remains at melting point.
When the fluence is high enough, complete melting can be
achieved.

The threshold values of laser fluence to reach different
melting stages are compared for different particle sizes and
it is found that for smaller particles, the difference between
melting threshold value and complete melting threshold
value is also smaller. This means for small particles, it is
more difficult to find appropriate laser fluence to achieve
partial melting.

To achieve vaporization, the laser fluence must be much
higher than the complete melting threshold value. This
means no vaporization would happen if partial melting is
wanted.

For small particles, complete melting can be finished in a
very short period of time, while evaporation will last much
longer.
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