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Abstract

Melting and resolidification of a subcooled spherical metal powder particle subjected to nanosecond laser heating are investigated
analytically. The problem is divided into three stages: preheating, melting and resolidification, and thermalization. The temperature dis-
tributions in the liquid and solid regions and the location of the solid–liquid interface are obtained using an integral approximate
method. The effects of the laser intensity and pulse width, initial subcooling, and particle radius on the melting and resolidification of
powder particles were investigated. The Selective Laser Sintering (SLS) process for a pulsed laser can be simulated by repeating the three
stages but varying the initial conditions.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Selective Laser Sintering (SLS) is an emerging technol-
ogy that can build structurally-sound parts from powdered
material via layer-by-layer sintering (for amorphous pow-
der, such as polycarbonate) or melting (for crystalline pow-
der, such as metal) induced by a directed laser beam.
Amorphous powder particles are sintered by the glass tran-
sition phenomenon, which occurs at a relatively low tem-
perature, while metallic powder particles are joined via
melting and resolidification, which of course requires the
particle surface temperature to briefly exceed its melting
point. SLS is a very useful rapid manufacturing method
because it allows for the manufacture of complex parts
often unobtainable by more common manufacturing pro-
cesses [1,2]. During a metal powder SLS process the surface
of the powder bed is scanned with a laser beam to melt the
powder and as the beam moves away the liquid resolidifies
into a solid. Another layer of powder is then pushed over
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the newly solidified surface and the process is repeated,
thus building a solid object layer by layer. A review of
the most recent SLS advances as reported in various jour-
nals and proceedings is presented by Kumar [3].

There are other obstacles that must also be overcome
before SLS can be used for mass production of final, high
quality parts that exhibit good surface finish and desirable
mechanical properties. One such obstacle is the balling phe-
nomenon [4], in which melted powder grains stick to each
other via surface tension forces, thereby forming a series
of spheres with diameters approximately equal to the diam-
eter of the laser beam. One way that the balling phenome-
non can be combated is to use a powder bed consisting of
two different types of metal powder, one with a signifi-
cantly higher melting point than the other as suggested
by Bunnell [5] and Manzur et al. [6]. Melting and resolidi-
fication of the low-melting point powder are the mecha-
nism by which high-melting point powder particles are
bonded together.

The fundamentals of melting and solidification have
been investigated extensively and are well documented [7–
9]. Yilbas [10] has presented a numerical solution for a
pulsed CO2 laser heating process. Rostaml and Raisi [11]
have numerically solved the temperature distribution and
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Nomenclature

hsl latent heat of fusion [J kg�1]
k thermal conductivity [W m�1 �C�1]
q00 heat flux [W m�2]
q000 maximum heat flux [W m�2]
s solid–liquid interface location [m]
t time [s]
ts time at which solidification ends [s]
tp half width of the laser beam pulse at q000=2 [s]
T temperature [�C]
x coordinate [m]

Greek symbols

a thermal diffusivity [m2 s�1]
d thickness of thermal layer [m]

ds thickness of thermal layer at the time at which
solidification ends [m]

h temperature rise (T � Ti) [�C]
q density [kg m�3]
s relative time, t/tp

ss relative time at which solidification ends, ts/tp

Subscripts

i initial
l liquid phase
m melting point (when melting begins)

C. Konrad et al. / International Journal of Heat and Mass Transfer 50 (2007) 2236–2245 2237
melt pool size in a semi-infinite body due to a moving laser
heat source. Kim and Sim [12] have studied thermal behav-
ior and fluid flow during laser surface heating of alloys.
Iwamoto et al. [13] have performed numerical analysis of
energy transfer and surface modification of a metal surface
by pulsed laser heating. While the above studies focused on
long-pulse laser-material interactions, phase change heat
transfer during ultrashort laser processing of metal films
has also been investigated [14,15].

Laser-induced melting of metal powder in SLS processes
differs from conventional melting because the loose powder
can consist of as much as 40–60% gas. During melting it is
necessary for the liquid phase to collect and drive the inter-
stitial gasses out of the powder bed, effectively ‘‘shrinking”

the volume of the powder bed. It is because of this shrink-
age phenomenon that the powder bed experiences a signif-
icant density change during the melting process, resulting
in motion of the surface of the powder bed during the
SLS process. Melting of infinite and finite two-component
metal powder beds subjected to constant heat flux was
investigated by Zhang and Faghri [16] and Chen and
Zhang [17]. An analytical solution of melting and resolidi-
fication of a two-component metal powder subjected to
temporal Gaussian heat flux was obtained by Konrad
et al. [18].

Although early research in SLS processes was conducted
exclusively with Continuous Wave (CW) lasers, pulsed
lasers with pulse widths ranging from milliseconds [19,20]
to nanoseconds [21–23] have also recently been used to sin-
ter metal powders. One advantage of pulsed laser sintering
is that it can minimize the balling effect by decreasing the
life span of the melt pool. Abe et al. [19] studied SLS of
titanium powders using a YAG laser with pulse widths
ranging from 1 to 5 ms and an average power of 50 W.
Su et al. [20] investigated fully dense laser sintering of tool
steel powder using a Nd:YAG laser with pulse widths
between 0.5 and 20 ms and average power up to 550 W.
The average power levels of the millisecond lasers used in
Ref. [19,20] are comparable to that of a CW laser because
the conduction heat loss into the unsintered region for a
millisecond laser is similar to that of a CW laser.

The results of SLS experiments performed by Morgan
et al. [21] on gas atomized 316L stainless steel using a nano-
second Nd:YAG laser showed that the vaporization recoil
force overcame the surface tension forces acting on the
melt, therefore improving the cohesion of the powder par-
ticles when compared to the CW SLS process. Fischer et al.
[22,23] performed SLS experiments on titanium powder
with a nanosecond Nd:YAG laser operated at a pulse width
of 150 ns and repetition rate between 1 and 30 kHz. The
powder grains could be joined at a much lower average tem-
perature using moderate laser power, typically less than
10 W, as well as minimizing balling effects and introducing
less residual stress in the workpiece [23]. When a pulsed
Nd:YAG laser is used this process will yield higher lateral
precision than the CO2 process due to its shorter wave-
length. In addition, the degree of partial melting and ulti-
mately the local porosity in the final product can be easily
controlled by several parameters, such as laser pulse, inten-
sity, and repetition rate.

When a nanosecond laser is used to sinter metal powder,
Fischer et al. [22–24] suggest that only a thin surface layer
of the powder particle is melted and the core of the particle
remains at its initial temperature. The temperature in the
powder particle was estimated by a one-dimensional con-
duction model of a single spherical particle surrounded
by a continuum that represents neighboring particles [24].
The time between pulses is long enough that thermalization
can occur in the powder particle, leading to an average
temperature that is higher than the previous initial
temperature.

The model proposed by Fischer et al. [24] does not take
into consideration the phase change of the powder grain
and, since melting and resolidification are the mechanisms
of this laser-based metal part manufacturing technique,
their inclusion in any SLS model for metal powder is
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essential. In order to discover the advantages of utilizing a
pulsed laser in a SLS process, melting and resolidification
of a single powder particle will be investigated in this
paper. The effects of a change in laser pulse width, initial
particle temperature, particle radius, and laser fluence on
the simulation will also be investigated.
2. Physical model

Melting and resolidification of a single powder particle
subjected to temporal Gaussian heat flux from a laser beam
will be modeled. The diameter of the metal powder particle
is much smaller than the diameter of the laser beam, which
is in turn much smaller than the dimension of the final part.
Since the laser radiation penetrates the powder bed over a
distance of several powder-sphere diameters, it can be
assumed that multiple scattering of the radiation leads to
a nearly homogeneous distribution of the heat flux within
the optically penetrated layer [24], which leads to an almost
normal incidence of the radiation on the surfaces of the
grains in the underlying layers. Fig. 1 shows the physical
model of melting and resolidification under consideration.
Due to symmetry of the spherical particle, the model can be
assumed to be 1-D in the r-direction. The initial tempera-
ture of the powder particle, Ti, is well below its melting
point. The origin of time is chosen as the time at which
the heat flux is at its maximum, thus the time-dependent
heat flux is

q00ðtÞ ¼ q000e
� ln 2t2

t2p ð1Þ

where tp is the half-width of the laser pulse at half
maximum.

The laser-powder grain interaction can be divided into
three stages: (1) preheating, (2) melting and resolidification,
and (3) thermalization. During the preheating period the
powder grain must absorb sensible heat to raise its surface
temperature to the melting point, Tm. During the melting
and resolidification stage, the particle begins to melt and
Fig. 1. The phy
a thin skin of liquid, usually a few microns, forms on the
surface of the powder sphere. In an actual SLS process,
consolidation of the powder bed would occur during this
stage because the liquid phase cannot maintain the rela-
tively high initial porosity of the solid powder bed and
therefore the interstitial gasses are driven from the powder
bed. The surface heat flux reaches its maximum at the time
t = 0, after which the heat flux will begin to decrease. The
liquid layer will then be cooled by the particle’s solid inte-
rior core, which acts as a heat sink, and eventually the par-
tially melted particle resolidifies into a completely solid
particle. At the time that the liquid pool has finished reso-
lidification, the thermalization stage begins and the powder
particle begins to thermalize to a uniform internal temper-
ature. This uniform temperature is reached well before the
next laser pulse occurs, and therefore the whole process can
be modeled as a recurrence of the three stages by using the
thermalized temperature of the powder particle from the
previous pulse as the initial temperature in the preheating
stage of the next pulse.

2.1. Governing equations

2.1.1. Preheating stage
During preheating the heat transfer in the powder bed

can be described as a pure conduction problem. The heat
conduction equation in the powder bed is

ohs

ot
¼ as

ðr0 � xÞ2
o

ox
ðr0 � xÞ2 ohs

ox

� �
;

0 6 x 6 r0; �1 < t < tm ð2Þ

subject to the following initial and boundary conditions:

hs ¼ 0; 0 6 x 6 r0; t! �1 ð3Þ
ohs

ox
¼ 0; x ¼ r0; �1 < t < tm ð4Þ

� ks

ohs

ox
¼ q00ðtÞ; x ¼ 0; �1 < t < tm ð5Þ
sical model.
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2.1.2. Melting and resolidification stage

After melting has begun, t P tm, the governing equation
in the liquid phase is

al

ðr0 � xÞ2
o

ox
ðr0 � xÞ2 ohl

ox

� �
¼ ohl

ot
;

0 < x < sðtÞ; tm < t < ts ð6Þ

where ts is the time at which resolidification is complete and
thermalization begins.

�kl

ohl

ox
¼ q00ðtÞ; x ¼ 0; tm < t < ts ð7Þ

The energy equation in the solid phase is

as

ðr0 � xÞ2
o

ox
ðr0 � xÞ2 ohs

ox

� �
¼ ohs

ot
;

sðtÞ < x < r0; tm < t < ts ð8Þ
which is subjected to the following boundary conditions:

� kl

ohl

ox
þ ks

ohs

ox
¼ qshsl

ds
dt
; x ¼ sðtÞ; tm < t < ts ð9Þ

hsðx; tÞ ¼ hlðx; tÞ ¼ T m � T i; x ¼ sðtÞ; tm < t < ts ð10Þ
oh
ox
ðx; tÞ ¼ 0; x ¼ r0; tm < t < ts ð11Þ
2.1.3. Thermalization stage

After the liquid skin on the surface of the powder grain
resolidifies there is still a temperature gradient within the
particle. This stage can be described as a pure conduction
problem with a non-uniform initial temperature distribu-
tion. The heat conduction equation in the powder bed is

oh
ot
¼ as

ðr0 � xÞ2
o

ox
ðr0 � xÞ2 oh

ox

� �
; 0 6 x 6 r0; t > ts

ð12Þ
Since the resolidification stage is not complete until several
pulse widths after the peak heat flux at the surface occurs,
the laser beam’s Gaussian distribution allows for the
assumption that heat flux at the surface is negligible at this
late time in the simulation. The boundary conditions of the
thermalization stage are therefore

oh
ox
¼ 0; x ¼ 0; t > ts ð13Þ

oh
ox
¼ 0; x ¼ r0; t > ts ð14Þ

The temperature profile within the particle must also be
continuous at the time t = ts, therefore

hðx; t ¼ t�s Þ ¼ hðx; t ¼ tþs Þ ð15Þ
a condition which will be discussed further in the solution
section.

3. The integral approximate solution

When the surface of the powder particle is exposed to
heat flux the heat will penetrate the surface and begin to
conduct inward. The depth to which the heat flux has pen-
etrated is referred to as the thermal penetration depth, d,
beyond which the temperature is equal to the initial tem-
perature. Therefore, the following two boundary condi-
tions are valid for all stages:

hsðx; tÞ ¼ 0; x P dðtÞ; t > �1 ð16Þ
ohs

ox
¼ 0; x P dðtÞ; t > �1 ð17Þ
3.1. Solution for the preheating stage

As the heat flux penetrates the surface of the particle the
thermal penetration depth, d, will increase. Since the pow-
der particle has a finite radius, it is probable that at some
point during the preheating stage the thermal penetration
depth will reach the center of the particle. If this is the case
then there will be two separate solutions for the preheating
stage, one solution for d < r0 and one for d = r0, both of
which are included below. It will also be necessary to mon-
itor the temperature at the surface of the powder particle,
hs(0, t), so that the onset of melting can be detected.

3.1.1. Solution for the preheating stage with d < r0

Integrating both sides of Eq. (2) with respect to x in the
interval of (0,d) and applying Eqs. (5), (16) and (17), the
integral energy equation becomes

o

ot

Z d

0

ðr0 � xÞ2hsðx; tÞdx ¼ asq000r2
0

ks

e
� ln 2t2

t2p ð18Þ

Assuming that the temperature distribution can be approx-
imated by a second degree polynomial function and solving
the unknown constants using the boundary conditions of
Eqs. (5), (16) and (17), the temperature distribution in
the thermal penetration depth becomes

hsðx; tÞ ¼
q000ðd� xÞ2

2ksd
e
� ln 2t2

t2p ; d < r0; t < tm ð19Þ

Substituting Eq. (19) into Eq. (18) yields

o

ot
1

6
d2e

� ln 2t2

t2p r2
0 �

1

2
r0dþ

1

10
d2

� �" #
¼ asr2

0e
� ln 2t2

t2p ð20Þ

which is subject to the initial condition of d = 0, t = �1.
Integrating Eq. (20) with respect to t in the interval

(�1, t) one obtains

0 ¼ 1

60
d4e

� ln 2t2

t2p � 1

12
d3r0e

� ln 2t2

t2p þ 1

6
d2r2

0e
� ln 2t2

t2p

� asr2
0tp

ffiffiffi
p
p

2
ffiffiffiffiffiffiffiffi
ln 2
p 1þ erf

ffiffiffiffiffiffiffiffi
ln 2
p t

tp

� �� �
; d < r0; t < tm

ð21Þ

Only one of the four roots of Eq. (21) will be both real and
positive and this root will be the value of d for the partic-
ular time.
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3.1.2. Solution for the preheating stage with d = r0

When d reaches the center of the powder particle the
boundary conditions of Eqs. (16) and (17) will no longer
be useful. Assuming that the temperature distribution can
be approximated by a second degree polynomial and deter-
mining the constants using Eqs. (4) and (5), the tempera-
ture distribution in the particle becomes [25]

hsðx; tÞ ¼
q000ðr0 � xÞ2

2ksr0

e
� ln 2t2

t2p þ T cðtÞ � T i; d ¼ r0; t < tm

ð22Þ

The integral energy equation in this stage can be obtained
by integrating both sides of Eq. (2) with respect to x in the
interval of (0, r0) and applying Eqs. (4) and (5), i.e.,

o

ot

Z r0

0

ðr0 � xÞ2hsðx; tÞdx ¼ asq00r2
0

ks

e
� ln 2t2

t2p ð23Þ

Substituting Eq. (22) into Eq. (23) yields

o

ot
q000r4

0

10ks

e
� ln 2t2

t2p þ 1

3
r3

0ðT cðtÞ � T iÞ
" #

¼ asq000r2
0

ks

e
� ln 2t2

t2p ð24Þ

which is subject to the initial condition of Tc(t) = Ti, t = td,
where td is the time at which d reachesr0, the center of the
particle. Eq. (24) can be integrated with respect to t in the
interval (td, t) to yield

q000r4
0

10ks

e
� ln 2t2

t2p � e
� ln 2

t2
d

t2p

" #
þ 1

3
r3

0ðT cðtÞ � T iÞ

¼ q000asr2
0tp

ffiffiffi
p
p

2ks

ffiffiffiffiffiffiffiffi
ln 2
p erf

ffiffiffiffiffiffiffiffi
ln 2
p t

tp

� �
� erf

ffiffiffiffiffiffiffiffi
ln 2
p td

tp

� �� �
;

d ¼ r0; t < tm ð25Þ

Solving for Tc(t) � Ti from Eq. (25) and substituting the re-
sult into Eq. (22), the temperature distribution becomes

hsðx; tÞ ¼
q000ðr0 � xÞ2

2ksr0

e
� ln 2t2

t2p � 3q000r0

10ks

e
� ln 2t2

t2p � e
� ln 2

t2
d

t2p

" #

þ 3q000astp

ffiffiffi
p
p

2ksr0

ffiffiffiffiffiffiffiffi
ln 2
p erf

ffiffiffiffiffiffiffiffi
ln 2
p t

tp

� �
� erf

ffiffiffiffiffiffiffiffi
ln 2
p td

tp

� �� �
;

d ¼ r0; t < tm ð26Þ
3.2. Solution for the melting and solidification stage

3.2.1. Solution for the solid region

After the temperature at the surface of the powder par-
ticle reaches the melting point the preheating stage ends
and the melting and resolidification stage begins. Even
though melting has begun, the solution for the solid region
is sill needed in the heat affected zone between the solid–
liquid interface, s, and the thermal penetration depth, d.
The following procedure is nearly identical to that of the
preheating stage solution, the principal change being the
limits of integration.
Integrating both sides of Eq. (8) with respect to x in the
interval of (s,d) and applying Eqs. (10), (16), and (17), the
integral energy equation becomes

o

ot

Z d

s

ðr0 � xÞ2hsðx; tÞdxþ ðT m � T iÞðr0 � sÞ2 os
ot

¼ �asðr0 � sÞ2ohs

ox

����
s

ð27Þ

Assuming a second-degree polynomial temperature distri-
bution and solving the unknown constants using the
boundary conditions of Eqs. (10), (16), and (17), the tem-
perature distribution in the thermal penetration depth
becomes

hsðx; tÞ ¼
ðT m � T iÞ
ðd� sÞ2

ðd� xÞ2; d < r0; tm < t < ts ð28Þ

Substituting Eq. (28) into Eq. (27) yields

0 ¼ 30ðr0 � sÞ2 os
ot
� 60as

ðr0 � sÞ2

ðd� sÞ þ
o

ot
�10r2

0sþ 15r0s2 � 6s3
�

þ10r2
0d� 10r0sdþ 3s2d� 5r0d

2 þ 2sd2 þ d3
	

ð29Þ

which is subject to the initial conditions of d(t) = dm and
s(t) = 0 at t = tm.

Integrating Eq. (29) with respect to t in the interval
(tm, t) and collecting terms for d one obtains

0¼ d3½1� þ d2½�5r0þ 2s� þ d1½10r2
0� 10r0sþ 3s2�

þ d0

"
�15r0s2 þ 20r2

0sþ 4s3� 10r2
0dmþ 5r0d

2
m

�d3 � 60as

Z t

tm

ðr0� sÞ2

ðd� sÞ dt

#
; d< r0; tm < t < ts ð30Þ

Only one of the roots of Eq. (30) will be both real and po-
sitive and this root will be the value of d for the particular
time.

3.2.2. Solution for the liquid region

By assuming a temperature distribution of the form
hl(x, t) = Al/(r0 � x) + Bl and using the boundary condi-
tions of Eqs. (7) and (10) to determining Al and Bl, one
obtains

hlðx; tÞ ¼
q000r2

0

kl

e
� ln 2t2

t2p
1

r0 � s
� 1

r0 � x

� �
þ ðT m � T iÞ;

tm < t < ts; 0 < x < d ð31Þ

Substituting Eqs. (28) and (31) into Eq. (9) and integrating
the resulting equation with respect to t in the interval of tm

to t, one obtains

s ¼ q000r2
0

hslqs

Z t

tm

1

ðr0 � sÞ2
e
� ln 2t2

t2p dt� 2ksðT m � T iÞ
hslqs

Z t

tm

1

ðd� sÞ dt

ð32Þ

which must be evaluated numerically during the simulation
because of the presence of s on the right-hand side.
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3.3. Solution for the thermalization stage

At the time that thermalization stage begins, the temper-
ature distribution within the particle is

hðx; tsÞ ¼
T m�T i

d2
s
ðds � xÞ2; 0 < x < ds

0; ds < x < r0

(
ð33Þ

which is the initial condition for the thermalization stage.
The heat transfer in the thermalization stage is governed
by Eqs. 12,13,14 and (33). In order to satisfy Eq. (33),
the thermalization problem can be decomposed into the
two sub-problems:

h ¼ h1 þ h2 ð34Þ

where both h1 and h2 satisfy Eq. (12). The boundary and
initial conditions of h1 are

oh1

ox
¼ �2ðT m � T iÞ

ds

; x ¼ 0; ts < t < ttherm ð35Þ

oh1

ox
¼ 0; x ¼ r0; ts < t < ttherm ð36Þ

h1ðx; t ¼ tsÞ ¼
T m�T i

d2
s
ðds � xÞ2; 0 < x < ds

0; ds < x < r0

(
ð37Þ

and the boundary and initial conditions of h2 are

oh2

ox
¼ � oh1

ox
¼ 2ðT m � T iÞ

ds

; x ¼ 0; ts < t < ttherm ð38Þ

oh2

ox
¼ 0; x ¼ r0; ts < t < ttherm ð39Þ

h2ðx; tÞ ¼ 0; 0 < x < r0; t ¼ ts ð40Þ
3.3.1. Solution of sub-problem for h1

The solution of the h1 sub-problem is independent of the
h2 sub-problem and can be obtained using the integral
approximate method. By following a procedure similar to
that of the preheating stage, the solution of the h1 sub-
problem for d1 < r0 is

h1ðx; tÞ ¼
ðT m � T iÞ

dsd1

ðx� d1Þ2; d1 < r0 ð41Þ

where d1 can be obtained from

0¼ d4
1 � 5r0d

3
1þ 10r2

0d
2
1 � d4

s þ 5r0d
3
s � 10r2

0d
2
s � 60asr2

0ðt� tsÞ;
d1 < r0 ð42Þ

Only one root of this polynomial will be both real and po-
sitive, and this will be the value of d1 at each time step until
d1 reaches the center of the particle, r0.

After the thermal penetration depth, d1, reaches the cen-
ter of the particle, h1 can be obtained using an integral
solution

h1ðx; tÞ ¼
6asðT m � T iÞ

r0ds

ðt � t1r0
Þ þ ðT m � T iÞ

r0ds

ðr0 � xÞ2;

d1 ¼ r0 ð43Þ
where t1r0
is the time at which d1 reaches the center of the

powder particle.

3.3.2. Solution of the sub-problem for h2

Since the initial temperature of the second sub-problem
is uniform [see Eq. (40)] its thermal penetration depth, d2,
will originate from the surface at the time t = ts and begin
to penetrate the particle. Before d2 reaches the center of the
particle, h2 can be obtained using the integral approximate
solution, the result of which is

h2 ¼ �
ðT m � T iÞ

d2ds

ðx� d2Þ2; d2 < r0 ð44Þ

A value for d2 at each time step in the simulation can be
obtained from the roots of the polynomial

0 ¼ d4
2 � 5r0d

3
2 þ 10r2

0d
2
2 � 60asr2

0ðt � tsÞ; d2 < r0 ð45Þ

After d2 has reached the center of the particle, h2 can be ob-
tained from the integral approximate solution as

h2ðx; tÞ ¼
�6asðT m � T iÞ

r0ds

ðt � t2r0
Þ � ðT m � T iÞ

r0ds

ðr0 � xÞ2;

d2 ¼ r0 ð46Þ

where t2r0
is the time at which d2 reaches the center of the

powder particle.

4. Results and discussion

After solving the heat transfer problem in terms of var-
ious system parameters it is necessary to adapt this solution
to use the parameters that describe common laser appara-
tuses. The heat flux at the particle surface, q00 (W/m2) can
be related to the total energy input to the powder particle
by one pulse, or the laser fluence J (J/m2):

J ¼
Z 1

�1
q00ðtÞdt ¼

Z 1

�1
q000e

� ln 2t2

t2p dt ¼ q000tp

2
ffiffiffi
p
pffiffiffiffiffiffiffiffi
ln 2
p ð47Þ

Now the simulation parameters can be varied via a com-
puter simulation in order to determine the impact they
would have on the phase change of a single titanium pow-
der particle.

Fig. 2 shows the surface temperature of the powder par-
ticle for a time span of 400 ls. The laser pulse frequency of
5000 Hz corresponds to 200 ls between laser pulses, as we
can see from the figure. The first pulse, which occurs at
100 ls, raises the surface temperature of the powder parti-
cle from the initial temperature of 293–1952 K, a tempera-
ture one degree below the melting temperature of the
titanium powder particle. After the laser pulse the temper-
ature gradient within the particle thermalizes to a uniform
internal temperature of 830 K where it remains until the
next laser pulse occurs at 300 ls. This laser pulse heats
the surface of the powder particle to its melting point of
1953 K, at which time melting begins and a thin skin of
liquid develops on the surface. The second laser pulse then
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continues to heat the particle surface to a peak temperature
of 2286 K after which the liquid skin cools, resolidifies, and
eventually thermalizes to a uniform temperature of 1367 K.

Fig. 3 details what happens to the powder grain during
the first laser pulse shown in Fig. 2. Fig. 3(a) shows the
excess temperature, h = T � Ti, of the particle at both the
surface and the center versus dimensionless time s = t/tp.
Fig. 3(b) shows the variations location of the thermal pen-
etration depth, d, versus dimensionless time s. As the flux
at the surface increases, excess surface temperature and
thermal penetration depth also increase. After the peak
heat flux occurs the surface temperature begins to fall as
the particle thermalizes. When the thermal penetration
depth reaches the center of the particle at the time
s = 1.75 the temperature at the center of the particle begins
to rise. The two curves converge at the time s = 3.20, at
which time the particle has reached a uniform internal tem-
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Fig. 3. Surface temperature and thermal penetration depth during the
preheating phase (J = 9320 J/m2, tp = 75 ns, r0 = 11 lm, f = 5000 Hz). (a)
Temperatures. (b) Thermal penetration depth.
perature 537 K higher than its initial temperature. Since the
energy delivered to the particle with each laser pulse is a
constant, the change in temperature will be the same for
each pulse regardless of the previous initial grain tempera-
ture. Therefore, assuming that melting does not occur, the
particle temperature after a number of pulses can easily be
predicted by multiplying the temperature rise per pulse by
the number of pulses to which the particle is subjected.

Fig. 4 shows the temperature profile within the powder
particle at various times during the simulation for the base-
line values. It shows an increase in temperature throughout
the powder particle as the process continues. The line cor-
responding to s = speak is the time at which the surface of
the powder particle reaches its maximum temperature,
the time s = ss represents the time at which the liquid skin
on the surface of the particle finishes solidification, and the
time s = stherm represents the time at which the particle has
finished thermalization. Note the uniform internal temper-
ature at this time. The progression of the thermal penetra-
tion depth during the duration of the process can also be
seen in the figure.

Fig. 5 shows the effect of a change in laser pulse width,
tp, on the simulation process. By examining Eq. (47) one
sees that a decrease in tp also results in an increase in heat
flux, q000, if laser fluence J is to be held constant. A shorter
laser pulse width results in quicker delivery of the laser
pulse’s energy and, as the plot shows, an increase in surface
temperature, a decrease in the time necessary for melting to
begin, and an increase in the time necessary for resolidifica-
tion. Since the same amount of energy input to the particle
is unchanged the final thermalized temperature will be
unaffected, as shown by Fig. 5. Fig. 6 shows the effect of
a change in laser pulse width on the location of the
solid–liquid interface. It can be seen from the figure that,
analytically, when the laser pulse widths are limited to
the range of 60–90 ns and evaporation at the surface of
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Fig. 4. The temperature profile within the powder particle at various times
during the simulation (J = 9320 J/m2, tp = 75 ns, r0 = 11 lm, f = 5000 Hz,
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Fig. 7. Surface temperature versus time for various values of initial
particle temperature (J = 9320 J/m2, tp = 75 ns, r0 = 11 lm, f = 5000 Hz).
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the particle is not present, a shorter pulse width results in
more melted material and as a result increases both the
time necessary for the particle to resolidify and the time
necessary for the particle to thermalize. In ‘‘real life,” how-
ever, it has been observed that shorter pulses at the same
fluence eventually raise the temperature of the surface layer
to its evaporation point before melt can be produced.

The effect of the particle initial temperature on the sim-
ulation is seen in Figs. 7 and 8. If the initial temperature of
the powder particle is increased then the laser must do less
preheating and thus melting will occur sooner, a higher sur-
face temperature will be reached, and more material will be
melted. More melted material will take longer to resolidify
and thus thermalization time will be increased. For obvious
reasons the final thermalized particle temperature also
increases as initial temperature increases.
Fig. 9 shows that a smaller powder particle will reach a
higher surface temperature than a larger one. This makes
sense when one considers that even though the amount
of energy deposited on all three spheres is the same, the
smaller sphere has less mass to heat and thus reaches a
higher temperature than the larger one. This is also the rea-
son that the final temperature of the smaller sphere is
higher than that of a larger sphere. In addition, a smaller
sphere will thermalize faster than a larger sphere because
the heat has less material to penetrate. Fig. 10 shows that
the size of the powder particle does not have a significant
effect on the time necessary for melting to begin, however,
a smaller powder particle experiences more melting than a
larger one and thus takes longer to solidify. Although a dis-
crepancy exists where peak temperatures are concerned, the
thermalized temperatures of the spheres are all the same.



–5 0 5 10 15 20 25
800

1000

1200

1400

1600

1800

2000

2200

τ

S
ur

fa
ce

 te
m

pe
ra

tu
re

 (
K

)

r0 = 10 μm 
r0 = 11 μm 
r0 = 12 μm 

Fig. 9. Surface temperature versus time for various values of particle
radius (J = 9320 J/m2, tp = 75 ns, f = 5000 Hz, Ti = 800 K).

–0.5 0 0.5 1 1.5 2 2.5 3
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

τ

s 
(μ

m
)

J = 8388 J/m
2

J = 8854 J/m
2

J = 9320 J/m
2

Fig. 12. The location of the solid–liquid interface versus time for various
values of laser fluence (tp = 75 ns, r0 = 11 lm, f = 5000 Hz, Ti = 800 K).

–0.5 0 0.5 1 1.5 2 2.5 3
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

τ

s 
(μ

m
)

r0 = 10 μm 
r0 = 11 μm 
r0 = 12 μm 

Fig. 10. The location of the solid liquid interface versus time for various
values of particle radius (J = 9320 J/m2, tp = 75 ns, f = 5000 Hz,
Ti = 800 K).
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Fig. 11 shows the effect of a change in laser fluence, J, on
the temperature experienced at the surface of the powder
grain. The 5% increase in laser fluence, which is essentially
a 5% increase in q000 according to Eq. (47), shown in the fig-
ure results in a dramatic increase in surface temperature
and increases the time it takes for the liquid skin of the par-
ticle to resolidify. With an increase in laser fluence the time
necessary for melting to begin decreases and the time nec-
essary for the particle to thermalize increases. The effect of
a change in laser fluence on the location of the solid–liquid
interface can be observed in Fig. 12. Clearly an increase in
laser fluence results in a larger amount of melted material
causing the previously mentioned increase in time neces-
sary for solidification to occur. Finally, an increase in laser
fluence, the total amount of energy deposited on the sphere
during the pulse, will obviously result in an increase in the
final thermalized temperature of the sphere.
5. Conclusion

Melting and resolidification in a subcooled powder par-
ticle with temporal Gaussian heat flux was investigated
analytically. It is clear that laser fluence is the most impor-
tant processing parameter; however, other parametric
changes also have effects on the results of the phase change
process. The effect of a decrease in either particle radius or
laser pulse width or an increase in either laser fluence or ini-
tial particle temperature is the same, namely an earlier
melting time, a higher surface temperature, more melted
material, and a longer solidification time. The physical
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model and results of this investigation pave the way for fur-
ther modeling of SLS processes with a pulsed laser.
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