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The effects of powder particle size on the densification and microstructure of iron powder in the direct
laser sintering process were investigated. Iron powders with particle sizes ranging from 10 to 200 �m
were used. It was found that the sintered density increases as the laser energy input is increased. There
is, however, a saturation level at which higher density cannot be obtained even at very intensive energy
input. This saturation density increases as the size of the iron particles decreases. Meanwhile fine powders
with narrow particle size distributions have a tendency toward agglomeration, and coarse powders with
broad particle size distributions have a tendency toward segregation, both of them resulting in lower
attainable density. In order to investigate the role of particle size, a “densification coefficient (K)” was
defined and used. This coefficient depends on the particle size and the oxygen content of iron powder.
The results of this investigation demonstrate that the presence of oxygen significantly influences the
densification and pore morphology of laser-sintered iron. At higher oxygen concentrations, the iron melt
pool is solidified to agglomerates, and formation of pores with orientation toward the building direction
is more likely to occur. When the oxygen concentration is kept constant, the densification coefficient
decreases with decreasing the particle size, meaning the densification kinetics enhances. This article pre-
sents the role of powder characteristics and the processing parameters in the laser sintering of iron
powder as a model material. The mechanism of particle bonding and microstructural features of laser-
sintered parts are addressed.

I. INTRODUCTION

RECENTLY, rapid prototyping (RP) processes have
been of considerable interest in industry as regards the tech-
nological impact on the lead time of product development.[1,2]

In fact, RP offers a great opportunity for producers because
it reduces the time it takes to develop technology and hence
to get the product to market. Although RP has now reached
a state of maturity, direct manufacturing of functional pro-
totypes and tools is still in the early stages of development.[3,4]

The main restrictions concern the inherent weakness of layer
manufacturing processes such as surface quality and dimen-
sional accuracy as well as material characteristics that do
not fulfill the requirements of industrial applications. The
former weaknesses have been addressed by the development
of contouring and post contouring techniques, accompa-
nied by the decrease of layer thickness.[5] A considerable
amount of research work has been directed toward material
development in order to overcome the latter.[6]

A close look at the RP processes reveals that most success-
ful processes for fabrication of functional parts are with
powder materials. Some examples of these are three-dimensional
(3-D) printing, selective laser sintering, laser-engineered net
shaping, and direct metal laser sintering (DMLS). Among
different available methods, DMLS has proven to be a suit-
able process for direct fabrication of functional prototypes
without the need for mandatory postprocessing steps, e.g.,
debinding of polymeric materials and sintering.[7] However,

there are still some weaknesses in the existing DMLS
technique, mainly due to the use of loosely laid powder
beds. The most significant influences of using the loose
powder bed in DMLS are (a) formation of coarse and lam-
inated pores, (b) relatively rough surface quality, and (c)
part shrinkage during laser sintering. Much research has
been done to discover a solution to these problems; in par-
ticular, dealing with the materials investigation, for example,
Klocke et al.[8] studied laser sintering of a mixture of copper
and tin powder to create bronze parts, Prabhu and Bourell[9]

investigated the supersolidus liquid phase laser sintering of
prealloyed bronze powder for rapid prototyping, Greulich
et al.[10] developed a blend that consists of a mixture of
steel and bronze powders for direct laser sintering and
Hauser et al.[11,12] studied the feasibility of direct laser sin-
tering of stainless steel 314S powder in different argon/air
atmospheric mixtures using a room-temperature powder
bed. The DMLS of high-speed steel powders has been inves-
tigated by Niu and Chang.[13,14,15] Das et al.[16] reported laser
sintering of a mixture of nickel superalloy and cermet
powders to produce turbine blade tips. Laoui et al.[17] stud-
ied laser sintering of WC-Co hard metal powder. Petzoldt
et al.[18] introduced a hard metal base powder mixture for
rapid tooling. The viability of the process for manufac-
turing engineering parts using titanium, ceramics, and WC-Co
powders has also been reported.[19] In addition, manufactur-
ing of metallic prototypes and tool prototypes out of stainless
steels, tool steels, aluminum alloys, and titanium alloys
using selective laser powder remelting process (which is a
method similar to direct laser sintering) has been investigated
by Meiners et al.[20] The feasibility of using the heat of an
exothermal reaction accompanied by the laser energy to pro-
vide the bulk of the energy for consolidation has also been
studied.[21]
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Fig. 1—Schematic of the direct laser sintering apparatus.

On the other hand, some other publications have focused
on fundamentals of the laser sintering process. For instance,
Bourell et al.[22] gave an overview of the basic principles
of laser sintering machine operation and the bonding mech-
anisms of different powder particles. Bunnell et al.[23]

described two metallurgical mechanisms by which loose metal
powder beds could be sintered to nearly full density using
a scanning laser beam. Lewis and Schlienger[24] illustrated
practical considerations and capabilities for laser-assisted
direct metal deposition. Kathuria[25] recently studied micro-
structuring by selective laser sintering of metallic powders.
The impact of material characterizations on the mechanism
of particle bonding and the attendant microstructural features
in DMLS has been published elsewhere.[26–31]

All of the previous investigations have shown that laser
sintering is a very complicated process, and several param-
eters influence the densification mechanism and the atten-
dant microstructural features. In addition to the processing
parameters including laser power, scan rate, scan line spacing,
thickness of layer, scanning geometry, working atmosphere,
and powder bed temperature, the characteristics of powder
material such as particle size and particle size distribution
are of special concern. The effects of the processing param-
eters on the laser sintering of iron powder have recently been
addressed.[32] This article presents the role of powder char-
acteristics such as particle size, particle size distribution, and
oxygen concentration on the sintering behavior and
microstructure of iron powder processed by a continuous
wave CO2 laser beam. Iron powder was used as the model
material because laser sintering behavior of steel alloys is
not only influenced by the powder characteristics, but also
by the chemical analysis of the material, the method of alloy-
ing, and the distribution of the elements in the iron matrix.
However, the principles obtained are generic and can be
applied to other material systems with congruent melting
points or to systems in which the melting/solidification
approach is the mechanism feasible for the rapid bonding
of metal powders in DMLS.

II. EXPERIMENTAL PROCEDURE

The direct laser sintering machine consists of a powder
handling system, a continuous wave carbon dioxide laser
source with related optics, and a process computer. Figure 1
represents a schematic diagram of the apparatus. In this
process, the 3-D (Computer Aided Design) CAD models of
parts are converted to triangulated surface models in the
standard (STereoLitography) STL format. The process com-
puter slices the standard STL format to thin horizontal lay-
ers, representing the part, into a stack of thin slices. The
layer thickness ranges between 0.05 and 0.2 mm for vari-
ous powders. The data preparation step is followed by the
laser sintering process. First, a steel base plate is placed on
the building platform (XY table) and leveled. Then, a powder
layer is spread on the base plate using a moving wiper
(mechanical re-coater). The computer scans the laser beam
on the powder bed surface under controlled atmosphere (nor-
mally nitrogen). The waist of the laser beam is around
0.2 mm and the working output power ranges between 70
and 225 W with a scan rate from 50 to 600 mm/s. The ther-
mal effect of the laser energy increases the temperature of

the bed and the loose powder is bonded together. Afterward,
the building platform is lowered by the layer thickness and
a new powder layer is spread on top of the previous layers.
The process is repeated, and by altering the shape of each
scan layer, an arbitrary shape can be produced.

Table I gives the characteristics of the investigated iron pow-
ders measured according to the MPIF Standard test methods.[33]

Here, it is pertinent to point out that the water-atomized powders
were obtained by sieving the iron powder supplied by
Hoeganaes AB (Hoeganaes, Sweden) (ASC 100.29). The par-
ticle size distribution was determined using a Coulter LS130,
Beckman Coulter GmbH, (Krefeld, Germany) laser particle
size analyzer (Figure 2). The surface area was measured through
the BET method using nitrogen gas by a NOVA220, Quan-
tachrome GmbH (Odelzhousen, Germany) (Quantachrome
Instruments).

Test specimens were produced using an EOSINT M250
Xtended laser sintering machine (Electro Optical Systems
GmbH, Germany). Several rectangular specimens with
dimensions of 10 � 10 � 7 mm were produced. The inves-
tigated laser sintering conditions were laser power (P) �
70 to 215 W, scan rate (v) � 50 to 150 mm, thickness of
layer (d) � 0.05 to 0.2 mm, and scan line spacing (h) �
0.1 to 0.4 mm. An alternating scanning pattern from layer to
layer with equal line spacing in the X and Y directions was
used (Figure 3). The laser sintering was performed under
nitrogen atmosphere and the parts were built on a low-carbon
steel plate. The powder bed temperature was kept constant at
80 °C during DMLS.

After removing the samples from the build plate, the density
of the specimens was measured by using the volumetric
method. Each processing condition was repeated at least twice
and the result of the density measurement was expressed using
the mean value. The standard deviation is less than 0.05 g/cm3.
The surfaces of the as-sintered samples were observed in a
LEO (LEO Electron Microscopy Inc. is now the Nano Tech-
nology Systems Division of Carl Zeiss SMT, Oberkochen,
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Table I. Characteristics of the Investigated Iron Powders*

Powder Supplier Type (Designation) O C MPS D10 D50 D90 Sw Sa AD TD FR

A BASF, 
Ludwigshafen, 
Germany Carbonyl (CL) 0.12 0.01 13.4 4 10 29 3 4202 3.4 4.0 poor

B Quebec Metal 
Powders Limited, 
Quebec, Canada WA (Atomet 95) 0.59 0.05 29.2 11 26 54 3.7 2670 3.32 3.22 poor

C Quebec Metal 
Powders Limited, 
Quebec, Canada WA (Atomet 75) 0.11 0.05 42.6 20 41 68 4.9 2819 3.21 4.13 30

D Hoeganaes AB,
Hoeganaes, 
Sweden WA (ASC 100.29) 0.07 0.07 51.3 30 51 74 6.6 2886 3.12 3.7 poor

E Hoeganaes AB, 
Hoeganaes, 
Sweden WA (ASC 100.29) 0.07 0.07 69.4 34 68 108 5.1 2190 3.06 3.85 33

F Hoeganaes AB, 
Hoeganaes, 
Sweden WA (ASC 100.29) 0.07 0.07 106.4 66 104 152 7.1 1143 3.00 3.64 33

G Hoeganaes AB,
Hoeganaes, 
Sweden WA (ASC 100.29) 0.07 0.07 174.5 128 171 227 10.2 1976 3.05 3.59 37

*WA is water atomized, O is oxygen content (wt pct), C is carbon concentration (wt pct), MPS is mean value of particle size (1 �m), Dn is particle size
at n pct point of the cumulative particle size distribution (�m), Sw is particle size distribution slope, Sa is surface area of powder particles (m2 g�1), AD is
apparent density (g cm�3), TD is tap density (g cm�3), and FR is flow rate (s/50 g).

Fig. 2—Cumulative particle size distribution of the investigated iron powders.
The characteristics of powders A through G are given in Table I.

less than the mean particle size of the powder bed. This is
mainly due to the method of powder feeding, i.e., by a moving
mechanical recorder, which pushes the coarse particles away
from the bed surface, resulting in a change in real particle
size distribution. Considering this restriction, the iron powders
were categorized into three groups according to the mean par-
ticle size (MPS in �m), as follows: (I) MPS � 50, (II) 50 �
MPS � 125, and (III) MPS � 125. The layer thickness (d)
used for laser sintering of these groups was (I) 0.05, 0.125,
and 0.2 mm; (II) 0.125 and 0.2 mm; and (III) 0.2 mm.

Figure 4 shows the density of laser-sintered iron powder
as a function of the mean particle size for group (I) with

Fig. 3—Schematic of scanning pattern used in this study for direct laser sin-
tering of iron powders; the scan line distance in X and Y directions is equal.

Germany) 438VP scanning electron microscope (SEM).
Samples for metallographic examination were prepared using
standard techniques and etched in 2 pct Nital reagent (2 mL
HNO3 per 100 mL CH3OH).

III. RESULTS

A. Effect of Powder Particle Size on the Sintered Density

The laser sintering of iron powders was performed in vary-
ing processing conditions. It is important to point out that in
the laser sintering process, the layer thickness cannot be much
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(a) (b)

Fig. 5—Fractional density and densification of loose sintered iron powder (hydrogen, 120 min) as a function of mean powder particle size.

Fig. 6—Fractional density of laser-sintered iron as a function of scan rate
dependent on MPS and scan line spacing (h) (P � 215 W, and d � 0.05 mm).

of powder particle size on the densification increases, par-
ticularly at high scan rates.

The effect of particle size on the densification of iron
powders with MPS � 50 �m is shown in Figure 7. A laser
power of 215 W and layer thickness of 0.2 mm were used.
One can notice that analogous to the loose sintering, the den-
sification kinetics is higher for finer powders. Moreover, by
increasing the scan rate, the influence of particle size on the
densification increases, whereas the effect of scan line spac-
ing is less pronounced (Figure 8).

B. Microstructure

Figures 9 through 11 present the pore structure of laser-
sintered iron specimens, showing the effects of particle size
and the amount of oxygen content. In Figure 9, the pore

Fig. 4—Fractional density of the investigated iron powders as a function
of mean particle size dependent on laser scan rate (P � 215 W, d � 0.05 mm,
and h � 0.2 mm).

MPS � 50 �m. The laser power and layer thickness were
215 W and 0.05 mm, respectively. The standard deviation
of the measurement is �0.02. The density of loose-sintered
iron powders as a function of MPS is shown in Figure 5
for comparison. It is known that the greater surface area of
finer powders leads to higher sintering activity and thereby
a faster sintering rate. However, it seems that in the laser
sintering process, the particle size, and thus powder surface
area, is not the only dominant parameter and the role of other
characteristics such as powder source, purity, and shape must
be taken into account. In this context, the effect of processing
condition should also be considered. For instance, as shown
in Figure 4, the influence of particle size on the densifica-
tion was less pronounced as the scan rate was increased. In
addition, Figure 6 shows that the densification depends on
scan line spacing (h); i.e., when higher h is applied, the impact
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Fig. 7—Fractional density of the investigated iron powders as a function
of mean particle size dependent on laser scan rate (P � 215 W, d � 0.2 mm,
and h � 0.2 mm).

(a)

(b)

Fig. 8—Fractional density of laser-sintered iron as a function of scan rate
dependent on MPS and scan line spacing (h), P � 215 W: (a) d � 0.125
mm and (b) d � 0.2 mm.

(a)

(b)

Fig. 9—(a) and (b) Polished sections of laser-sintered iron (P � 215 W, v �
50 mm/s, h � 0.3 mm, and d � 0.05 mm) show the pore structure on a
section cut parallel to the building direction.
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(a) (b)

Fig. 10—(a) and (b) Polished sections of laser-sintered iron (P � 215 W, v � 50 mm/s, h � 0.3 mm, and d � 0.2 mm) show the pore structure on a section
cut parallel to the building direction.

(a) (b)

(c)

Fig. 11—(a) through (c) Polished sections of laser-sintered iron (P � 215 W, v � 50 mm/s, h � 0.2 mm, and d � 0.05 mm) show the pore structure on a sec-
tion cut parallel to the building direction.
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structures on a section cut parallel to the building direc-
tion for iron powders with MPS of 13 and 52 �m are
shown. The specimens were prepared at P � 215 W, v �
50 mm/s, h � 0.3 mm, and d � 0.05 mm. The pores are
vertically elongated parallel to the building direction. How-
ever, one may notice the difference existing in the width,
length, and connectivity of the pores between two speci-
mens that highlights the role of particle size on pore mor-
phology. When coarser powders are used (Figure 10), the
pores are considerably large and their channels are fully
interconnected. The formation of iron agglomerates, which
are connected by small necks, is also visible in the
microstructure.

Figure 11 shows the pore structure of laser-sintered iron speci-
mens, highlighting the role of oxygen concentration. The speci-
mens were processed at P � 215 W, v � 50 mm/s, h � 0.2 mm,
and d � 0.05 mm. At oxygen concentrations of 0.12 wt pct,
the pores have an orientation toward the edges of the specimen
(Figures 11(a) and (c)). As aforementioned, the powder parti-
cle size also influenced the size and the connectivity of pores.
However, at an oxygen concentration of 0.54 wt pct, the pores
are elongated parallel to the building direction, while they are

longer than those of the specimens with lower oxygen con-
tent. On the other hand, Figure 12 shows that the grain structure
of the iron matrix is influenced by the oxygen concentration;
i.e., at higher oxygen content, the grain size is smaller.

C. Surface Morphology

The results of SEM study elucidated that the surface mor-
phology of laser-sintered iron was strongly influenced by
scan line spacing (h), whereas the other parameters were
less effective. Figure 13 illustrates the surface morphology
of laser-sintered iron with MPS � 51 �m processed at scan
line spacing of 0.1 and 0.3 while other processing param-
eters were fixed (P � 215 W, v � 50 mm/s; d � 0.05 mm).
At h � 0.3 mm, the solid particles were bonded together to
form a network of columnar agglomerates parallel to the
scan direction (Figure 13(a)). These columns were separated
by longitudinal gaps. Metallographic analysis has shown that
between the agglomerates the pores appeared open and
deep.[32] However, a relatively smooth and almost fully dense
sintered surface was obtained for the specimens processed
at h � 0.1 mm (Figure 13(b)). In fact, a progressive transition

(a) (b)

Fig. 12—The grain structure of laser-sintered iron on a section cut parallel to the building direction, P � 215 W, v � 50 mm/s: (a) d � 0.05 mm, (b) d �
0.05 mm, and (c) d � 0.05 mm.

(c)
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from a highly rippled surface to a smooth surface occurred
with decreasing scan spacing.

IV. DISCUSSION

A. Mechanism of Particle Bonding

It is known that the heating cycle in the laser sintering
process is very short, i.e., on the order of milliseconds, to
promote solid-state bonding.[34] Furthermore, with metals,
the viscous flow cannot result in powder densification
because the viscosity is high, even at temperatures approach-
ing the melting point. It has been shown elsewhere that liquid-
phase sintering and the melting/solidification approach are
the mechanisms feasible for rapid bonding of metal pow-
ders in the laser sintering process.[22] In metals with a con-
gruent melting point such as iron, particle bonding is done
by localized melting of the powder bed.[22,26] In fact, laser
scanning is carried out line-by-line and the energy of the
laser causes melting along a row of powder particles, thereby
forming a molten track of cylindrical shape. It is known that
when localized powder melting occurred during laser scan-
ning, a temperature gradient in the molten pool was formed.

The temperature gradients in the molten pool can give rise
to a surface tension gradient and associate Marangoni con-
vection.[35] The formation of convective streams within the
molten pool plays an important role in material transport
during laser processing.[36] However, instability of the liq-
uid cylinder formed during laser sintering is likely to occur
if the amplitude of the surface waves gets large enough.[37]

The analyses have shown that the melt instability is fulfilled
if a wavelength � � �D (where D is the initial diameter of
an unperturbed cylinder).[15] This results in breaking up of
the fluid to smaller volumes to minimize surface free energy.
So, due to the capillary instability effect, the liquid iron
breaks up to a row of spheres to reduce the surface area
(Figure 13). Meanwhile, during layer scanning, the flow and
solidification behavior of the melt are very strongly influ-
enced by scan spacing. A progressive transition from a highly
rippled surface to a smooth surface occurs with decreasing
scan spacing. The rippled surface is accompanied by the for-
mation of large pores (Figures 9 through 11).

B. The Role of Oxygen

The amount of oxygen present during the heating, melt-
ing, and fusion of metal powders in the laser sintering process
strongly influences the densification and the attendant
microstructural features. It is known that the presence of
oxygen allows surface oxides and slags to form as the pow-
der particles are heated and melted by the scanning laser
beam.[11] The formation of an oxide layer on the surface of
powder particles significantly increases the absorption rate
of CO2 laser radiation.[38] This changes the temperature-time
history of sintering and increases the melt volume, allow-
ing surface tension to become more dominant. It is known
that material convection in the molten pool depends on the
sign and magnitude of the gradient of surface tension to tem-
perature, d	/dT.[35,36] Since the surface tension of iron depends
on the oxygen content, with reference to the Marangoni
effect, a change in the surface tension leads to the formation
of different scan tracks: wide and shallow for a low oxygen
content, or deep and narrow for a high oxygen concentration.[13]

Another concern is the liquid metal surface tension, which
influences the wetting angle between the solid and the liquid
phases and can disrupt bonding between rastered lines and
individual layers.[11,22] The formation of larger melt volume,
dominating surface tension force, and decreasing wetting
angle causes the melt pool to solidify into agglomerates.
Here, formation of pores with orientation toward the building
direction is more likely to occur (Figures 9 and 11). On the
other hand, the existence of oxide particles affects the solidi-
fication of the iron melt and refines the grain structure of
the iron matrix (Figure 12).

C. The Effect of Particle Size

When laser scans over the powder bed, the laser energy
is directly absorbed by the powder particles. Finer particles
provide a larger surface area to absorb more laser energy,
thereby increasing the particle temperature and the sinter-
ing kinetics.[13] Therefore, it is expected that laser sintering
of fine particles tends to enhance the kinetics of densifica-
tion (Figures 4 and 7). However, in the case of iron pow-
der with MPS � 13 �m, the sintered density is relatively

(a)

(b)

Fig. 13—SEM images of laser-sintered iron surfaces using different scan line
spacings (P � 215 W, v � 50 mm/s, and d � 0.05 mm): (a) 0.3 mm and (b)
0.1 mm.
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lower than that of the coarser powder with MPS � 29 �m.
This could be attributed to the following effects.

(1) Powder agglomeration: The finer powder has a tendency
toward agglomeration. This dramatically increases the
reflectivity of the powder bed,[39] thereby reducing the
amount of energy absorption and densification kinetics.

(2) Surface chemistry and the shape of particles: The finer
powder is carbonyl iron with spherical shape and relatively
low oxygen and carbon concentrations, while the coarser
powder is water atomized with irregular shape and higher
oxygen and carbon concentrations (Table I). Therefore,
the inherent differences between two powders with respect
to the surface chemistry and the shape of the particles
influence the densification kinetics.

(3) Optical scattering: Another possible phenomenon is opti-
cal scattering of CO2 laser radiation from iron particles
with dimensions approaching the wavelength of the laser
(especially for smallest particles with MPS � 12 �m).
This will decouple laser energy from iron powder, which
in fact influences the densification kinetics.

Anyway, as shown in Figures 6 and 8, the sintered den-
sity of iron powder is not only influenced by the powder
characteristics, but also by the laser processing parameters.
Therefore, it is necessary to take into account the effect of
these parameters when studying the role of particle size.
Laser power (P), scan rate (v), scan line spacing (h), and
thickness of layer (d ) are the main factors influencing the
densification kinetics. The scanning geometry, working atmos-
phere, and powder bed temperature are also effective,
although to a lesser extent. Since several factors influence
the sintered density, it would be helpful if a single factor
were introduced. Based on the energy conservation rule, the

 factor can be expressed as follows:[32]

[1]

where 
 is the total energy input per volume of each sintered
track. The density of the laser-sintered part is the average of
the density of each sintered track. So, it can be deemed that
the energy input is in direct relation to the final density.
Figure 14 shows the relationship between fractional density
(�) and the specific energy input (
) for iron powder with
MPS � 51 �m processed at versatile conditions. The density
of loose sintered iron at 1300 °C for 60 minutes in H2 and
the powder tap density were also included for comparison.
The results show that the sintered density increased sharply
with increasing the specific energy input until a critical energy
input was reached (
 � 0.2 kJ/mm3). The increase in the sin-
tered density was followed with further increasing the specific
energy, but at a slower rate. At an even higher energy input,
the sintered density almost turns to remain constant.

The fractional density-energy input curves for the investi-
gated iron powders are shown in Figure 15. The following expo-
nential function can be used to correlate the experimental data:

[2]

where C1, C2, and K are constants. The values of these con-
stants are given in Table II.

When 
 approaches an infinite small value, the density
approaches the density of the powder bed (�bed) in the laser

r � C1 � C2  exp (�Kc)

c �
P

vdh

sintering process. The value of �bed approaches the tap density
of iron powder (� tap) when the bed is not agglomerated. Hence,
an agglomeration factor can be expressed as � � �bed/�tap. The
values of � for the investigated iron powders are given in
Table II. From these data, one can notice that fine powders

Fig. 14—Fractional density vs the specific energy input (
) for sintered
iron with MPS � 13 �m using different processing parameters.

Fig. 15—Fractional density vs the specific energy input (
) for the inves-
tigated iron powders.

Table II. Densification Parameters of the Investigated 
Iron Powders*

Powder MPS C1 C2 K �st �bed � � �bed/�tap

A 13.4 0.712 0.316 15.9 0.71 0.40 0.8
B 29.2 0.825 0.492 8.6 0.82 0.33 0.8
C 42.6 0.764 0.240 19.1 0.764 0.52 1.0
D 51.3 0.719 0.214 12.1 0.72 0.50 1.0
E 69.4 0.723 0.214 13.8 0.72 0.51 1.0
F 106.4 0.619 0.119 16.4 0.62 0.50 1.0
G 174.5 0.587 0.187 28.4 0.59 0.40 0.9

*C1 and C2 are constants in Eq. [2], K is densification coefficient (Eqs. [2]
and [5]), �st is saturation density, �bed is density of powder bed, and � is
agglomeration factor.
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Fig. 16—Saturation density of the examined iron powders as a function of
mean particle size.

have a tendency toward agglomeration (� � 1), while for
the coarser powders, � is almost unity. However, when the
powder particles are very coarse and the particle size distrib-
ution is broad (powder G), the bed density is less than the tap
density (� � 1), meaning that during mechanical recoating,
powder agglomeration/segregation is likely to occur.

On the other hand, from Eq. [2], one may notice that when

 approaches infinity, the sintered density approaches a constant
value (C1). This constant is always less than unity, meaning
the powder material cannot be sintered to full density even at
very intensive laser energy input. This constant is named “sat-
uration density,” �st. Figure 16 shows the influence of particle
size on �st. One can notice that the saturation density increases
as the mean particle size of iron powder increases. Again, it
can be seen that the saturation density of smallest size powder
with MPS � 13 �m is lower than that of the coarser powder
with MPS � 29 �m. As mentioned previously, this is attributed
to the tendency of this powder to agglomerate (� in Table II).
The differences in the shape of the particles and the surface
chemistry should also be considered.

To evaluate the influence of particle size on the sintered
density (�ls), the densification parameter is defined as

[3]

By using Eq. [2], the densification equation can be expressed
as

[4]

or

[5]

This equation simply states that the densification of iron powder
in the laser sintering process is an exponential function of the
energy input. Figure 17 shows a plot of “�ln (1 � D) vs 
”
according to the experimental data. The straight lines yield the
correlation constant K. This constant is named “densification

ln (1 � D) � �Kc

D � 1 � exp (�Kc)

D �
rls � rbed

rst � rbed

coefficient.” The values of K for the examined iron powders
are given in Table II. Here, it is important to point out that at
a constant laser energy input, a powder with higher K value
yields less densification during the laser sintering process.

Figure 18 shows the influence of the MPS on the densifi-
cation coefficient (K). It can be seen that at constant oxygen
concentration, the K value increases as MPS increases. In other
words, if iron powders have the same characteristics with
respect to the particle shape and purity, coarser powders show
lower densification in the course of laser sintering. In other
words, the absence of severe powder agglomeration and at
constant oxygen concentration, powders with lower particle
size/higher surface area dictate better densification in the DMLS
process.

Fig. 17—Relationship between densification (D) and the laser energy input
per volume of specimen () for sintered iron with different MPS values.

Fig. 18—Densification coefficient as a function of MPS for the examined
iron powders at different oxygen concentrations.
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V. CONCLUSIONS

In this study, the role of particle size on the laser sinter-
ing of iron powder was investigated. The findings can be
summarized as follows.

1. Finer particles provide a larger surface area to absorb more
laser energy, which increases the working temperature
and thus the sintering kinetics.

2. Agglomeration of fine particles is likely to occur during
mechanical recoating of iron powders. This increases the
reflectivity of the powder bed, resulting in lower attainable
density.

3. In addition to the particle size of iron powder, the surface
chemistry and the shape of the particles significantly
influence the densification in the DMLS process.

4. The pore morphology of laser-sintered parts changes dra-
matically with the oxygen content of iron powder. The
presence of oxygen enhances the coupling efficiency
between the laser and the surface oxide layer, increases the
melt volume formed during laser irradiation, and dominates
the surface tension force in the material flow. Consequently,
the formation of iron agglomerates and large pores is
more likely to occur.

5. The sintered density of iron powder in the DMLS
process can be expressed as an exponential function of
the laser energy input. Based on this observation, a
material-dependent factor (K) was defined and used in
order to explore the role of powder particle size on the
densification. It was found that this coefficient increases
as the particle size of iron powder increases, meaning
coarser powder particles pose lower densification during
laser sintering.

6. The fractional density of laser-sintered iron was found to
be less than unity even at very high specific energy input.
The maximum attainable density was named “saturation
density.” Except very fine powder, the saturation density
increases with decreasing the particle size.

7. As far as the powder characteristics are concerned, in the
absence of severe powder agglomeration and at given oxy-
gen concentration, powders with lower particle size or
higher surface area show better densification during DMLS.

NOMENCLATURE

C1, C2 constants in Eq. [2]
D densification, Eq. [4]
d thickness of layer, mm
h scan line spacing, mm
K densification coefficient, Eqs. [2] and [5]
MPS mean particle size, �m
P laser power, W
T temperature
v scan rate, mm/s
�bed density of powder bed, pct theoretical
�ls density of laser-sintered specimen, pct theoretical
�st saturation density, pct theoretical
�tab tap density, pct theoretical
	 surface tension, Nm s�1


 laser energy input per volume of sintered
specimen, kJ/mm3

� agglomeration factor, �bed/�tap

ACKNOWLEDGMENTS

The laser-sintered specimens were prepared at Fraunhofer
Institute for Manufacturing and Advanced Materials (IFAM,
Bremen, Germany). The help of Dr. Haiko Pohl in prepara-
tion of the samples is gratefully acknowledged. The author
also thanks Dr. Frank Petzoldt for his input during valuable
discussions. The financial support of the Office of Vice
President for Research and Technology, Sharif University
of Technology, for the experiments is appreciated.

REFERENCES
1. P.T. Pham and S. Dimov: Rapid Manufacturing: The Technologies

and Applications of Rapid Prototyping and Rapid Tooling, Springer-
Verlag, London, United Kingdom, 2001.

2. R. Irving: Int. J. Powder Metall., 2000, vol. 36 (4), pp. 69-71.
3. A. Gebhardt: Rapid Prototyping: Tools for Rapid Product Develop-

ment, Carl Hanser Verlag, Munich, 1996.
4. T. Wohlers: CATIA Solution Mag., 2000, Jan–Feb.
5. R.J.M. Hangue and P.E. Reeves: RAPRA Review Reports, RAPRA

Technology, Shrewsbury, United Kingdom, 2000, vol. 10 (9).
6. T. Wohlers: Rapid Prototyping and Tooling State of the Industry: World-

wide Progress Report, Wohlers Associates, Inc., Fort Collins, CO, 2000.
7. D. Atkinson: Rapid Prototyping and Tooling: A Practical Guide,

Strategy Publications Ltd., Welwyn Garden City, Herts, UK, 1997.
8. F. Klocke, T. Celiker, and Y.A. Song: Rapid Prototyping J., 1995,

vol. 1 (3), pp. 32-42.
9. G.B. Prabhu and D.L. Bourell: Proc. Solid Freeform Fabrication Symp.,

The University of Texas at Austin, Austin, TX, 1993, pp. 317-24.
10. M. Greulich, H.D. Kunze, M. Greul, and T. Pintat: Rapid Prototyping

& Tooling Newsletter, Danish Technology Institute, Aarhus, Denmark,
1996, vol. 9, pp. 14-15.

11. C. Hauser, T.H.C. Childs, K.W. Dalgarno, and R.B. Eane: Proc. Solid
Freeform Fabrication Symp., The University of Texas at Austin, Austin,
TX, 1999, pp. 265-72.

12. C. Hauser, T.H.C. Childs, and K.W. Dalgarno, Proc. Solid Freeform
Fabrication Symp., The University of Texas at Austin, Austin, 1999,
pp. 273-80.

13. H.J. Niu and I.T.H. Chang: Scripta Mater., 1999, vol. 41 (1), pp. 25-30.
14. H.J. Niu and I.T.H. Chang: Scripta Mater., 1998, vol. 39 (1), pp. 67-72.
15. H.J. Niu and I.T.H. Chang: Scripta Mater., 1999, vol. 41 (1), pp. 1229-34.
16. S. Das, T.P. Fuesting, G. Danyo, L.E. Brown, J.J. Beaman, and D.L.

Bourell: Mater. Design, 2000, vol. 21, pp. 63-73.
17. T. Laoui, L. Froyen, and J.P. Kruth: Proc. PM World Congr., Granada,

EPMA, Shrewsbury, UK, 18–22 October, Granada, Spain, 1998, vol. 5,
pp. 394-99.

18. F. Petzoldt, M. Greul, and H. Löffler: Advances in Powder Metallurgy
& Particular Materials, MPIF, Princeton, NJ, 1999, vol. 2 (5), pp. 71-76.

19. H. Pohl: EPMA Short Course on Sintering Science and Practice,
Bremen, Sept. 1999.

20. W. Meiners, C. Over, K. Wissenbach, and R. Poprawe, Proc. Solid
Freeform Fabrication Symp., The University of Texas at Austin, Austin,
TX, 1999, pp. 655-61.

21. K.W. Dalgarno and C.S. Wright: Powder Met. Progr., 2001, vol. 1 (1),
pp. 70-79.

22. D.L. Bourell, H.L. Marcus, J.W. Barlow, and J.J. Beaman: Int. J. Powder
Metall., 1992, vol. 28 (4), pp. 369-81.

23. D.E. Bunnell, S. Das, D.L. Bourell, J.B. Beaman, and H.L. Marcus:
Proc. Solid Freeform Fabrication Symp., The University of Texas at
Austin, Austin, TX, 1995, pp. 440-47.

24. G. Lewis and E. Schlienger: Mater. Design, 2000, vol. 21, pp. 417-23.
25. Y.P. Kathuria: Surface Coatings Technol., 1999, vols. 116–119, pp. 643-47.
26. A. Simchi, F. Petzoldt, and H. Pohl: Int. J. Powder Metall., 2001,

vol. 37 (2), pp. 49-61.
27. A. Simchi, F. Petzoldt, H. Pohl, and H. Löffler: P/M Sci. Technol.

Briefs, 2001, vol. 3 (1), pp. 5-9.
28. A. Simchi, H. Pohl, and F. Petzoldt: Proc. Rapid Conf., Fraunhofer Allianz

Rapid Prototyping, Magdeburg, Germany, Amsterdam, May 28–30,
2001, pp. 292-98.

29. A. Simchi, F. Petzoldt, H. Pohl, and H. Löffler: Rapid Prototyping &
Rapid Tooling Newsletter, Danish Technology Institute, Aarhus, Denmark,
2000, vol. 4, pp. 4-5.



30. F. Petzoldt, A. Simchi, H. Pohl, and H. Löffler: Paper presented at PM
World Congr. & Exhib., Kyoto, Japan, 2000.

31. A. Simchi, F. Petzoldt, and H. Pohl: J. Mater. Processing Technol.,
2003, vol. 141 (3), pp. 319-28.

32. A. Simchi and H. Pohl: Mater. Sci. Eng., 2003, vol. 359A (1–2), pp. 119-28.
33. Standard Test Methods for Metal Powder and Powder Metallurgy

Products, Metal Powder Industries Federation, Princeton, NJ, 1986.
34. W. O’Nill, C.J. Sutcliffe, R. Morgan, and K.K.B. Hon: Proc. Solid

Freeform Fabrication Symp., The University of Texas at Austin, Austin,
TX, 1998, pp. 147-59.

35. L. Pawlowski: J. Thermal Spray Technol., 1999, vol. 8, pp. 279-95.
36. D.I. Pantelis and G. Pantazopoulos: in Lasers in Surface Engineering,

N.B. Dahorte, ed., ASM INTERNATIONAL, Materials Park, OH,
1998, pp. 357-94.

37. S. Das: Proc. Solid Freeform Fabrication Symp., The University of
Texas at Austin, Austin, TX, 2001, pp. 102-09.

38. N. Tolochko, S.E. Mozzharrov, N.V. Sobolenko, Yu. V. Khlopkov, I.A.
Yadroitsev, and V.B. Mikhailov: J. Adv. Mater., 1995, vol. 2 (2), pp. 151-57.

39. Y. Kizaki, H. Azuma, S. Yamazaki, H. Sugimoto, and S. Takagi:
Jpn. J. Appl. Phys., 1993, vol. 32 (1A), pp. 205-12.

948—VOLUME 35B, OCTOBER 2004 METALLURGICAL AND MATERIALS TRANSACTIONS B


