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Characterization of an iron-based laser sintered material
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Abstract

Direct Metal Laser Sintering (DMLS) is a relatively new rapid tooling technique to fabricate near net-shaped parts. Properties of DMLS parts
are governed by their microstructure. Hence, characterization of microstructure is of significant importance. In this study, a new iron-based
DMLS material was characterized to unveil its metallic microstructure to support the prediction of end-user performance and the development of
new applications. Characteristics of powder particles, roughness and topography of sintered surfaces, and microstructure of sintered body were
investigated. The original powder composition, the particle size, particle morphology and processing parameters were discussed relative to the
sintered phases, the porosity and the microstructure. We found a microstructural waviness existing in the DMLS material. Some possible reasons
are discussed.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Direct Metal Laser Sintering (DMLS) is a rapid manufac-
uring technology to make intricate and near net-shaped parts
rom computer aided data. The working principles of DMLS
rocessing,Fig. 1, can be described as the following sequence:
i) Generate the component model from 3D-CAD software and
onvert it to standard STL format. (ii) Slice the STL model into
orizontal layers with a certain thickness (usually 20–50�m) in

he computer control centre of the DMLS facility. (iii) Spread
layer of metal powder on the top of the building platform.

iv) Melt and fuse the powder by a laser beam, as it traces the
eometry of the generated slice. (v) Lower the fused layer and
pread a new layer of powder with the recoater. (vi) Laser scan
he new surface and fuse the metal particles to each other and to
he lower layer. (vii) Repeat the process until the component is
ully fabricated. (viii) Finally, remove the part from the machine
nd sieve back the unsintered powder to the powder dispenser

or reuse[1–4].
DMLS has significant advantages such as compound geo-

etrical complexity, near net-shape, low energy consumption,
igh raw material utilization and rapid manufacturing integrated

with CAD technique compared to conventional manufactu
techniques[3,4]. During the last decade, the developmen
DMLS technique has been accelerated exponentially du
the above mentioned advantages. Nowadays, the DMLS
nique has successfully developed into the commercial r
and can produce mould inserts, die-cast tools, and funct
metal prototypes using bronze-based and iron-based powd
liquid-phase sintering[6,7]. Nevertheless, the performance
DMLS manufactured parts is limited due to low mechan
properties and bad surface quality[8,9], which makes it difficul
to supersede the traditional manufacturing methods. There
microstructural characterization of DMLS materials help
overcome the weakness and extend its area of use.

Recently, the research on the DMLS method was ma
focused on the technique of producing parts with a high accu
and selection of suitable materials, as for use in rapid tooling
tle effort has been devoted to microstructural characteriza
Sun et al.[10] studied iron-base alloy powder laser sinte
material and found a very fine dendrite microstructure in
sintered material. Niu and Chang[11] studied liquid phase las
sintered M3/2 high speed steel and showed that a ‘balling’
nomenon greatly deteriorates the sintered surface rough
Khaing[12] studied Cu-based DMLS parts and revealed a s
ture of scanning lines with pores. Irregular shaped pores, n
∗ Corresponding author. Tel.: +46 547001927; fax: +46 547001449.
e

and bronze particles were also observed in the sintered speci-
mens[12]. To summarize the previous research results, porosity
a rd to
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Fig. 1. Schematic illustration of DMLS process[5].

avoid based on today’s DMLS technique. The main aim of this
investigation is to define the porosity of an iron-based DMLS
material and describe important material characteristics, such as
powder features, microstructure, sintered surface roughness and
microhardness to support prediction of end-user performance
and further developments.

2. Material and experiments

2.1. Material

The material was processed using an iron-based powder
blend and an EOSINT M250 machine. A carbon dioxide laser
(wavelength= 10.6 �m) with a maximum output of 200 W in
continuous wave operation is used as a power source. The diam
eter of the focused laser beam is 0.4 mm.

The chemical composition of the DMLS material was
obtained by energy dispersive X-ray spectrometer (EDS) anal
ysis on one specimen,Table 1. The tensile properties at room
temperature along layer direction was 424 MPa in 0.2% proo
strength (σys), 505 MPa in ultimate tensile strength (σuts), and
118 GPa in Young’s modulus (E) [8].

2.2. Powder analysis

Type and size of the powder have a significant effect on
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2.3. Surface roughness test

The surface roughness is a characteristic of particle pack-
ing and bridging, and as such it is highly related to the shape
and size of the sintered particles, packing direction and packing
density. In this study, the surface was measured by 3D surface
profilometry (Wyko NT 3300) using a vertical scanning interfer-
ometer technique where the average surface roughness as well
as 3D-topography were obtained.

2.4. Microstructure study

Both of microstructure and pore characterization can be
carried out on properly-polished cross-sections. The metallo-
graphic preparation and interpretation of the DMLS structure
were strongly influenced by porosities. In order to get clear
polished cross-sections of the sintered body, the samples were
carefully polished down to 1�m diamond paste. During metal-
lographic preparation, the pores can easily carry abrasives and
be smeared. Proper polishing should open the smeared pores,
then reveal their true shapes and amounts[14]. Excess or lack of
polishing would distort and smear pores, giving the appearance
of a low porosity[14]. Etching will usually enlarge pores, lead-
ing to an overestimate of the porosity[15]. When the specimens
is uniformly dense and properly prepared, the area fraction of
porosity will equal the volume fraction of porosity, which equals
t l den-
s
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icrostructure and porosity of sintered body, and consequ
hey govern the properties of the final products to a conside
xtent[13]. In the current study, the powder blend was sp
n a double-sided carbon tape and gently shaken to ens

hin layer of powder being left on the sample. The morpho
nd the size of the powder were examined using scan
lectron microscopy (SEM). Using an image analyzer, a
700 particles were measured at 1000×, 1500×, 2000× and
000× magnifications, from which size distribution histogra
ere obtained.
EDS was utilized to determine elemental composition

istinguish different kinds of particles apart.

able 1
hemical composition of the iron-based laser sintered material

Element wt.%

Fe Bal.
Ni 29
Cu 8.3
P 1.35
-

-

f

y
e

a

g
t

he porosity calculated from the measured and theoretica
ities of the part as in Eq.(1) [14]:

p = Vp = ρt − ρm

ρt
(1)

hereSp is the area fraction porosity,Vp the volume fraction
orosity,ρt the theoretical density, andρm the measured de
ity. In this study, optical microscope (OM) aided with Le
icrosystems image analysis software was used to dete

he area fraction of porosity and other pore parameters,
s the area (S), the length (L) and the width (W) and the aspe
atio (α = L/W).

Samples for metallographic examination were etched u
tchant solution (HCl 75% 10 ml+ HNO3 25% 2 ml) and exam

ned in both OM and SEM. The compositional variation wit
ifferent zones was analyzed by spot EDS analysis. X
iffraction (Cr K� radiation, Seifert XRD 3003 PTS X-ray ge
rator) was utilized to derive the microstructural phases.

.5. Hardness test

Macro and microhardness tests were performed
easurement on different phases (HV 20 kgf and MHV

espectively) supporting the general characterization o
icrostructure.

. Results

.1. Powder analysis

In the powder blend, EDS analysis showed the presen
hree kinds of particles constituting a mixture of Cu, Fe, an
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Fig. 2. The overall morphology of the powder blend, SEM-image.

Fig. 3. Morphology of copper particle, SEM-image.

according toTable 2. The particles have different morphologic
characters,Figs. 2–5, where most of the nickel and iron par-
ticles are spherical, but some are aggregated forming irregula
morphologies. Copper particles are relatively big and exhibit a
crushed morphology and irregular shape.

Table 2
Chemical composition of three kinds of particles in the powder blend by EDS
analysis

Fe (wt.%) Ni (wt.%) Cu (wt.%) P (wt.%) O (wt.%)

Fe-particle 98.7 1.3 – – –
Ni-particle 6.0 94.0 – – –
Cu-particle 3.3 1.2 79.0 14.8 1.7

About 2328 particles were randomly selected and measured
using SEM. The average particle diameter is 4.3 ± 2.9 �m,
Fig. 6.

The size distributions of three sorts of particles were deter-
mined individually, showing substantially larger Cu particles
than Fe and Ni particles (32± 22, 3.6 ± 5.0 and 6± 2 �m mean
size respectively). The maximum diameter of Cu particles is
178�m.

3.2. Surface quality

Relative to the building direction the top-view sintered sur-
face (normal to the building direction) and the side-view sintered
surface (parallel to the building direction) are schematically
illustrated inFig. 7. Both of the sintered surfaces were observed
using SEM and 3D profilometer,Figs. 8–10. The top-view has a
coarse topography (Ra 18.2�m) containing a network of micro-
cracks over the surface due to thermal shocks,Figs. 8a and 9a.
On the other hand, the side-view surface parallel to the building
direction is finer (Ra 12.6�m) with layers piling up as observed
in Figs. 8b and 9b.

3D topographies of sintered surfaces (2.4 mm× 1.9 mm),
Fig. 10, were obtained by using the profilometer in the magni-
fication of 2.5×. The colour bar shows the maximum height of
profile peaks (Rp) and the valley depth (Rv) for the top-view and
s -
t nted
a ious
o f the
t inly

Fig. 4. Two kinds of morphologies of iron particles. (a) Irregular, smooth surfa and
small size (2.3 ± 0.8 �m).
r

ide-view, which are 79 and−197, and 36 and−131 �m respec
ively. The side-view valleys have elongated shapes orie
long layer interfaces, while the top-view shows no obv
rientation. The spacing between the two adjacent valleys o

op-view is longer than that of the side-view, which is ma

ce, and big size (34.9 ± 14.3 �m). (b) Spherical, smooth surface, agglomerated
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Fig. 5. Two kinds of morphologies of nickel particles. (a) Spherical with rough surface. (b) Very rough surface and agglomerated.

Fig. 6. Particle size distribution of the powder blend.

because the sintering layer thickness of 20�m is much finer
than the laser spot size of 0.4 mm and the hatching distance.

3.3. Structure characteristics

The average density of the sintered specimens was
7.73 g cm−3 as measured by the modified Archimedes method
[16]. From image analysis the average porosity was determined
to 2.6%. The porosities of side-view and top-view sections were
2.1 ± 0.2% and 3.1 ± 0.2%, respectively. The layer and particle

Fig. 7. The schematic diagram of measured surfaces and its relationship with
the building direction.

interfaces were preferable sites for pores,Fig. 11. In the top-
view, Fig. 11a, the pores are fairly round and big, while in the
side-view,Fig. 11b, pores emerge as elongated mainly follow-
ing unmelted particle boundaries in layer interfaces. Combining
both two views, one can envision coin-shaped pores mainly
existing with a preferential orientation along layers. In addition,
a few larger and irregular pores independent of the layer struc-
ture can be observed in the side-view, the square area inFig. 11b.
In the top-view, a lot of perfectly spherical pores were gathered
in clusters of different pore sizes, originating from local shrink-
age during solidification,Fig. 12. To sum up, three sorts of pores
have been distinguished according to their location and shape:
(a) disk liked pores orientated along layer interfaces; (b) larger
and irregular pores regardless of layer interfaces; (c) nearly per-
fectly spherical solidification pores gathered in clusters. The
main pore parameters are given inTable 3.

The metallographic investigation was performed on the cross-
sections parallel and normal to the building directions (side-
view and top-view, respectively). In the side-view micrograph,
Fig. 13, the thickness of structural layers was clearly demon-
strated to be around 20�m, consistent with the sintering layer
thickness. It was found that all layers show a regular wave-like
form with an average ‘wave length’ of 300�m. The formation
and effect of such microstructural waviness is discussed in Sec-
tion 4.1.

Meanwhile, in the top-view micrograph,Fig. 14, the mixture
of different microstructural phases was clearly demonstrated.
The phases, as determined below by EDS and X-ray diffraction

Table 3
Main porosity parameters of the iron-based laser sintered material

Top-view Side-view

Avg. ± S.D. Min. Max. Avg.± S.D. Min. Max.

S (�m2) 120± 280 1.1 2697 57± 114 1.1 1821
L (�m) 20± 81 1.34 843 11± 10 1.3 96.1
W (�m) 13± 50 0.67 521 5.6 ± 4.9 0.7 54.7
α (L/W) 1.6 ± 0.5 1.0 4.2 2.1 ± 0.9 1.0 6.7
Porosity (%) 3.1 ± 0.2 2.1 ± 0.2
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Fig. 8. Morphology of the sintered surfaces, 150×, SEM. (a) Top-view normal to building direction. (b) Side-view parallel to building direction.

analysis, are: (i) Fe, Ni, Cu, P eutectic, (ii) Fe, Ni, Cu austenitic,
(iii) Cu-rich, (iv) Fe-rich ferritic, and (v) Ni-rich phases, respec-
tively. Their main features are summarized as follows:

(1) Fe, Ni, Cu, P eutectic: a dendritic morphology was found
consisting of�-Fe (Ni,Cu) dendrites and Fe3P. The phos-
phide forms a interdendrite net-work as shown inFig. 15
using a SEM backscatter detector (BSD). The X-ray diffrac-
tion spectrum shows Fe3P peaks at 62.7◦ and 70.7◦ diffrac-
tion angles,Fig. 16. Through EDS analysis, the content of
phosphorus was calculated to 6 wt.% in the dark net-work
(Fe3P) and 1 wt.% in the light bulk (�). The previous val-
ues are just intended for comparison, inasmuch as the EDS
measurements only give approximate values.

(2) Fe, Ni, Cu austenite: the element of nickel and copper can
stabilize�-Fe phase at low temperature, where Ni and�-Fe
are completely miscible and the solubility of copper is high.
Therefore, most of the iron forms metastable austenite at
room temperature mixing with nickel and copper. According

to the X-ray diffraction analysis, the austenite peaks�(1 1 1),
�(2 0 0) and�(2 2 0) were shifted to the left due to blending
with substitutional element Cu and Ni. The quantitative X-
ray diffraction analysis present 65% austenite existing in the
final sintered material.

(3) Cu-rich phase: copper is the low melting point element in the
DMLS material and its maximum solubility is 0.3% in�-Fe
and 8% in�-Fe[17] at room temperatures. Although addi-
tion of Ni can improve the solubility of copper in iron, the
copper-rich phase was still observed adjacent to�-Fe phase,
Fig. 17. A variation of the pre-sintered powder distribution
may result in local absence of nickel and segregation of cop-
per from�-Fe phase. Due to a small amount of copper-rich
phase and the overlap of diffraction peaks of Ni, Cu and
�-Fe, no apparent copper diffraction peaks are illustrated in
Fig. 16.

(4) Fe-rich ferrite (�-Fe): according to the X-ray diffraction
measurement, 31%�-Fe were examined. After etching,�-
Fe shows a lot of corrosion pits on the surface, which helps

F l to bu l shock.
( ft to t
ig. 9. Morphology of the sintered surfaces, 500×, SEM. (a) Top-view norma
b) Side-view parallel to building direction with layers piled up from the le
ilding direction with small cracks running over the surface due to therma
he right.
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Fig. 10. 3D topography of sintered surfaces. (a) Top-view surface normal to building direction. (b) Side-view surface parallel to building direction.

Fig. 11. Pore morphology and locations on the polished cross-sections, OM. (a) Top-view normal to building direction. (b) Side-view parallel to building direction.

an easy identification using SEM,Figs. 17 and 18. The fer-
rite is formed mainly due to two reasons. First, due to the
high melting enthalpy of a larger-massed iron particle[18–
20], such as inFig. 4a, the large-massed particle may remain
un-melted or partly-melted after laser sintering, and shows a
irregular shape and clear particle boundaries in the polished
cross-section,Fig. 18. Second, if iron particles were com-
pletely melted but not blended with the austenite stabilizers,
they will transform to ferrites again upon solidification,
since�-Fe has lowest Gibbs free energy in such case. This
kind of �-Fe zone exhibits smooth region boundaries.

(5) Nickel-rich phase: remaining un- or partly-melted nickel
particles similar to�-Fe. Since most pre-sintered nickel par-
ticles are spherical according to the powder analysis, thus
they still maintain their spherical shape in sintered parts,
Fig. 19.

3.4. Macro and microhardness result

The macro-Vickers hardness of the DMLS material was
found to be 230 HV 20 kgf. Microhardness tests were carried out
on the dendritic structure and the non-dendritic structure regions.
The specific location for the hardness test was required to be free
from cavities and inclusions. The average microhardness values
were 381± 30 and 260± 15 HV 5 gf for the dendritic and the
non-dendritic regions respectively.

4. Discussion

In the present paper the features of the laser sintered metal
are discussed in the terms of layer structure, heterogeneity
and solidification. The available information of similar mate-
rial and processing routes is scarce[4,6–12]. In general, though,
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Fig. 12. Perfectly spherical pore clusters with different size in top-view.

Fig. 13. Side-view shows wavy layer, hatching width and layer thickness.

non-porosity and homogenous structure on the layer thickness
level are still unsurpassed in DMLS and are described more
closely below.

4.1. Layer structure and microstructural waviness

When the laser beam melts a layer of powder to the lower
layer, seams between two layers are created. These seams, in

Fig. 14. Top-view without regular wave-forme as the side-view.

Fig. 15. Dendrite structure and interdendritic segregation viewed by BSD on
polished specimen.

Fig. 16. X-ray diffraction spectrum, Cr K� radiation.

the present study, were rich of pores and contaminations giving
the evidence of obvious interface boundaries and the layer tex-
ture,Figs. 11 and 13. The investigation of DMLS copper alloys
[12,19] showed the same phenomenon, but with much higher
porosity 30–45%[12] and 23%[19].

The microstructural waviness may be explained by con-
sideration of the interactive zone of the laser beam with the
metal powder. The powder melts when the laser beam is
absorbed with a highest temperature at the center and a lower

Fig. 17. Copper-rich phase and�-Fe.
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Fig. 18. Unmelted iron maintaining irregular shape.

temperature at the edge of the beam spot. Due to the surface
tension, the melted liquid attempts to form a liquid ball and
merge with the substrate. The subsequent scanning of the laser
beam introduces a slight balling line on the working layer
illustrated inFig. 20b. With a continued scanning of the laser
beam, more balling lines are set up on the structure surface
as shown inFig. 20c. Those balling lines are connected with
each other only at certain points to form sintering necks around
its contour. Hence, pores are present between sintering necks.
Because of gravity, mergence of upper and lower layers is easier
with bigger contact area and less porosity. After sintering, the
flat powder layer is changed into a wavelike solid layer with
a ‘wavelength’ equal to the hatching distance. The surface
profilometry measurement also gives the evidence of such a
repetitive spacing between adjacent minima on the last sintered
layer.

The existence of microstructural waviness is harmful to the
dimensional accuracy and the surface roughness of laser sintered

Fig. 19. Partly melted nickel particle.

components. In addition, the balling wave has a deleterious influ-
ence on the material’s mechanical properties due to its effect of
inducing pores.

4.2. Microstructural heterogeneity

The blend of three kinds of powder,Figs. 3–5, was sintered
into a solid material. Comparing to the other DMLS materi-
als [12,21], the studied material has finer layer thickness and
lower porosity which will result in a better mechanical prop-
erty [22]. However porosity and microstructural heterogeneity
are hard to avoid. No matter how evenly the powder is mixed,
heterogeneity always exists in the microscale due to the dif-
ferent volume of the particles. Comparing the laser spot size
(0.4 mm) with the maximum particle size (0.178 mm), it is rec-
ognized that both are of the same order. After a local fusion
of particles, the heterogeneity cannot be eliminated for that the
diffusion region is too small and the existence time of liquid

ss. (
Fig. 20. Schematic illustration of laser sinter proce
 a) Before sinter. (b) One scan line finished. (c) Wavy layer.
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phase is too short. Some unmelted particles are often found in
the sintered body as inFigs. 18 and 19, which is consistent
with the results of DMLS copper-based alloy[12]. In Fig. 21,
the heterogeneity was revealed using SEM element mapping
analysis. The dark grey zones in the BSD image,Fig. 21a, are
indicated iron-rich. The distributions of phosphorus, nickel and
copper are equally obviously depending on the distributions of
the pre-sintered metal powder. For instance, the nickel rich area

in Fig. 21cindicates more nickel particles were located there than
elsewhere.

The influence of particle packing on the heterogeneous
microstructure could be minimized by refining the metal pow-
der, increasing laser power and decreasing scan speed to provide
more fusion heat and keep elemental diffusion faster and longer.
Increasing the beam size could also make the material more
homogenous, but at the cost of dimensional accuracy.

F
m

ig. 21. Element mapping showing heterogeneity of DLMS material. (a) BSD
apping.
image. (b) Iron mapping. (c) Nickel mapping. (d) Copper mapping. (e) Phosphorus
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Fig. 22. Cu–Fe–Ni miscibility gap[23].

4.3. Solidification

Comparing with selective laser sintering[4], the current
DMLS has the same working principle using a low melting
compound to merger powder particles. In this case, Cu particles
have a lower melting point than the others and melt first then
flow into the gaps between the particles acting as a binder. Then
thermal conduction and elemental diffusion take place betwee
the liquid and the solid phase, which lowers the melting points
of Ni and Fe particles. And more liquid phase formed. During
cooling, solidification of the Fe–Ni–Cu–P system is compli-
cated, and in particular for laser sintering where the conten
of every component is very localized. InFig. 22, the Cu–Fe–
Ni ternary miscibility gap is described and the intersection of
the three dashed lines denotes the average chemical compo
tion of DMLS material fromTable 1. Around 800◦C or above,
the three elements are completely miscible to form one phase
As the temperature is lowered below 600◦C, the two phases
�1 (Fe Ni) and�2 (Cu) become stable. Consistently, a Cu-rich

F aphs
D ones

segregation phase was observed inFig. 17. A severe design lim-
itation is induced in the current DMLS material due to the fact
that the low melting component (Cu) is rich in phosphorus, an
undesired element which deteriorates mechanical properties of
most metals[17].

The three-dimensional microstructure of the DMLS material
is illustrated inFig. 23, made from etched optical micrographs.
There, the dark parts indicate dendrite structures, and the light
parts indicate iron nickel or copper rich zones. The character-
istics of the microstructure can be summarized as follows: (i)
dendritic eutectic discs are distributed randomly in the layers,
(ii) irregular pores are located at particle interfaces, (iii) coin-
liked pores are located at layer interfaces, (iv) the layer matrix is
a mixture of a Cu-rich phase, a Ni-rich phase, a Fe-rich ferritic
phase and a dendritic phase.

5. Conclusion

Based on the study presented in this paper, the following
points are stressed:

(1) The iron-based laser sintered material has a density of
7.73 g cm−3 and an average porosity of 2.6%. The porosi-
ties of sections evaluated parallel and normal to the building
directions were 2.1 ± 0.2% and 3.1 ± 0.2% respectively.
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ig. 23. 3D microstructure of sintered layers from etched optical microgr
ark parts indicate dendrites, light parts indicate iron copper or nickel rich z
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2) The presence of three kinds of particles, iron, nickel
copper particles with different morphologies and size
tributions affects the laser sinter process optimization.

3) Due to the relatively small thickness of the sintered la
and the large laser spot size, the top-view sintered su
normal to the building direction has a coarser topogra
(Ra18.2�m) than the side-view surface parallel to the bu
ing direction (Ra 12.6�m).

4) Building layers piling up and the layer thickness w
clearly demonstrated in the polished side-view cr
section, consistent with the thickness of the dispersed
der layers.

5) The location and morphology of pores are sensitive to
laser building direction. The pores on the top-view h
a bigger mean pore area (120± 280 �m2) and a smalle
aspect ratio (1.6 ± 0.5) than the pores on the side-view w
the mean pore area of 57± 114 �m2 and the aspect ratio
2.1 ± 0.9. The layer interfaces were mainly preferable s
for pores.

6) Microstructural waviness with an average ‘wavelength
about 300�m was observed on the polished side-view cr
section and the last sintered top-view surface. It ca
explained by the laser hatching distance and a balling
nomenon.

7) The sintered material is heterogeneous with the mixtu
different microstructural phases: (i) Fe, Ni, Cu, P eute
(ii) Fe, Ni, Cu austenitic, (iii) Cu-rich, (iv) Fe-rich ferriti
and (v) Ni-rich phases. The corresponding microhardne
different phases also shows its heterogeneity with a m
microhardness 381± 30 HV 5 gf of the dendritic region
and 260± 15 HV 5 gf of the non-dendritic regions.



Y. Wang et al. / Journal of Materials Processing Technology 172 (2006) 77–87 87

Acknowledgement

EOS GmbH of M̈unchen is gratefully acknowledged for sup-
plying the test material.

References

[1] J. Hanninen, Direct metal laser sintering, Adv. Mater. Process. 160 (2002)
33–36.

[2] EOS takes fine approach to laser sintering, Met. Powder Rep. 56 (2001)
18.

[3] D.T. Pham, S.S. Dimov, Rapid Manufacturing: The Technologies and
Applications of Rapid Prototyping and Rapid Tooling, Springer-Verlag,
London, UK, 2001.

[4] F. Abe, K. Osakada, M. Shiomi, K. Uematsu, M. Matsumoto, The manu-
facturing of hard tools from metallic powders by selective laser melting, J.
Mater. Process. Technol. 111 (2001) 210–213.

[5] I. Sarady, H. Engstr̈om, Rapid Tooling: en f̈orunders̈oking, Lule̊a Univer-
sity of Technology, Lule̊a, 2000.

[6] Laser sintering ushers in new route to PM parts, Met. Powder Rep. 52
(1997) 24–30.

[7] T. Wohlers, Rapid Prototyping and Tooling-State of the Industry, Wohlers
Associates, Inc., Colorado, USA, 1999.

[8] M. Skoog, Microstructure and mechanical properties of laser sintered metal
powders, Master’s Thesis, Department of Materials Engineering, Karlstad
University, Karlstad, Sweden, 2003.

[9] A. Simchi, F. Petzoldt, H. Pohl, H. L̈offler, A new steel powder mixture
for direct laser sintering, Rapid Prototyping Tool. Newslett. 4 (2000) 4–5.

[10] M. Sun, L. Lu, J.Y.H. Fuh, Microstructure and properties of Fe-base alloy
dings

of the SPIE – The International Society for Optical Engineering, vol. 4426,
2002, pp. 139–142.

[11] H.J. Niu, I.T.H. Chang, Liquid phase sintering of M3/2 high speed steel by
selective laser sintering, Scripta Mater. 39 (1) (1998) 67–72.

[12] M.W. Khaing, J.Y.H. Fuh, L. Lu, Direct metal laser sintering for rapid
tooling: processing and characterization of EOS parts, J. Mater. Process.
Technol. 113 (2001) 269–272.

[13] ASM Handbook: Powder Metal Technologies and Applications, vol. 7,
ASM International, Materials Park, OH, 1998.

[14] ASM Handbook: Metallography and Microstructures, vol. 9, ASM Inter-
national, USA, 2000.

[15] R.M. German, Powder Metallurgy Science, 2nd ed., Metal Powder Indus-
tries Federation, Princeton, NJ, USA, 1994.

[16] MPIF Standard No. 42, Determination of density of compacted or sintered
powder metallurgy products, Standard test methods for metal powders and
powder metallurgy products, MPIF, 1999.

[17] H.W. Gao, Q.X. Zhang (Eds.), Metallographic Analysis: Effects of Alloy-
ing Elements in Steels, Shanghai Institution of Mechanical Manufacturing
Technology/Tinhua Press, Beijing, 1987.

[18] M. Bourell, J. Beaman, H. Marcus, J. Barlow, Direct selective laser sinter-
ing metals, J. Rapid Prototyping 1 (1) (1995) 26–36.

[19] Y. Tang, H.T. Loh, Y.S. Wong, J.Y.H. Fuh, L. Lu, X. Wang, Direct laser
sintering of a copper-based alloy for creating three-dimensional metal parts,
J. Mater. Process. Technol. 140 (2003) 368–372.

[20] D. Porter, K. Easterling, Phase Transformations in Metals and Alloys,
Chapman & Hall, 1992.

[21] Steel powder ups DMLS applications, Met. Powder Rep. 55 (9) (2000) 28.
[22] L. Ledoux, C. Prioul, Influence of pore morphology on the monotonic and

cyclic properties of sintered iron, Met. Powder Rep. 44 (6) (1989) 438–442.
[23] ASM Handbook: Alloy Phase Diagrams, 10th ed., vol. 3, ASM Interna-

tional, Ohio, 1992.
fabricated using selective laser melting, in: M.H. Loew (Ed.), Procee


	Characterization of an iron-based laser sintered material
	Introduction
	Material and experiments
	Material
	Powder analysis
	Surface roughness test
	Microstructure study
	Hardness test
	Results
	Powder analysis
	Surface quality
	Structure characteristics
	Macro and microhardness result
	Discussion
	Layer structure and microstructural waviness
	Microstructural heterogeneity
	Solidification
	Conclusion
	Acknowledgement
	References


