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Abstract

An iron based powder blend has been developed for rapid tooling using a direct laser sintering process. The powder consists of a mixture
of different elements including Fe, C, Cu, Mo and Ni. High sintering activities were obtained by tailoring the powder characteristics
and optimizing the chemical constituents. The manufacturing of complex-shaped parts is possible at rates of 6.75 cm3/h according to
CAD data. The residual porosity is less than 5 vol.%. The bending strength is around 900 MPa and the artifact hardness is 490 HV30. To
further improve the service life of tools, the processed parts are sintered again in a vacuum furnace at 1260◦C for 30 min. This enables
to manufacture precision parts with the density around 7.7 g/cm3 (sintering shrinkage is nearly zero). The dimensional accuracy of the
sintered parts is improved by using a beam compensation technique that is integrated in the computer program of the laser sintering system.
In this article the sintering behavior, mechanical properties, and microstructural features of the multi-component iron based powder are
given and implications of the material for industrial applications are presented. A case study was performed to present the applicability of
the material for rapid tooling.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Manufacturing of functional prototypes and high perfor-
mance artifacts using conventional methods such as ma-
chining usually is a time consuming procedure in multiple
step route. The pressure to get products on market faster
has created several Rapid Prototyping methods. However,
potentially one of the most important areas of Rapid Man-
ufacturing technology lies in the field of Rapid Tooling[1].
The aim is to reduce costs and lead-times required for the
tooling phase in production cycles.

Although more than 20 techniques for rapid tooling have
been developed, most of them are indirect, pattern-based ap-
proaches[2]. In these methods a mold is made out of a ma-
terial such as silicone rubber, epoxy resin, or metals using
RP models. QuickCastTM and Keltool processes are some
examples[3,4]. However, a great interest exists concerning
direct manufacturing methods avoiding multiple step tool-
ing. In fact, great efforts have been made to adapt the ex-
isting processes to directly fabricate functional components
[5]. On the other hand, the existing material systems are
not fulfilling the requirements for manufacturing high per-
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formance engineering parts, e.g. injection molding inserts.
This implements a great motivation for material develop-
ments.

Comparing the RP technologies, the direct metal laser
sintering (DMLS) shows the great promise for direct pro-
duction of functional prototypes and tools[1]. The possi-
bility of successfully sintering metal powders in accordance
to CAD data will lead to a major reduction in time for the
tool making. However, regarding the performance of tools
it is necessary to expand the range of usable raw materials
depending on the application.

So far, two powder systems based on bronze and steel
compositions have been developed for DMLS, which are
commercially available (DirectMetal and DirectSteel, re-
spectively[6,7]). Large number of publications have been
issued dealing with material investigations, e.g. Klocke et al.
[8] have studied laser sintering of a mixture of copper and
tin powder to create bronze parts, Prabhu and Bourell[9]
have investigated the supersolidus liquid phase laser sinter-
ing of prealloyed bronze powder for rapid prototyping, and
Greulich et al.[10] have developed a blend that consists of
a mixture of steel and bronze powders for direct laser sin-
tering. DMLS of high-speed steel powders has exclusively
been studied by Niu and Chang[11–13]. Das et al.[14] have
reported laser sintering of a mixture of nickel superalloy
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and cermet powders to produce turbine blade tips. Laoui
et al.[15] have studied laser sintering of WC–Co hard metal
powder. Petzoldt et al.[16] have introduced a hard metal
base powder mixture for rapid tooling. In addition, the vi-
ability of the process for manufacturing engineering parts
using Ti, ceramics, and WC–Co powders has been reported
[17]. Studies were performed to test the feasibility of using
the heat of an exothermal reaction accompanied by the laser
energy to provide the bulk of the energy for consolidation
[18].

On the other hand, some other publications have been fo-
cused on the fundamentals of the laser sintering process.
For instance, Bourell et al.[19] gave an overview of the
basic principles of laser sintering machine operation and
the bonding mechanisms of different powder particles. Bun-
nell et al.[20] described two metallurgical mechanisms tak-
ing loose metal powder beds and sintering it to nearly full
density using a scanning laser beam. Lewis and Schlienger
[21] illustrated practical considerations and capabilities for
laser assisted direct metal deposition. Microstructuring by
selective laser sintering of metallic powders has recently
been issued by Kathuria[22]. The authors have published
a detail results on the impact of material characterization
on the mechanisms of particle bonding and the attained
microstructure during laser sintering of metallic powders
[23–27].

This article describes recent work carried out on di-
rect rapid tooling using liquid phase laser sintering of
multi-component metallic powders. Parts production is de-
scribed, including post-processing to improve structural
integrity, surface quality, and mechanical properties. The
sintering behavior and microstructural features of the in-
vestigated multi-component powder blends are given. A
mold insert with internal cooling channels was produced to
present the applicability of the method and the developed
material (termed LaserTool) for rapid tooling.

Fig. 2. Flat dog-bone tensile test specimens made by direct laser sintering.

Fig. 1. Fundamental set-up of the instrument used for DMLS.

2. Experimental procedure

Fig. 1depicts the schematic picture of the instrument used
for laser sintering. The machine consists of a powder han-
dling system, a continuous wave carbon dioxide laser with
related optics and a process computer. In this process, the
3D CAD models of functional parts and tooling inserts are
converted to triangulated surface models in the standard STL
format. The process computer slices the standard STL for-
mat to 50�m thick horizontal layers, representing the part
into a stack of thin slices. The data preparation step is fol-
lowed by the laser sintering process. First, a steel base plate
is placed on the building platform (XY table) and leveled.



A. Simchi et al. / Journal of Materials Processing Technology 141 (2003) 319–328 321

Fig. 3. SEM micrographs of line-scanned powder beds of (a) Fe and (b) Fe–2w/o Cu powders at laser power of 200 W and the scan rate of 100 mm/s.

Then, a powder layer (about 50�m in thickness) is spread on
the base plate using a moving wiper (mechanical re-coater).
The computer scans the laser beam on the powder surface.
The laser energy causes the powder particles to bond to-
gether. After laser scanning, the building platform is low-
ered by 50�m, 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, a part of arbitrary shape can
be produced.

Rectangular test specimens with dimensions of 40 mm×
13 mm× 8 mm have been built. After removing the sam-
ples from the build plate, the density of the specimens
was measured by using water displacement method. Each

processing condition was repeated at least two times and
the result of the density measurement was expressed us-
ing the mean value. The standard deviation is less than
0.03 g/cm3. The samples were partly post-sintered in a
low-pressure vacuum (∼10−2 mbar) in temperature range
of 1220–1280◦C up to 60 min for closing the residual
pores. Microstructural evaluations were performed on both
laser-sintered and post-sintered specimens by optical and
scanning electron microscopy (SEM). Samples for met-
allographic examination were prepared using standard
techniques and etched in 2% natal (2 ml HNO3/100 ml
CH3OH). A LEO 438VP SEM was used to take SEM mi-
crographs. The surface roughness of the specimens was
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determined using an UBM VE120 surface-measuring in-
strument.

Tensile test parts were directly built on the platform in the
flat dog-bone shape proposed by MPIF standard no. 10, 1991
(Fig. 2). Fine machining and polishing by abrasive papers
were done on the gage length to improve the surface quality.
Specimens for transverse rupture strength test were prepared
according to the MPIF standard (no. 43, 1991). A Zwick
Universal 1476 tensile test machine was used to measure
the mechanical properties. Apparent hardness of the samples
was evaluated using a Wolpert 2RC hardness tester under
30 kg load. A HMV-2000 Shimadzu microhardness tester
was used to determine Vickers hardness of microstructural
phases using 0.025 kg load.

3. Results and discussion

3.1. The material

Several considerations must be taken into account for
rapid tooling using DMLS. Besides the influence of man-
ufacturing parameters such as laser power and scan rate,
powder characteristics are of special concern. The sintering
activity is strongly affected by shape, size, and distribution
of the particles, and the chemical constituents of the powder
system[19,23,27,28]. Powders with high packing density, a
high flow rate and low oxygen content are preferred.

The investigated material system is a blend of different
materials. Iron (Fe), carbon (C), copper (Cu), molybdenum
(Mo), and nickel (Ni) are the main ingredients. The total
weight percentage of the alloying elements is around 5%.
Elemental powders and/or prealloyed precursors are taken as

Fig. 4. Effect of particle size and particle size distribution on the density of laser-sintered iron powder (laser power: 200 W; scan rate: 50 mm/s; layer
thickness: 0.05 mm; scan line spacing: 0.2 mm). The sintered density of LaserTool is included for comparison.

additives. In fact, C decreases the melting point of the base
iron powder and reduces the surface tension and the viscosity
of the Fe melt. Cu acts as bonding element.Fig. 3shows the
SEM micrographs of a processed Fe and Fe–2w/o Cu powder
(laser power of 200 W and scan rate of 100 mm/s). In the case
of the plain Fe powder, balls with diameters of 0.4 mm were
formed. In DMLS, when melting is induced by laser beam a
step temperature gradient develops that leads to the surface
tension distribution. The gradient in surface tension results
in shear stress and convective movement of the melt pool
(Marangoni effect)[29,30]. The liquid is likely to break up
into a row of spheres in order to reduce the surface tension
(“balling” effect). The resulting microstructure for the Fe
powder is shown inFig. 3a. In the case of the Fe–Cu mixture
a row of continuous solid phase was formed (Fig. 3b), i.e. the
Cu powder bonds the iron powder particles together to form
a continuous solid phase. Schueren and Kruth[31] found
the similar result. They illustrated that liquid phase laser
sintering of a mixture of Fe and Cu powders is feasible if
proper material characteristics and laser sintering parameters
are tailored.

The additional alloying elements, i.e. Ni and Mo, cor-
respond to low alloy steels. Special powder characteristics
such as particle size and particle distribution were used
to increase the packing density of the particles.Fig. 4 il-
lustrates the influence of the powder characteristics on the
density of laser-sintered Fe powders. The relative density
of the investigated material is also included for compari-
son. It has been found that other than in conventional sin-
tering, fine powders (<10�m) did not densify better than
coarser powders. This is a consequence of powder agglom-
eration during the layer coating regarding to its influence
on the absorption rate of the laser beam[32,33]. There-
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fore, powder flowability is of critical importance to prevent
powder agglomeration, and facilitate powder coating dur-
ing the layer manufacturing. So, bimodal mixtures produced
by mixing coarse and fine powders (<10 and<50�m) can
be used to improve the sintered density. However, a coun-
terbalance exists between packing density, flowability, and
absorption rate. For instance, it was found that systems
with broad particle size distribution (<45�m) resulted in
higher densification than the bimodal mixture. Regarding
this result the mean particle size should be in the range of
30–45�m.

Tumbling mixer was used to mix the ingredients. Special
techniques for homogenizing or coating of the powder blend
are not necessary. However, oxidation of the metal powder
surface as well as segregation of the powder before and
during the DMLS process has to be prevented.

3.2. Direct laser sintering

The developed powder system was sintered to the re-
quired shape using an EOS M250Xtend laser sintering ma-
chine (Fig. 1) at the power of 200 W. The beam diameter and
the layer thickness were 0.4 and 0.05 mm, respectively. The
building process was performed under nitrogen atmosphere.
The scan rate was in the range of 100–275 mm/s.

Fig. 5 presents the influence of the scan rate on the sin-
tered density of the powder blend. It is evident that the sin-
tered density strongly depends on the duration time of the
laser beam on the surface of the powder particles. The den-
sification response shows a plateau for duration over 4 ms.
According to the results of several experiments the optimum
building rate for manufacturing complex-shaped parts was
found to be around 6.7 cm3/h. Fig. 6depicts a gear mold in-

Fig. 5. Sintered density of the investigated powder blend as a function of
beam duration time and scan rate (laser power: 200 W; layer thickness:
0.05 mm; scan line spacing: 0.3 mm).

Fig. 6. A gear mold insert made from the investigated low alloy steel
powder mixture using DMLS process at building rates of 6.7 cm3/h in a
nitrogen atmosphere. The sintered density is 95% theoretical.

sert made by direct laser sintering of the developed powder
blend.

For manufacturing of mold inserts the dimensional ac-
curacy and surface quality are of special concern. Ex-
periments showed that the shrinkage of the developed
material during laser sintering is nearly zero. However, the
heat-affected zone (HAZ) of the laser beam on the boundary
of the part generates some dimensional offset. Therefore,
pre-contouring and post-contouring techniques were used
to decrease the HAZ and thus improving dimensional ac-
curacy.Fig. 7 depicts the results of using these techniques.
Rectangular test specimens 10 mm× 10 mm× 20 mm with
an internal bore of 5 mm× 5 mm× 10 mm were used. The
results show that applying a beam compensation of 0.7 mm
improves the accuracy from 0.7 to 0.05 mm.

Fig. 7. The influence of beam compensation on the dimensional accuracy
of the laser-sintered parts (laser power: 200 W; scan rate: 100 mm/s; layer
thickness: 0.05 mm; scan line spacing: 0.3 mm).
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Fig. 8. (a) SEM micrograph of the top surface of the laser-sintered steel part (laser power: 200 W; scan rate: 100 mm/s; layer thickness: 0.05 mm; scan
line spacing: 0.3 mm). M: metallic ball; P: pore; I: inclusions. (b) EDX analysis of the non-metallic inclusions on the top surface.

In Fig. 8a, the top surface of the laser-sintered parts
at laser power of 200 W and the scan rate of 100 mm/s
is shown. The surface is almost smooth but tracks of the
laser scanning are visible. In addition, surface tension ef-
fect resulted in the formation of metallic balls during the
laser sintering process. Moreover, EDX (energy dispersive
X-ray spectroscopy) analysis was detected the formation
of non-metallic inclusions (Fig. 8b). The result can be at-
tributed to an oxidation of the active elements even though
the process was done in nitrogen atmosphere. Roughness
parameters of the top surface were measured aroundRz =
35–45�m andRa = 10–12�m.

The microstructure of the laser-sintered steel is shown in
Fig. 9. The microstructure of the material is heterogeneous

and consists of different phases including ferrite, bainite,
austenite, martensite, and tempered martensite. In addition,
the layered structure of the built part is visible.Fig. 10a
depicts a hardness profile in the building direction. The
hardness varies between 450 and 1000 HV0.025 although
in some locates hardness of 150 HV0.025 was measured.
The apparent hardness is 490 HV30. This structure caused
as a consequence of rapid cooling of the material during the
laser sintering process. In fact, the part is built on a steel
plate resulting in an increased cooling rate. Simchi et al.
[23] found that during DMLS of prealloyed steel powders
the dendritic arm spacing is lower than 5�m, so that the
cooling rate should be around 6× 103 K/min. Similar re-
sults were obtained by Mohanty and Mazumder[34] during
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Fig. 9. Microstructure of the investigated material after DMLS at two different magnifications (laser power: 200 W; scan rate: 100 mm/s; layer thickness:
0.05 mm; scan line spacing: 0.3 mm).

studying of laser beam–metal interaction. Therefore, in the
DMLS of steels the formation of metastable phases (mainly
martensite) is likely to occur. On the other hand, the short
sintering time prevents complete diffusion of the alloying
elements, resulting in a heterogeneous microstructure as
shown inFig. 9.

3.3. Post-processing

The laser-sintered parts made from the developed multi-
component powder mixture can be used for rapid tooling,
e.g. manufacturing of injection mold inserts. Still shot peen-
ing or surface grinding is necessary to improve surface qual-
ity. Moreover, rapid cooling of the material in DMLS as
well as phase transformations may lead to accumulation of

thermal stresses. To close the remaining pores, homogenize
the microstructure, and remove residual stresses it is rec-
ommended to post-sinter the laser processed part.Fig. 10b
shows the effect of post-sintering on the residual porosity
and dimensional change of the developed material. Tech-
nically full density parts (99% theoretical density) can be
manufactured while the sintering shrinkage is close to zero.
To verify the applicability of the method, the gear mold
insert shown inFig. 6 was sintered in a batch furnace at
1260◦C for 30 min under vacuum. It should be noted that
the part was fixed on the base plate during sintering.Fig. 11
illustrates the corresponding part (no warpage or cracking
is visible). It clearly depicts the dimensional stability of the
laser-sintered artifacts during the post-sintering process, i.e.
if any dimensional change occurs the shrinkage will lead to
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Fig. 10. (a) Changes in microhardness of the laser-sintered specimen
as a function of distance from the bottom to the bottom of the part
(laser power: 200 W; scan rate: 100 mm/s; layer thickness: 0.05 mm; scan
line spacing: 0.3 mm). (b) Effect of post-sintering on total porosity and
dimensional change of the new developed material.

cracking. In addition, the post-sintering treatment improved
the surface quality. TheRz andRa parameters were reduced
to around 30 and 8�m, respectively. The apparent hardness
and the transverse rupture strength of the material were mea-
sured as 330 HV30 and 800 MPa, respectively. The fracture
tensile strength ranges from 420 to 550 MPa depending on
the density.

Table 1
Characteristics of the new developed material, LaserTool

Property Laser-sintered Post-processeda

Density (% theoretical) 90–97 >99
Hardness (HV30) 340–500 330
Fracture strength (MPa) b 420–550
Bending strength (MPa) 530–930 800
Surface roughness,Rz (�m) 35–45 30–40

a Optimized.
b Reliable data was not achieved.

Fig. 11. The two-body part shown inFig. 6 (the gear mold and the
base steel plate) was sintered at 1260◦C for 30 min under vacuum to
increase the density to∼99% theoretical. The sound product shows that
no shrinkage has occurred during sintering.

It is noteworthy to mention that the hardenability of the
developed steel is relatively high. Therefore, with increasing
the cooling rate in the sintering furnace, e.g. by flushing
gases or external cooling, hard phases will be formed. This
enables to perform sintering and hardening in one step (sinter
hardening). However, if such kind of furnace is not available
a separate heat treatment can be performed to fulfill the
mechanical requirement. For instance, after hardening and
tempering at 350◦C hardness of 515 HV30 is obtained.

3.4. Case study

In light of the results presented so far, it became clear that
using optimized DMLS parameters accompanied by manip-
ulating the powder characteristics high-density functional
prototypes with superior mechanical properties can be pro-
duced. A post-sintering treatment may be used to increase

Fig. 12. Production route for rapid tooling using DMLS of the investigated
multi-component powder blend.
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Fig. 13. The CAD picture (a) and the laser-sintered part (b) made from LaserTool.

the density of the manufactured parts.Table 1depicts the
technical and economical features of the laser-sintered
and the post-sintered parts. One can use both parts (as
laser-sintered or post-sintered) dependent on the application
and the required properties. Potential applications are mold
inserts for plastic/powder injection molding and pressure
die-casting.Fig. 12shows a general view of the production
process for rapid tooling using the developed material. To
verify the applicability of this procedure, a case study was
performed.Fig. 13a depicts the CAD picture of the se-
lected part. It is a mold insert for plastic injection molding.
To increase the productivity of the manufacturing process,
spiral-cooling channels were designed inside the mold and
incorporated in the CAD data.Fig. 13b shows the corre-
sponding part processed from LaserTool®.

4. Conclusion

Liquid phase laser sintering of a multi-component iron
base powder blend was investigated. It was found that the
powder characteristics such as size, shape, and distribution
of the particles have a significant influence on the sintered
density. The chemical composition of the powder blend is
also of special concern. Optimization of the carbon content
of the mixture in order to decrease the surface tension and
the viscosity of the Fe melt is important. In addition, Cu is
a useful element for bonding the Fe powder particles. The
other alloying elements such as Ni and Mo can be used
to improve the mechanical properties depending on the ap-
plication. With optimizing the process parameters such as

the laser scan rate and scanning pattern, high-density parts
(95% theoretical density) were built. Regarding short sin-
tering times the microstructure of the laser-sintered parts
is quite heterogeneous. In addition to that the structure is
layer-like and the hardness in the building direction ranges
between 450 and 1000 HV0.025. To increase the density of
products and to homogenize the microstructure an optional
post-sintering treatment can be performed. The mechani-
cal properties of the products were found suitable for rapid
tooling, especially for plastic/powder injection molding ap-
plications. The applicability of the procedure was presented
through manufacturing two industrial mold inserts.
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