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Selective laser melting of iron-based powder
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Abstract

Selective laser melting (SLM) is driven by the need to process near full density objects with mechanical properties comparable to those
of bulk materials. During the process the powder particles are completely molten by the laser beam. The resulting high density allows
avoiding lengthy post-processing as required with selective laser sintering (SLS) of metal powders. Unlike SLS, SLM is more difficult to
control. Because of the large energy input of the laser beam and the complete melting of particles problems like balling, residual stresses
and deformation occur. This paper will describe SLM applied to a mixture of different types of particles (Fe, Ni, Cu and Fe3P) specially
developed for SLM. The different appearing phenomenons are discussed and the process optimization is described. The latter includes
an appropriate process parameter adjustment and the application of special scanning strategies. Resulting parts are characterized by their
microstructure, density and mechanical properties.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Selective laser sintering (SLS) was developed in the late
1980s, as a layer manufacturing process that was used for
rapid prototyping[1,2]. Later on it also becomes a common
technology to produce products for long-term use. The suc-
cess of SLS as a rapid prototyping and rapid manufacturing
technology results mainly from the ability to process almost
any type of material. For the production of functional metal-
lic prototypes, parts or tools, a high density is desired. This
can be obtained through different powder binding mecha-
nisms[3,4] from which the selective laser melting (SLM)
process[5,6] is eligible. In SLM near full density parts can be
produced without the need for post-processing steps, while
the same materials can be used as in serial production. In
order to reach a high density, the metallic powder particles
are fully molten. Consequently the laser melting process is
accompanied by the development of residual stresses, which
arise from the high thermal gradients present in the mate-
rial. These stresses can lead to part failure due to distortions,
delamination or cracking. Besides the thermal stresses, the
balling effect is also a severe impediment to interlayer con-
nection. A last phenomenon discussed is the vaporization
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effect noticed when the powder bed is irradiated with high
energy intensities. The influence of these phenomena is dis-
cussed and possible solutions are handed.

2. Powder properties

The powder used in this study is aiming at high density
and good mechanical properties[4]. It is a mixture consist-
ing of 50 wt.% Fe, 20 wt.% Ni, 15 wt.% Cu and 15 wt.%
Fe3P. The grain size is below 60�m for the Fe, Cu and Fe3P
particles and below 5�m for Ni. All the particles are spher-
ical except Fe. In choosing the appropriate powder mixture
some considerations are taken into account. The addition
of a melting point lowering additive, e.g. Fe3P or Cu3P is
favorable in making the process more energy efficient. For
instance, pure Fe has a melting point of 1538◦C, but after
alloying with some small amount of P this can be lowered
to 1048◦C [7]. The dissolution of P in Fe also has the ben-
efit of lowering the surface tension of the melt[8,9]. This
lowers the tendency to form balls after melting and thus en-
hances the surface quality and density. Moreover P lowers
the oxidation rate of the Cu and Fe powder particles. A last
effect is an increase in hardness. Ni is added for its marked
strengthening effect although its toxicity makes it an unpop-
ular material. Attention is also paid to the compatibility of
the different elements: they form intermetallic phases like
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(Fe,Ni)3P. The powder has an apparent density of 3.17 g/cm3

and a true density of 8.01 g/cm3.

3. Experimental conditions

The machine used to perform the experiments was built
at the University of Leuven. It uses a Rofin-Sinar Nd:YAG
laser source with a wavelength of 1.064�m and a maximum
output power of 300 W in continuous mode. Operation in
pulsed mode with a frequency between 0 and 500 Hz is also
possible. By means of a stepper motor the build platform
can be moved with a resolution of 10�m. Powder layers are
deposited in one direction using a roller. The building stage
is put in a vacuum chamber that can be filled with nitrogen
or argon to prevent oxidation of the parts. Since it is not
possible to fully eliminate deformations that lead to build
failure, parts were manufactured on top of a substrate (base
plate) bolted to the piston.

4. Thermal deformations

Many authors have discussed the role of thermal stresses
in the SLS and SLM processes[10–14]. From all those con-
tributions it becomes clear that both material properties of
the processed powder and process parameters like scanning
strategy, laser power, layer thickness, energy distribution etc.
influence the appearance of thermal stresses in the part. In
order to optimize the scanning strategy (scanning pattern)
a closer look is taken to the different mechanisms involved
during laser melting.

4.1. Temperature gradient mechanism

The temperature gradient mechanism (TGM) is com-
monly used for laser bending of sheets along straight lines
[15,16]. However, this mechanism is also applicable in SLM
where it acts on previously solidified layers lying under-
neath the processed powder layer. Due to the rapid heating
of the upper surface by the laser beam and the rather slow
heat conduction, a steep temperature gradient develops.
The material strength simultaneously reduces due to a raise
of temperature. Expansion of the heated top layer (εth) is
converted into elastic and plastic compressive strains (see
Fig. 1a) because of the fact that the surrounding material
restricts a free expansion. When the material yield stress
(which is lowered due to the high temperature) is reached,
the top layer(s) will be plastically compressed (εpl, σcomp).
In absence of mechanical constraints, a counter bending
away from the laser beam would be perceived. During cool-
ing and shrinkage, the plastically compressed upper layers
become shorter than the bottom layers and a bending angle
towards the laser beam develops.

A link between this TGM for laser bending and the SLM
process can be found[17]. The underlying, solidified layers

in an SLM specimen are exposed to a comparable tempera-
ture gradient as mentioned in the TGM each time a new pow-
der layer is being melted. In this way the generated stresses
attempt to bend the consolidated layers towards the laser
beam, which can cause distortion and part failure by delam-
ination or cracking. Moreover the shrinkage of the molten
layer(s) during cooling will add additional tensile stresses
on top of the layers underneath that are influenced by the
TGM. Only the temperature change below the melting point
will result in additional stresses in the newly deposited layer.
These stresses also tend to bend the part towards the laser.

4.2. Different process temperatures

Other internal stresses can be induced by time-varying
processing temperatures, which can differ depending on the
part geometry and the scan strategy used. Two causes for
this difference can be mentioned.

Generally, cross-sections of the part are scanned with vec-
tors parallel to each other. If the area to be scanned is small,
a short scan vector length occurs. Hence, adjacent tracks
are scanned rapidly one after the other, leaving little cool
down time in between thus resulting in high temperatures
(seeFig. 1b). For larger areas the laser beam travel distance
is much longer and successively scanned tracks have more
time to cool down leading to a lower temperature of the
scanned area. Consequently worse wettings conditions are
present leading to a lower density of the material.

Another reason for the different process temperatures can
be explained by the difference in heat conductivity between
the loose powder bed and the solidified material. During
laser melting of the powder bed, the material density in-
creases (e.g. from 40 to 95% of the true density). When scan-
ning small zones surrounded by loose powder, it is likely that
in comparison with large zones there is less heat sink due to
the isolation of the surrounding powder. This is especially
the case for zones at the corner of the part. At these loca-
tions a higher temperature will be the result, which can lead
to better wetting conditions and higher material densities.

4.3. Experiment

To investigate the behavior of the above phenomena,
specimens were scanned with different scanning patterns
(strategies) and their deflection inZ-direction was mea-
sured. Therefore, base plates of 45 mm× 22 mm were laser
cut out of 1 mm thick steel plate. Before performing scan-
ning tests, the plates were stress-free annealed in a furnace
under reducing atmosphere.Fig. 2 depicts the compared
scanning strategies and the applied parameters.

The first two scanning strategies, lineX and Y, are the
patterns typically applied in SLS/SLM. For the other four
strategies the part area is divided in small rectangular sectors
of 5 mm×5 mm for strategy (3) and (4) and 2.5 mm×2.5 mm
for the last two strategies. The order in which these sectors
are being scanned can be successive (suc.) or according to
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Fig. 1. (a) Temperature gradient mechanism, (b) different temperatures through different scan vector lengths.

Fig. 2. The six different scanning strategies used in the comparison.

the least heat influence (LHI) between the scanned sectors.
The successive scan order for strategy (3) and (5) starts with
a lineX scanning of the sector at the left bottom of the part.
The next sector (at the right) is scanned with a lineY pattern,
the next again with lineX, etc. Also the starting corner for
the line scan is varied for the subsequent sectors. The LHI
method starts at a randomly selected sector. Next the sector
which is least heated (thus farthest away from the last one)
is scanned and so on. Between the subsequent sectors the
orientation of the line scan is alternated betweenX andY.
Parts are scanned under an inert nitrogen atmosphere.

These six scanning strategies are compared during two
kinds of experiments: (a) scanning directly on the base plate
and (b) melting one powder layer (150�m) on top of the

Fig. 3. (a) Deflection with and without powder layer for strategy (2), (b) plot of the curvature along theX-axis for the plate with powder layer.

base plate. Type (a) was chosen to eliminate the disturbing
influence of a potential unequal distribution of powder par-
ticles in the layer or an uneven layer thickness. In case (b)
it was not possible to melt multiple layers on top of each
other because the warped samples prevent further layer de-
position. To investigate deformations and internal stresses
for multiple layer parts, further tests with the crack compli-
ance method[18,19] are planned.

The unprocessed side of the bent plate was measured with
a surface roughness meter (Rank Taylor Hobson Form Taly-
surf 120L) and the curvature alongX- andY-direction was
calculated from the obtained profile. A plot of the measured
deflection for strategy (2) is depicted inFig. 3a. Results for
the curvature alongX of the samples with powder layer are
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Fig. 4. The average curvature along (a)X-direction and (b)Y-direction.

presented inFig. 3b. The average curvatures alongX- and
Y-direction for scanning with and without a powder layer
are shown inFig. 4.

4.4. Discussion

Scanning along theX-direction—(1)—results in the
smallest curvature in that direction, but the largest curvature
in the Y-direction (vice versa for theY scanned part (2)).
Similar results are predicted by finite element modeling
[11].

Applying the sector wise scanning (3)–(6) results in less
deformation; there are rather small curvatures alongX- and
Y-directions. No striking difference in curvature between the
large (3), (4) and the small (5), (6) sector strategies can be
found. Nevertheless it must be noticed that in order to ob-
tain the same melting behavior and the same temperature,
the parts with small sectors could be scanned with less en-
ergy input from the laser, because of the shorter scan length
as mentioned inSection 4.2. This would reduce the defor-
mations caused by the TGM, thus favoring smaller sectors.
The same conclusion can be made after finite element sim-
ulations[13].

When comparing the successive sector scanning (3), (5)
and the LHI scanning (4), (6), it can be concluded that
the successive method is preferable. A possible reason
for the difference could be the higher thermal gradient
obtained during LHI scanning. Indeed, the temperature
of the sector before scanning is much lower compared
to the successive method where successive sectors are
somewhat preheated by the scanning of the previous
sector.

The final state of stress in the part will be a superposition
of the phenomena described earlier. The additional raise in
thermal stresses caused by the solidification of the top layer
can be clearly seen inFigs. 3a and 4, where the scanning
with and without a powder layer are compared. This extra
curvature superposed on the curvature caused by the TGM
was found for all six strategies.

5. Wettability

Another disadvantageous phenomenon arising during
SLM is balling. It occurs when the molten material does
not wet the underlying substrate due to the surface tension,
which tends to spheroidise the liquid. This results in a
rough and bead-shaped surface, obstructing a smooth layer
deposition and decreasing the density of the produced part.

Consider a flat, undeformable, perfectly smooth and
chemically homogeneous solid surface (S) in contact with
a non-reactive liquid (L) in the presence of a vapor (V)
phase. This metastable equilibrium is depicted inFig. 5a.
If the liquid does not completely cover the solid, the liquid
surface will intersect the solid surface at a contact angleθ

that corresponds to a minimum of the total free energy of
the system. The value ofθ obeys the classical equation of
Young (1804) (seeFig. 5a) [20]. Since the interaction time
during laser melting is very short, order of magnitude of
milliseconds, the equation of Young holds.

In reality the molten pool created by the moving laser
spot can be approximated by a half cylinder. Therefore an
additional reduction of the surface free energy appears: when
the total surface of the molten pool becomes larger than that
of a sphere with the same volume, the balling effect takes
places (seeFig. 5b). Thus, the laser parameters should be
selected in such a way that the length to diameter ratio of
the molten pool is as small as possible[21].

A process window for continuous wave as well as for
pulsed laser operation mode is experimentally determined.
Similar process windows are also presented by[21]. In
Fig. 6a, laser powerP and scan speedv are varied for a
single powder layer scanned on top of a base plate. The
layer thickness is 0.25 mm and the applied scan spacing
is 0.1 mm. The spot of the laser beam has a diameter of
0.8 mm. From this parameter study it is confirmed that high
scan speeds combined with high laser powers result in less
balling. This is because the melt pool rapidly resolidifies
behind the laser spot, while the length of the molten track
remains short. However, other studies[22,23] have shown
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Fig. 5. (a) Wetting of a liquid on a solid substrate and equation of Young withσSV, σSL andσLV the surface free energies of the system, (b) transition
from half cylinder to sphere depending on the dimensions of the molten laser pool.

Fig. 6. Process window for (a) CW operation and (b) pulsed operation.

the opposite effect: no balling occurs at very low scan
speeds and low laser powers (e.g. 1 mm/s at 10 W). A pos-
sible explanation is the widening of the scan track at these
low velocities due to heat conduction. Because of the low
building speed, this region was not investigated in this study.

In Fig. 6b the laser is operated in pulsed mode with a
pulse duration of 4 ms and a scan spacing of 0.2 mm. The
laser lamp current (corresponding to the peak power) and
pulse frequency are varied. Four layers of powder are melted
on top of a base plate. It was found that high peak powers
promote a good interlayer connection[3,24] and result in a
higher attained temperature of the melt[25]. The latter has
a positive effect on the balling phenomenon.

Since liquid metals do not wet surface oxide films in
the absence of a chemical reaction, it is very important to
avoid oxidation. Therefore sufficient remelting of the pre-
vious layer is necessary to remove surface contaminants, to
break down oxide films and to provide a clean solid–liquid
interface at the atomic level[20,26,27]. Another possibility
to improve wetting is adding certain alloying elements, like
P in this study. Finally a last method to suppress balling is
applying very high pulse energies. This will be discussed in
the next paragraph.

6. Vaporization effect

During laser melting the temperature of the exposed pow-
der particles exceeds the melting temperature. A further in-

crease of the temperature (to around 2857◦C for Fe) causes
the material to evaporate. When this phase transformation
occurs, the rapidly moving evaporated powder particles ex-
pand and generate a recoil pressure on the molten pool. At
even higher incident intensities (105 to 106 W/mm2 for a
Nd:YAG laser), the vapor interacts with the laser radiation,
becomes ionized and a plasma is formed[28,29]. While low
recoil pressures facilitate the flattening of the melt in SLM,
high pressures cause material removal by melt expulsion.
The latter is used as an ablation technique in, e.g. evapora-
tive laser milling[29].

The evaporation effect can be obtained by running the
laser in pulsed mode. In that way, peak intensities up to
2 × 103 W/mm2 are attained. At these power densities the
favorable effect of evaporation is perceived: the balling ef-
fect is completely absent and the density of the solidified
layer is improved. This leads to an improved surface quality
and a higher strength of the produced part. Since the power
intensity is some orders of magnitude lower then the plasma
threshold, it can be concluded that only evaporation takes
place. Yet it needs to be noticed that a strict comparison is
not possible because of the low pressure (102 Pa) in the pro-
cess chamber during the SLM experiments. Due to this low
pressure, the evaporation temperature of, e.g. Fe drops from
2857◦C at 105 Pa to 1847◦C at 133 Pa[30] thus less energy
is required to evaporate the material. Moreover the plasma
threshold as found in literature is valid for solid bulk ma-
terials having much higher heat conduction than the loose
powder bed.
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Fig. 7. (a) Bending strength and relative density for different laser regimes, (b) top surface of a part scanned with overlaying pulses, (c) micrograph
showing remaining Fe particles (1), dendritic P-poor high-melting phase (2) surrounded by darker inter-granular P-rich divorced eutectic (3) and some
residual porosity visual as black dots (4), (d) micrograph showing the typical fine rapid solidified microstructure.

7. Mechanical properties

The mechanical properties of SLM produced parts
were investigated and related to the process parame-
ters. The density of the parts was determined using the
‘Archimedes-method’ in ethanol.

Three point bending tests (according to the ASTM
B312-82 standard) were done to determine the bending
strength of the parts. Three main laser regimes may be
distinguished: continuous mode, pulsed mode and pulsed
mode with the recoil effect. As discussed the latter leads
to an improved inter-layer connection. It can be seen on
Fig. 7a that although the difference in relative density of
the CW and pulsed parts is not so large, the difference in
strength is. This is mainly caused by the bad interlayer
connection that occurs with the CW scanning due to insuf-
ficient peak power. The surface of the parts produced with
the evaporation regime exhibits a scale-like pattern.Fig. 7b
shows the top surface of a part produced with largely
overlapping pulses (pulse distance= 0.17 mm, laser beam
diameter= 0.60 mm).

Roughness values of 10–30�m Ra (without cut-off) were
obtained for the presented SLM parts. These large values
originate from pulse craters on the one hand, and droplets

of material that were blown away and solidified elsewhere
on the part surface on the other hand.

Depending on the peak intensity different types of mi-
crostructures were obtained.Fig. 7c shows the micrograph
of a part scanned with a pulse power of 300 W. It is clear that
no full melting was achieved, since unmolten Fe particles
remain visible. Raising the pulse power yields full melting
and partial evaporation. The grains have a strong orienta-
tion (Fig. 7d) which embrittles the material and facilitates
crack formation. However, as indicated before, these high
peak intensities induce large thermal stresses yielding verti-
cal cracks in the parts when the process parameters are not
carefully selected.

8. Conclusion

This paper has demonstrated the importance of the pro-
cessing parameters in striving to obtain full density metal
parts by means of selective laser melting. Appearing defor-
mation mechanisms were discussed and process conditions
were optimized. Appropriate scanning patterns gave an ap-
preciable reduction in thermal deformations and the benefi-
cial effect of vaporization to restrain the balling effect was
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observed. Due to a higher degree of melting the density
of the consolidated samples increased when the laser was
operated in pulsed mode. A maximum bending strength of
630 MPa was achieved at a material density of 91%.
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