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ABSTRACT: Selective Laser Melting (SLM) is an Additive Manufacturing (AM) technique that is able to
process both metallic and ceramic materials in powder form. The main attraction of SLM is the ability to pro-
duce near fully dense functional parts with high geometrical complexity. Parts can be fabricated with features
and designs conventional manufacturing methods cannot achieve. In this study, the feasibility of processing
M2 High Speed Steel (HSS) with the SLM technique is investigated. The main focus is on understanding the
material properties to facilitate the optimization of process parameters in order to produce parts with good
quality and high density. Laser powers of 90 W and 105 W were used with scan speeds ranging from 100
mm/s to 850 mm/s. Preliminary results show that parts exhibit warpage, cracking and partial separation from
the base plate. In addition, the degree of cracking and base plate separation is more pronounced at lower scan
speeds. While residual stresses mainly accounted for the problems occurred in this study, in depth microstruc-
tural analysis might also explain the cracking at lower scan speeds. It was found that the microstructure was
different for parts produced at different scan speeds, providing some insights on suitable processing parame-
ters for the family of tool steels. In an attempt to reduce residual stresses, lower thermal gradient was
achieved by preheating of the base plate to 180°C. Indeed, cracking, warpage and base plate separation were
greatly reduced upon close visual inspection. It was also found that the chances of parts separating from the
base plate were lower for AISI 1085 steel than for M2 HSS base plates. In conclusion, this study showed that
SLM of M2 HSS is feasible with preheating conditions.

1 INTRODUCTION (Shishkovsky, et al. 2007), Alumina—Zirconium Zirconia

and Yttria—Zirconia (Mumtaz, et al. 2007). The list of

1.1 Background

SLM is a promising technique in the field of AM
(Campbell 2009) as it can process relatively a wide
range of materials ranging from metallic to ceramic
powders compared to other AM techniques. The
ability and flexibility to produce parts without the
need to include fabrication and manufacturing post
processes such as milling and turning also give rise
to its popularity for many different applications in
areas such as biomedical, automotive and aerospace
(Kruth, et al. 2005; Wehmoller, et al. 2005; Mumtaz, et al.
2007; Shishkovsky, et al. 2007; Vandenbroucke, et al. 2007,
Chua, et al. 2010).

Some commercialized materials that have proven
to work with SLM include Titanium alloys
(TiAlgV4, TiAlgNb; and cp-Titanium), Aluminum al-
loys (AlSi;)Mg, AlSij; and 6/7000 series), Stainless
Steel (316L and a few other series), Inconel (718
and 625), and Cobalt Chrome (3DSystems 2011;
ConceptLaser 2011; EOS 2011; Louvis, et al. 2011,
MTTTechnologies 2011; PhenixSystems 2011). For ceram-
ics (Bertrand, et al. 2007), examples include Alumina

SLM materials continues to grow today as research-
ers explore into different materials such as Gold
(Khan, et al. 2010), Copper and Magnesium alloys (Nga,
et al. 2010; Nga, et al. 2011). The range of applications is
therefore expected to increase with the growth of
SLM materials’ list.

1.2 Objectives

The main objective of this study is to investigate
SLM of a hardenable carbon steel, M2 HSS. In this
research, different SLM process parameters are in-
vestigated in an attempt to produce good quality
parts with high density and retaining properties
comparable to conventionally produced M2 HSS.
Microstructural analysis and microhardness tests are
also carried out to understand how different process
parameters affect the resulting microstructure of the
SLM M2 HSS part. This understanding will help to
facilitate future studies on processing other tool
steels with the SLM technique which is in line with
the objective of this research.



2 EXPERIMENTAL
2.1 Material

The M2 HSS powder used in this research was
bought from LPW Technology (UK) and is pro-
duced by the gas atomization process. Particle size is
between 15 to 45 um as stated in the data sheet pro-
vided by LPW. Tests carried out with LEICA QWin
software algorithm based on pixel counts from Light
Optical Microscope (LOM) pictures resulted in an
average grain size of 27.7 um. The cumulative fre-
quency distribution of the powder is shown in Figure
1. Table 1 shows the composition of the M2 HSS in
weight percentage provided by LPW Technology
compared with the typical M2 HSS composition.
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Figure 1. Cumulative frequency distribution of M2 HSS parti-
cles.

Table 1. Elemental composition of M2 HSS powder provided
by LPW and compared with conventional M2 HSS composi-
tion.

Element LPW Conventional

% %
Carbon, C 0.9 0.78 —0.88,0.95-1.05
Silicon, Si 0.35 0.20-0.45
Manganese, Mn 0.38 0.15-0.40
Chromium, Cr 3.97 3.75-4.50
Molybdenum, Mo 4.89 4.50-5.50
Vanadium, V 1.82 1.75-2.20
Tungsten, W 6.15 5.50-6.75
Iron, Fe Balance Balance

A SEM picture of the powder shown in Figure 2 re-
veals that the particles are spherical in shape as ex-
pected from the gas atomization process. This will
provide excellent powder flowability that is neces-
sary for an ideal powder layer deposition, ensuring
good part density and quality.

2.2 Procedure

2.2.1 SLM machine and process parameters

The SLM machine used for this experiment is M3
Linear, from Concept Laser. Two laser powers of 90
W and 105 W were used with varying laser scan
speeds from 250 mm/s to 700 mm/s in a nitrogen
atmosphere where remnant oxygen level was kept

Figure 2. SEM of virgin M2 HSS powder.

less than 1%. For some SLM parts, laser remelting
of each layer was applied to observe any improve-
ments in surface roughness and part density. (Kruth, et
al. 2008; Yasa, et al. 2009). It was found that better sur-
face roughness and part densities were achieved
when applying laser re-melting to AISI 316L
Stainless Steel (SS) SLM parts. In the current re-
search of M2 HSS, the laser re-melting was carried
out with laser power 105 watt and scan speed 700
mm/s. As for scan spacings, values of a;=62% (scan
spacing between scan tracks), a,=35% (specifying
the distance of the first scan track to the island bor-
der) and a;=50% (elongation of the scan tracks in
one island) of the spot size were set. These scan
spacings were optimized for 316L SS. Detailed in-
formation on scan spacing factors for the Concept
Laser M3 Linear in island scanning for SLM is well
documented in (Yasa, et al. 2010).

2.2.2 Problems encountered

There were some problems encountered during the
processing of this material. The parts exhibited war-
page, crackings and base plate separation. Further-
more, the degree of warpage, crackings and base
plate separation was more pronounced in parts fabri-
cated with low scan speeds. Figure 3 shows exam-
ples of cracking, warpage and base plate separation
encountered. These problems seemed to suggest that
high thermal stresses were induced during the proc-
ess. Moreover, its high carbon content of 0.9% also
results in high brittleness compared to AISI 316L SS
and maraging 300 steel which have a carbon content
0f 0.03%.

Figure 3. Parts showing crackings, base plate separation and
warpage.



2.2.3 Pre-heating

In the literature on laser welding, it is mentioned that
pre-heating is necessary for high carbon (above
0.6% carbon content) steels (Ion 2005). High amounts
of carbon are trapped within a body-centered cubic
(BCC) crystalline structure during very fast cooling
rates forming matensitic structure (body-centred
tetragonal BCT), containing tremendous amount of
internal stresses (Totten, et al. 2002). As such, preheat-
ing is typically applied to reduce the tendencies of
thermal shock and residual stresses (Dawes 1992;
1997). In view of this, SLM of M2 HSS adopted pre-
heating of the base plate before the process. The
base plate was heated to 100°C and 180°C in two
separate experiments. It was clear that preheating of
180°C reduced the cracking, warpage and base plate
separation issues greatly. Table 2 shows the ratings
of part quality without (25°C) and with preheating
(180°C) based on visual inspection.

Table 2. Comparison of part quality at 25°C and 180°C pre-
heating, based on visual inspection.

25°C 180°C
(On a scale of 0 to 10, good to bad)

1
0.5

Process

Parameters

90 watt, 250 mm/s
90 watt, 400 mm/s
90 watt, 550 mm/s
105 watt, 250 mm/s
105 watt, 400 mm/s
105 watt, 550 mm/s
105 watt, 700 mm/s
*105 watt, 700 mm/s

AN N 300 DN
S oo O —O

* With laser re-melting

It is observed that preheating improves the part qual-
ity by reducing the thermal stresses. Figure 4 shows
the quality of parts produced with and without pre-
heating.

Figure 4. Parts produced with (right) and without (left) preheat-
ing.

3 RESULTS
3.1 Density

Using Archimedes principle (the absolute density
value of M2 HSS used is 8.15 g/cm”), it is found that
good quality parts (without cracks) of density be-

tween 96% to 97% can be achieved with laser power
of 105 W and laser scan speeds between 400 mm/s
and 550 mm/s. While a scan speed of 250 mm/s
might yield higher density parts, they possessed
cracks all the time. Figure 5 shows the preliminary
density results obtained. Scan speeds above 550
mm/s without re-melting produce parts with densi-
ties below 91%.
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Figure 5. Preliminary density results.

Under LOM, aligned porosity (Figure 6a) can be ob-
served on parts produced with scan speed of 700
mm/s. This suggests that the scan spacing values that
were set are not suitable at higher scan speeds be-
cause of a smaller scan track width, higher scan
track irregularity and discontinuity which resulted
from a lower energy input. As shown in Figure 6b,
the width of scan tracks decreased with increasing
scan speed. This also explains the obtained low den-
sity of 91%.
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Figure 6. (a) Aligned porosities; (b) scan track irregularity and
discontinuity; (c) stable and regular scan track.



3.2 X-Ray Diffraction (XRD)

XRD is carried out for three different M2 HSS parts:
(1) as cast M2 HSS without heat treatment; (2) SLM
produced M2 HSS part and, (3) as supplied M2 HSS
virgin powder. These are shown in Figures 7a, 7b
and 7c respectively. All 3 graphs look similar under
comparison and exhibit the FCC and the BCC phase
peaks. It can be seen that the bases of the peaks in
Figure 7b are comparatively wider than in Figures
7a and 7c. This suggests that the crystal lattice struc-
tures of SLM parts are experiencing certain level of
internal stresses that are thermally induced during
the rapid solidification SLM process. There is also a
shift of the peaks between the as cast and SLM M2
HSS to lower angles suggesting the presence of ten-
sile stresses.
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Figure 7. XRD graphs of (a) as cast M2 HSS part without heat
treatment; (b) M2 HSS SLM part; (c) as supplied M2 HSS vir-
gin powder from LPW;

Peaks corresponding to expected carbides, M3;Ce
and M,C (where M represents V, Cr, Mo or W) in
SLM parts are also missing when compared to Fig-
ure 8. These are the carbides normally found in M2
HSS parts from similar processes such as laser sur-
face melting (Kac, et al. 2003; Arias, et al. 2010; Arias, et
al. 2010). Other types of carbides (MC and MC) usu-
ally found in annealed and conventionally hardened
(Kim, et al. 1979) M2 HSS parts, were also not found
from three of the XRD tests. Preliminary XRD re-
sults also suggested that M2 HSS SLM parts contain

80% martensitic phase and 20% austenitic phase af-
ter Rietveld Refinement analysis.
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Figure 8. As cast M2 HSS part with controlled cooling rates
(Zhou, et al. 2010).

3.3 Microstructure Analysis

M2 HSS SLM parts (in the y-z plane as illustrated in
Figure 9a) were polished till 1 pm and etched with
Vilella’s reagent for 10 s to review the microstruc-
ture. Under LOM (Figure 9b), it can be observed
that two distinct phases, a dark and a bright phase
are present within every melt pool. Furthermore,
parts produced with different scan speed exhibit dif-
ferent percentages of dark and bright phases as com-
pared in Figures 9b and 9c. The percentage bright
phase increases with increasing scan speed which
can be seen in Figure 9c where the microstructure is
dominated by the white phases. This corresponds to
the increasing speed of solidification.

Upon close magnification under LOM, bright
phases revealed a needle like martensitic structure
(Figure 9d) whereas dark phases revealed a dendritic
(Figure 9¢) and cellular (Figure 9f) like structure
with growth direction towards the melt pool center.

At the melt pool boundary, the region shown in
Figure 10 is supposed to be the remelted fusion
zone. In this fusion zone, solidification of the melt
material proceeded spontaneously by the epitaxial
growth of remelted grains on the previously solidi-
fied material. This solidification morphology is in-
fluenced by the cooling rate, thermal gradient and
growth velocity as described in welding (David, et al.
2003).

The M2 HSS SLM parts were also subjected to
Groesbeck reagent to etch for carbides. Under LOM,
dark spots (Figure 11) that are suspected to be car-
bides can be seen along the cellular and dendritic
structure which cannot be detected by XRD or SEM-
EDS.
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Figure 10. Fusion zones between melt pools showing epitaxial
grain growth along the boundaries. Dark phase consisted
mainly martensite and ferrite whereas bright phase consisted
mainly martensite.
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Figure 9. (a) y-z plane illustration; (b) Dark and bright phase
microstructure; (¢) Dominant bright phase microstructure; (d)
Needle-like martensitic structure found in the bright phase; (e)
Dendritic structure found in dark phase; (f) Cellular like
structure found in dark phase.

Figure 11. Suspected carbides observed from LOM.

3.4 Electron Backscatter Diffraction (EBSD)

In EBSD tests, the dark phases can be indexed.
However, the bright phases cannot be indexed and it
remains as an unknown phase from the EBSD re-
sults. Figure 12 shows the indexed results from a M2
HSS SLM part. The white areas correspond to dark
phases with high confidence index (CI) with values
ranging from 0.1 to 0.6. The black areas are with
low CI. The phase composition was then analyzed
with OIM Analysis software version 5.31. The re-
sults show that within the dark phase, 45%, 53% and
1% were martensite, ferrite and austenite respec-
tively.
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Figure 12. EBSD results showing dark phases (in LOM) being
indexed with high confidence level.

3.5 Coulometry Test

Coulometry tests were carried out to determine the
percentage of carbon content in the M2 HSS after
the SLM process. The results show that the carbon
content is lower in SLM parts produced with a lower
scan speed. Also, the SLM parts show a lower car-
bon content as compared to the as supplied virgin
powder. A supposedly 0.9% C-content in M2 HSS
was only 0.7% in the supplied powder and as low as
0.15% in the SLM part. The resolution of this tech-
nique is 0.1 ppm, (=0.0001 wt%C) and the repro-
ducibility is about 0.5% relatively.
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Figure 13. Coulometry test results of M2 HSS.

3.6 Microhardness Test

Microhardness tests were carried out on the M2 HSS
SLM parts and the results are shown in Figure 14. A
load of 100 g was used (Shi, et al. 1995; Niu, et al. 2000;

Benyounis, et al. 2009). The results are compared be-
tween SLM parts produced with different scanning
speeds and they do not show any significant differ-
ence. However, measurements taken from the dark
and bright phase show a significant difference. As
shown in Figure 14b, average hardness for the dark
and bright phases was about 700 HV and 870 HV
respectively.
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Figure 14. (a) Hardness values of parts produced with different
scanning speeds; (b) Hardness values of dark and bright phase.

4 DISCUSSION

In this preliminary investigation, it is observed that
cracks are very easily induced in M2 HSS SLM
parts. This is probably because M2 HSS is a brittle
material owing to its high carbon content compared
relatively to AISI 316L SS. The coulumetry results
show that parts produced with lower scan speeds
have lower carbon content and yet these parts are
more prone to crack. This means that the thermal
stresses created during the high heat energy input re-
sulting from low scan speeds have more effect than
the C-content on inducing cracks.

From the XRD results, no peaks responsible for
the carbides can be found in the SLM parts. Cou-
lometry test results also suggested at the carbon con-
tent after the SLM process had decreased to as low
as 0.15% from 0.7%. However, under LOM obser-
vations, black spots that fit the usual carbides segre-
gation description along cellular structures are spot-
ted. These spots are suspected to be the carbides.



There are two reasons why the XRD could not detect
carbides. First, the carbon contents are very low and
the amount of carbides formed is low. Secondly, due
to the quick solidification nature of the SLM proc-
ess, the dendrites and cells are small and from Fig-
ure 10, the sizes of the black spots are extremely
small, in the range of 0.1 pm to 0.5 um. As such,
carbide peaks may be too weak to be detected com-
pared to the inherent background noises from the
XRD.

The microstructure of M2 HSS SLM parts mainly
comprises of dark and bright phases, indicating the
melt pools that arose from the SLM building and
scanning strategy. From EBSD results, the dark
phases consist of mostly ferrite and martensite which
explain the average hardness value of 700HV. While
the bright phases could not be indexed, LOM and
microhardness tests suggest that the bright phases
are martensitic as needle-like martensite and high
hardness of 800HV is observed and measured re-
spectively. Moreover, the bright phases were in the
melt pool locations where the highest cooling rate
(which would result in martensite formation) would
occur.

Laser re-melting of M2 HSS parts did improve
the density significantly by about 3%. Also, micro-
structure and hardness values of laser re-melted parts
remained largely similar. Additionally, surface
remelting consistently improved the surface quality
by about 2 um and 3 pum for P, (unfiltered 2D
roughness test) and S, (3D roughness test) respec-
tively.

5 CONCLUSION AND FUTURE WORK
5.1 Conclusion

In conclusion, the SLM of M2 HSS has been proven
to be feasible. While base plate separation cannot be
fully eliminated in this preliminary investigation,
parts without cracks can be produced with an
achievable density of 97%. Also in this research,
preheating of the base plate was found to have a
positive effect on the the parts, minimising cracks
and warpage. Furthermore, parts produced directly
from the SLM process have high average hardness
values between 800 HV to 900 HV which are com-
parable to conventionally produced cast parts. These
conventionally produced M2 HSS cast parts have
hardness values between 750 HV to 830 HV de-
pending on the heat treatment process (Davis 1995).

5.2 Future Work

The future work aims to address some shortcomings
in this research. Firstly, laser re-melting process will
be investigated to further improve density values and
prevent base plate separation. Currently, surface

remelting scanning speed stands at only 700 mm/s.
Different scanning speeds can be examined to im-
prove the densities of parts.

Secondly, it was found that preheating of the base
plate to 180°C produced better parts (less prone to
cracks) compared to a pre-heating of 100°C as the
thermal gradient was greatly reduced, thereby induc-
ing less thermal stress. Since 180°C is the preheating
limit of the heating system currently installed on the
M3 Linear, future modification (within manufacturer
specifications) will be carried out to increase the
preheating temperature above 180°C. Similar to laser
welding, preheating temperatures of 200°C may be
applied to reduce the chances of cracking.

Thirdly, the evidence of carbides was not strong
enough in this paper. Future work includes SEM and
TEM with higher magnification to verify the pres-
ence of carbides and to also identify the type of car-
bides that are present. Additionally, more research
can be carried out to understand the reason in the
decreasing carbon content.

Lastly, heat treatment process for M2 HSS SLM
parts will be optimized. Microstructural studies and
material characterization will be carried out to un-
derstand the essential difference, between cast and
SLM M2 HSS parts. Material properties such as
wear resistance, hot hardness and toughness will
also be carried out.
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