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This paper aims to provide comprehensive information on the usability of WC-Co powder mixtures for the addi-

tive technology of selective laser melting (SLM). Three different WC-Co powder mixtures and a precipitation-

hardenable steel powder, which is ordinarily used for this process, were compared. Metallographic analysis by 

means of optical and scanning electron microscopes was performed for evaluating their properties. Phase compo-

sition of the powders was studied using X-ray analysis. Results of these analyses enable the WC-Co powder mix-

tures to be ranked in the order of suitability for the SLM process. 
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 Introduction 

The primary use of WC-Co powder mixtures is the 
manufacture of products of simple shapes. These include 
exchangeable cutting inserts, drill heads, axial cutting to-
ols and parts of basic shapes for applications where high 
hardness is demanded whereas toughness less so. Powder 
mixtures are shaped by isostatic pressing, extrusion of in-
jection moulding. [1] Using these processes, only basic 
shapes can be produced without any intricate cavities for 
lightweighting or cooling of the part. However, intricate 
parts are increasingly made using additive technologies. 
It involves creating the final product layer by layer from 
powder, filament or pellets. [2] Thanks to the stepwise 
nature of the process, extraordinary structures can be built 
with fewer structural details, such as weld or screw joints. 
Consequently, the costs of production can be reduced, 
along with the repair costs.  

The ordinary materials for additive manufacturing 
include polymers, non-ferrous metals and steels. [2]  

This experimental study deals with the usability of 
WC-Co powders for the additive technology SLM. As 
described above, these powder mixtures are not used for 
additive manufacturing in industrial practice. Some com-
panies, however, have already begun exploring this field, 
which was the motivation for this study. In addition, the 
author of this study focuses on this matter in his doctoral 
thesis. 

1.1 Requirements for powder mixtures for SLM 

Powder mixtures which are to be used for SLM should 
conform to certain specifications. If these are met and the 
process settings are correct, low-porosity products can be 
obtained with the desired uniform mechanical and physi-
cal properties. Fundamental requirements for powder mi-
xtures include: 

-Uniform chemical composition of powder particles. 
If the chemical composition of particles were varied, the 
melting temperature, weldability and mechanical proper-
ties would be inhomogeneous. [3] 

-Certain distribution of powder particle sizes. This de-
pends on the method used, such as SLM/SLS, EBM or 
LMD. Most additive manufacturing machines, including 
those based on SLM, accept powders with particle sizes 

of 10-50 µm. Smaller particles are undesirable, as they 
have a negative impact on fluidity of the mixture. The dis-
tribution of particle sizes plays a role in the fluidity of 
powder, its ability to spread over the build platform, the 
density of the powder layer, the surface roughness of the 
build and on the amount of energy required for melting. 
[3] 

-Morphology and rheological properties. Particles 
should be spherical and free of surface defects, such as 
craters, cavities and satellites, i.e. joints between larger 
and smaller particles. Such defects impair the fluidity, 
uniformity and density of a powder layer.  [3–4] 

In addition, powder mixtures should contain as little 
residual moisture as possible. Consequently, they should 
be stored in an appropriate protective atmosphere or in 
the presence of silica gel desiccant.  The reason is that at 
higher moisture levels, pores form during sintering, 
which is part of the additive manufacturing process. [3] 

Hence, powder mixtures must possess two fundamen-
tal properties. The first is good fluidity. [5] The second is 
adequate apparent density. Powders which exhibit an ap-
propriate combination of these properties can form a uni-
form layer for trouble-free sintering on the build platform. 
[3–4] 

 Experimental methods 

2.1 Specification of experiments 

The experiments consisted of metallographic exami-
nation of powder mixtures using a Carl Zeiss Obser-
verZ1m optical microscope and a PHILIPS XL30 ESEM 
scanning electron microscope, a chemical composition 
analysis of powder particles using EDX, and a phase com-
position analysis by X-ray diffraction. Statistical evalu-
ation of the data from metallographic examination was 
performed using the NIS Elements and Axio Vision soft-
ware tools. The metallographic examination consisted of 
two stages. In the first stage, the surface, size and shape 
of powder particles, as well as their surface defects were 
studied. In the second stage, metallographic sections 
through the particles were prepared. Using these sections, 
the distribution of phases within the particles was exami-
ned. Various etching techniques were employed to reveal 
the microstructure of powder particles. Chemical etching 
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with Adler’s reagent was used for the steel powder. Car-
bide-based powder mixtures were etched with reference 
to ASTM B 665 standard, which deals with preparation 
of metallographic specimens of cemented carbides and 
identification of phases in them. [6] The microstructures 
of WC-Co powder mixtures were revealed using chemi-
cal etching with Murakami’s reagent combined with 
aqueous solution of hydrochloric acid. 

2.2 Materials under analysis 

Four powder mixtures were examined. Powder A was 
a precipitation-hardenable steel powder. It was employed 
as a reference specimen because it is ordinarily used for 
the SLM process. The other powder mixtures were com-
mercially available WC-Co powders. Their properties are 
given below. The differences in their properties were due 
to differences in their production methods. [7] The 
powder mixtures are denoted as powders B, C and D. Ta-
ble 1 gives their basic data.

Tab. 1 Basic data on powder mixtures under analysis; chemical composition was measured using EDX 

Designation Chemical composition Applications 

A 
Cr Ni Cu Si Fe 

SLS process 
13.7±0.4 4.0±0.2 3.6±0.15 0.5±0.1 balance 

B 
WC Co O Cr 

 
HIP process 

76.0±2.8 16.0±1.3 7.0±1.5 0.3±0.3 
C 77.0±1.7 16.0±1.4 7.0±1.4 - Thermally sprayed coatings 
D 81±1 13.0±0.6 6.0±1.5 - Binder jetting process 

 

Fig. 1 Particles of powder mixture A – reference speci-

men, magnification 500× 

 

Fig. 2 Particles of powder mixture B, magnification 

100× 

 

Fig. 3 Particles of powder mixture C, magnification 

500× 

 

Fig. 4 Particles of powder mixture D, magnification 

500× 
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 Results and discussion 

3.1 Analysis of powder particle surfaces 

Micrographs in Figures 1–4 suggest that the powders 
were produced using different processes. Particles of the 
reference powder have smooth surfaces without pores or 
similar defects, Fig. 1. Particles of powder mixture D look 
different. Their surface contains craters and cavities, as 
seen in Fig. 4. Another distinction consists in the particle 
shape. In powder mixture C in Fig. 3, the particle shape 
is very different from the other powders. Small particles 
under 5 µm were detected in powder mixture C. They 
were found on the surface of larger WC-Co pellets, to 
which they adhered thanks to Van der Waals forces. [8] 
As mentioned in the introduction, such fine grains may 
impair the fluidity of a powder and prevent it from sprea-
ding appropriately across the build platform in the addi-
tive manufacturing equipment. Besides, they may be 
inhaled by the operator or escape through the machine’s 
filtering system. Satellites, i.e. small particles attached to 
larger ones, formed in powder mixtures A and D. Their 
joints are the result of partial sintering during production. 
[1] The above micrographs clearly show that powder mi-
xtures A and D were produced by atomization in inert gas 
or plasma. Powder mixture C is the result of atomization 
in water. Powder mixture B was obtained by joining WC 
and Co particles with an organic binder during milling 
and mixing in an attritor mill. [9] As a result, the surface 
of the powder particles appears to be smooth and defect-
free, Fig. 2. 

Compliance with the requirement for more or less 
consistent chemical composition of powder particles was 
checked using EDX. The phase composition of particles 
should be identical among and within the particles. Regi-
ons with different phases can be highlighted using BSE 
imaging, as shown in Figs. 5–8. In these images, the refe-
rence powder particles exhibit no variation in chemical 
composition, which suggests that they contain a single 
phase. In micrographs of the WC-Co powder mixtures, 
one can study the distribution of Co (dark regions) and 
WC (bright regions) phases in Figs. 6–8. This contrast is 
a result of different atomic numbers of the elements. It is 
therefore readily apparent that the distribution of the Co 
binder among WC grains is more uniform in powder mi-
xtures C and D than in B.  

 

Fig. 5 BSE image of the phase composition of a particle 

of the reference powder A, magnification 500× 

 

Fig. 6 BSE image of the phase composition of a powder 

B particle, magnification 2500× 

 

Fig. 7 BSE image of the phase composition of a powder 

C particle, magnification 6500× 

 

Fig. 8 BSE image of the phase composition of a powder 

D particle, magnification 5000× 

 
The uniform chemical and structural composition of 

particles of the reference powder A is reflected in their 
complete melting upon interaction with the laser beam. 
By contrast, the particles of WC-Co powder mixtures fail 
to melt completely, and therefore sinter while partly solid. 
[2] This has a profound impact on porosity and mechani-
cal properties of the product. 
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3.2 Shape and size distribution of powder particles 

The usability of a powder mixture for SLM strongly 
depends, among other aspects, on the size and shape of its 
particles. As mentioned in the introduction, it is important 
for the SLM equipment that the particles have a size 

between 10 and 50 µm and their shape is, preferably, 
spherical. Plots obtained from an analysis of sizes and 
shapes of particles of the test powders are shown in Figs. 
9–10. 

 

Fig. 9 Powder particle sizes 

 

Fig. 10 Powder particle shape. Unity denotes perfectly circular particles. 

 
The data in Fig. 9 suggests that the reference powder 

mixture A and powder mixture D meet the size limit for 
applicability. Powder mixture C contains a large fraction 
of fine particles which precludes its use in SLM equip-
ment. Powder mixture B is non-conforming because of a 

large fraction of particles which are coarser than the upper 
limit for this additive technology. Nevertheless, it is li-
kely to be usable in EBM or LMD equipment, thanks to 
its particle size distribution. [3] 

Particles of the reference powder A and those of 
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powders B and D are closest to the ideal spherical shape. 
This was apparent from the micrographs in Figs. 1–4. The 
profiles of their shapes are very similar, as seen in the plot 
in Fig. 10. The plot also shows that most particles of 
powder mixture C are sharp-edged rather than spherical. 

From these two analyses, one can derive that the 
lowest fluidity will be found in powder mixture C, owing 
to the undesirable particle shape and a large fraction of 
fine particles. Powder mixtures A and D, with their small-
est variation in particle size and their particle shapes clo-
sest to a sphere, will possess the highest fluidity. In 
powder mixture B, the variation in particle size is much 
larger, resulting in larger contact areas between particles. 
Those slow down the particle flow and reduce fluidity. 

3.3 Phase composition of particles 

The reference steel powder was proven to contain a 
single phase. Observation of particle surfaces in WC-Co 
powder mixtures using BSE imaging revealed at least two 
phases: α-phase of a tungsten carbide and β-phase of the 
Co binder. In addition to those, cemented carbides may 
contain a γ-phase formed by cubic carbides, such as VC, 
TiC or TaC [1] or η-phase which consists of mixed 
tungsten and binder-based carbides. 

The above phases were identified on transverse me-
tallographic sections. After preparation, the metallo-
graphic sections were etched according to ASTM B657-
92 to reveal their microstructure, as seen in Fig. 11–19. 
Chemical composition analysis by EDX found only WC 
tungsten carbide and Co binder in powder mixtures C and 
D. It is therefore unlikely that these specimens contain the 
above-named cubic carbides. This hypothesis was confir-
med by etching for revealing this phase, as shown in Figs. 
15 and 18. In powder mixture B, the EDX analysis found 
chromium which, in the form of carbides, inhibits the WC 
grain growth during sintering. It was impossible to di-
rectly prove the presence of γ-phase, as the etchant that 
was used for powder mixture B interacted with the orga-
nic binder. As a consequence, the microstructure became 
obscured, as seen in Figs. 11–13. Besides, identification 
of this phase was hampered by the size of WC grains and 
Co binder areas, which was around one micrometre, near 
the resolving power of the optical microscope used. 

 

Fig. 11 Powder mixture B, detection of alpha phase, 

etched with Murakami’s reagent (5 minutes), magnifica-

tion 1000× 

 

Fig. 12 Powder mixture B, detection of gamma phase, 

etched with Murakami’s reagent/aqueous solution of 

HCl/Murakami’s reagent (3 min/10 s/20 s), magnifica-

tion 1000× 

 

Fig. 13 Powder mixture B, detection of eta phase, 

etched with Murakami’s reagent (5 seconds), magnifica-

tion 1000× 

 

Fig. 14 Powder mixture C, detection of alpha phase, 

etched with Murakami’s reagent (5 minutes), magnifica-

tion 1000× 

 
Etching for η-phase revealed its presence in powder 

mixture C, see Fig. 16, unlike in B and D. Depending on 
the particle size, this phase was either present throughout 
the particle or near its surface, Fig. 16. Whether this phase 
forms depends on the carbon distribution within the par-
ticle and on the cooling rate of the particle. It is more li-
kely to develop at faster cooling rates. [1; 10] Its presence 
is evidence that the powder mixture was indeed made by 
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atomization in water. As a result, heat was rapidly re-
moved from the particle surface, resulting in steep tempe-
rature gradients that promoted formation of this phase. 
The centres of particles, close to WC grains, cooled more 
uniformly and slowly, which is why the Co binder was 
preserved there. 

 
Fig. 15 Powder mixture C, detection of gamma phase, 

etched with Murakami’s reagent/aqueous solution of 

HCl/Murakami’s reagent (3 min/10 s/20 s), magnifica-

tion 1000× 

 
Fig. 16 Powder mixture C, detection of eta phase, 

etched with Murakami’s reagent (5 s), magnification 

1000× 

 
Fig. 17 Powder mixture D, detection of alpha phase, 

etched with Murakami’s reagent (5 min), magnification 

1000× 

Colour etching revealed alpha and beta phases in 
powder mixture D, Figs. 17–19. Neither gamma nor eta 
phases were detected in this powder upon etching. Eta 
phase has not formed in this powder mixture because the 
particles were atomized in an inert gas, in which heat dis-
sipation was slower than in water, leading to less favou-
rable conditions for the phase to form. 

 

Fig. 18 Powder mixture D, detection of gamma phase, 

etched with Murakami’s reagent/aqueous solution of 

HCl/Murakami’s reagent (3 min/10 s/20 s), magnifica-

tion 1000× 

 

Fig. 19 Powder mixture D, detection of eta phase, 

etched with Murakami’s reagent (5 s), magnification 

1000× 

 
The presence of the phases identified by metallo-

graphic analysis was confirmed by an X-ray diffraction 
analysis of the phase composition, as seen in Fig. 20 
below. 

In powder mixtures B–D, this analysis confirmed the 
presence of α-phase WC and β-phase Co. In powder mi-
xture C, the W2C phase, η-phase Co3W3C and the inter-
metallic W0.2Co0.8 were identified, in addition to the two 
phases mentioned. The last-named phase was also detec-
ted in powder mixture D.  
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Fig. 20 Phase compositions of powder mixtures B–D recorded using the X-ray diffraction method. 

 

 Conclusion 

This experimental study leads to the following conc-
lusions regarding the usability of these WC-Co powder 
mixtures for SLM: 

• WC-Co powder mixtures always contain no fe-

wer than two phases: α and β. Besides them, 

powder mixture C was found by metallographic 

analysis to contain η-phase and W0.2Co0.8 inter-

metallic, where the latter was also confirmed by 
X-ray diffraction analysis to be present in 
powder mixture D. In addition to these, WC-Co 
powder mixtures may contain an organic binder, 
as found in powder mixture B. The presence of 
these phases causes non-uniform chemical com-
position within the interior of particles. As a re-
sult, the melting temperature and, in turn, the 
energy required for melting, varies within par-
ticles, which makes sintering difficult. This po-
ses a major difference to the reference material 
A whose phase and chemical compositions are 
uniform, as are the melting temperatures of its 
particles and the energy required for melting. 
For this reason, WC-Co powders are not very su-
itable for the SLM process. 

• In addition to phase composition, powder mix-
tures should meet specifications for particle size 

variation and rheological properties, i.e. the par-
ticle shape and surface defects. These analyses 
have shown that the particle shapes in powder 
mixtures B and D meed the requirements for use 
in the SLM process. Powder mixture C contains 
sharp-edged particles of non-uniform shapes and 
unfavourable sizes which impair fluidity. In 
terms of the variation in particle size, only 
powder mixture D met the specification for this 
application.  

 
It follows from the above summary that, among the 

WC-Co mixtures under examination, the powder mixture 
which is most suitable for the SLM process is powder D. 
It has met the highest number of requirements which had 
been derived by comparing WC-Co powder mixtures and 
the reference powder mixture A.  

Published findings were used as a basis for developing 
a follow-up experimental programme for modifying se-
lected WC-Co powder mixtures and using them for the 
SLM additive technology.  
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