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composite from a powder mixture of Cu-Ti-B4 C [4], 3) by using furnace treatment, e.g. formation of Al/AlN composites by post-processing in an oven in
the presence of nitrogen gas and an inﬁltrant Al alloy [5].
The formation of composite of tungsten carbide ceramic and cobalt metal is
preferred over other cermet composites because:
(1) Cobalt has a high melting point (1493◦ C) and high temperature strength,
(2) It forms a liquid phase with WC at 1275◦ C and forms eutectic which dissolves 10% WC. The dissolved WC reprecipitates on solidiﬁcation giving
strength and,
(3) WC does not dissolve Co which allows a small amount of Co to be required
as a binder.
Other binders which could be used are Ni, Fe and other metallic alloys.
The SLS of WC and Co has been inspired from their widely acknowledged
properties obtained using conventional sintering techniques. Work has been
done to make WC-Co composite using SLS followed by Cu inﬁltration [6–8].
Major work was done at KU Leuven where successful injection mould products
from WC-9 wt.% Co were made using SLS followed by copper inﬁltration [2].
The mechanical properties achieved were comparable to that of a tool steel [9].
The present work deals with the formation of WC-Co composites using a SLS
machine. Various compositions of WC and Co has been laser sintered and
inﬁltrated with bronze. Their wear behaviour has been characterized using
fretting wear tests.
The research work as shown in the paper has been conducted in two successive
stages: preliminary experiment and ﬁnal experiment. Preliminary experiment
is meant to ﬁnd right compositions and parameters for processing while the
ﬁnal experiment is done to build parts with few selected composition and
parameters. The results obtained from these two sets of experiments are presented separately.

2

Experiments

2.1 Machine

The machine used for research was an enhanced 100 W DTM Sinterstation
2000, originally built for processing polymer powders for RP purposes or for
processing powders containing a signiﬁcant amount of polymer for RT purposes using a 50 W CO2 laser. The original machine was not suitable for
2
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processing high-melting point powders such as ceramic and metals because
of its limited laser power. The original machine also needed large amount of
powders as the built area was large requiring much powders for each new layer
deposition.
The machine was modiﬁed to overcome its limitations by equipping it with a
laser of 100 W power enhancing its melting capacity and an insert of 90 mm
diameter for reducing the built area.

2.2 Preliminary Experiments

2.2.1 Materials
In a ﬁrst series of experiments, 9% and 50% Co of size less than 37 μm of
irregular shape is mixed with WC of size less than 45 μm of prismatic shape.
This powder is laser sintered and inﬁltrated with bronze. As it is essential to
inﬁltrate the laser sintered samples, tests were also done with a mixture of
WC and Co powders premixed with an inﬁltrant material such as Cu before
SLS. The composition taken in that case is WC with 12 %Co and 18 % Cu. Co
is of size less than 37μm and of spherical shape, while Cu is spherical powder
produced by gas atomization of size from 40 to 63μm. The WC powder is the
same as mentioned earlier.

2.2.2 Experimental Parameters and Processing
Experiments were done with a modiﬁed DTM Sinterstation 2000 having a CO2
laser of 100 W nominal power. The maximum laser power available at that time
was 80 W and the laser spot size was 590μm. The changeable experimental
parameters are scan spacing, layer thickness and laser power. Scan spacing
was kept constant at 0.1 mm.
The experimental parameters for WC-18Cu-12Co and WC-50Co are the same,
i.e. layer thickness of 0.3 mm and laser power of 40 W. WC-9Co is laser sintered
using two sets of parameters: (1) layer thickness 0.5 mm and laser power 50
W and, (2) layer thickness 0.3 mm and laser power 25 W. The second set of
parameters was chosen to make the samples more porous in order to maximize
the beneﬁt of inﬁltration. All samples were inﬁltrated with bronze comprising
10% Sn.
A 25 hrs furnace treatment cycle was programmed to maintain a temperature
of 1050◦ C for 5 hrs allowing the bronze to melt and to inﬁltrate the part. The
oven then cools down to a temperature below 200◦ C while a ﬂow of nitrogen
and hydrogen is maintained to avoid oxidation (reduction by hydrogen). The
3
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diagram for the temperature cycle is given in the Figure 1.
Oven program for infiltration

Temperature (degree
Centi)

1200
1050

1000

1050

800
600

600
400
200
50

0
0

50
5

10

15

20

25

30

Hours

Fig. 1. Temperature-time diagram for inﬁltration

The weight of bronze needed for inﬁltrating a sintered sample is determined by
estimating the porosity of the sample (by density measurement). This weight
amount of bronze particles is then put in contact with (on top of) the porous
green part to guarantee inﬁltration through capillary action once melting occurs in the furnace. The samples and the bronze are covered by alumina powder
for homogeneous heat transfer and inﬁltration.

2.3 Final Experiments

2.3.1 Materials and Experimental Parameters
Materials taken for investigation were WC-9Co and WC-12Co. The sizes of
WC particles (prismatic shape) were from 44 to 77μm while Co particles
(irregular shape) were less than 37μm.
The selected parameters which gave the best properties are given in Table 1.
WC-12Co has been laser sintered with both 40 and 50 W while WC-9Co has
been sintered only with 80 W as shown in Table 1. The laser sintered parts
were again inﬁltrated with bronze.

2.4 Fretting Wear Test

Fretting is a wear phenomenon occurring when two contacting solids are subjected to a relatively oscillatory tangential motion of small displacement amplitude [10]. Fretting can be applied by (1) keeping the counterbody ﬁxed and
linearly vibrating the specimen, (2) keeping the specimen ﬁxed and linearly
4
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Materials

Laser Power (W)

Height (mm)

Layer Thickness (mm)

WC-12Co

80

0

0.1

40

0.2

0.3

80

0

0.1

50

0.2

0.3

80

0

0.1

80

1

0.2

WC-12Co

WC-9Co

Table 1
Experimental parameters for ﬁnal experiments

Fn
d

Applied force

Ft

Counterbody

counterbody
Test sample

test sample

Linear oscillation

Fig. 2. Schematic diagram of the fretting test (left diagram) and the fretting test
setting (right photograph)

vibrating the counterbody. In the present case, type 1 has been adopted. The
specimen is mounted on a translation table which can be oscillated by a stepping motor. The displacement of the specimen is measured by an inductive
displacement transducer and the friction force is measured with a piezoelectric
transducer. The friction coeﬃcient and total dissipated energy are calculated
from the on-line measured tangential force [11]. A schematic diagram of a
fretting test and part of a fretting apparatus is given in Figure 2.
Experimental parameters were selected in such a way that all tests could be
executed under elastic contact conditions. A chrome steel ball of 30 mm was
selected as counterbody. The parameters for the tests were as follows: Applied
load- 2, 4, 6 N, Sliding distance (amplitude)- 200 μm, Frequency- 10 Hz, No.
of cycles- 2000, 5000 and 10000, Temperature- 25◦ C and Humidity- 52%.
5
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3

Results and Discussions

3.1 Results obtained from Preliminary Experiments

The inﬁltrated samples were characterized for their hardness and strength.
Mainly, Brinell hardness was measured which was later converted into Rockwell B hardness for comparison with earlier measured samples. Bending strength
were determined for some selected samples. The test methods and instruments
were the same as described elsewhere [12]. Besides mechanical properties, their
compositions in weight percent were also determined using XRF. The values
are given in Table 2. The table does not show the amount of pores obtained for
each type. Nevertheless, from the value of corresponding hardness, it could be
assessed. It shows that WC-9Co/Bronze processed with low laser power has
lowest porosity while the same that processed with high laser power furnishes
highest porosity.
Powder mixture/

Final composition (in wt.%)

Hardness

inﬁltrant

excluding porosity

(HB)

WC-18Cu-12Co/Bronze

WC-56, Co-6

53

Cu-37, Sn-1
WC-9Co/Bronze

WC-66, Co-5

26

Cu-25, Sn-4
WC-9Co/Bronze

WC-31, Co-3

(Low laser power)

Cu-60, Sn-6

WC-50Co/Bronze

WC-22, Co-22

155

84

Cu-50, Sn- 6
Table 2
Material composition and hardness of inﬁltrated laser sintered samples (from pre
experiments)

In case of WC-9Co processed with higher laser power (50 W) while using a
thicker layer thickness of 0.5 mm, the high laser power not only caused melting
of the binder and closing of the pores (which prevented total inﬁltration) but
also bigger pores resulted which were too big to be ﬁlled by capillary action.
This resulted in low hardness. Figure 3 shows SEM micrographs of inﬁltrated
WC-9Co samples processed with low and high laser power respectively. In the
micrograph, grey prismatic zone shows WC, smaller grey areas are Co, dark
areas are inﬁltrated bronze and darkest black areas are pores. Micrographs
show that Co is scarce while WC is surrounded by bronze implying that in
6
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Bronze

WC

Co

WC

Co Pore

Bronze

Fig. 3. SEM micrographs of inﬁltrated WC-9Co samples processed with low and
high laser power respectively (from pre experiments)

an SLS sample, many WC were stacked in the sintered structure instead of
getting bonded by Co. Micrograph corresponding to that of high laser power
shows higher porosity directly resulting into a lower hardness.
WC-9Co processed with higher laser power gives the lowest hardness but it
contains a higher amount of WC than that processed with low laser power (25
W) as shown by its composition in Table 2.
The ﬁnal composition of an inﬁltrated WC-18Cu-12Co sample contains relatively a higher amount WC than that of WC-50Co. For WC-18Cu-12Co (70
% WC) the ﬁnal part contains 56 % WC (a reduction to 80 % of the initial
70 % WC). For WC-50Co (50 % WC) the ﬁnal part contains 22 % WC (a
reduction to 44 % of the initial 50 % WC). In the later case, supplied laser
energy is not suﬃcient to melt all binders resulting in a more porous product.
The hardness shown by WC-9Co processed at higher laser power is even less
than that by WC-18Cu-12Co demonstrating that higher laser power combined
with a small amount of binding element is not a good option for obtaining
better results.

3.1.1 Results from Wear Tests
In order to verify that elastic contact condition exists between counterbody
and sample during fretting test, tangential forces versus displacement graph
has been observed for their rectangularity after some cycles [13]. The graphs
for WC-9Co (low laser power type) and WC-50Co are shown in Figure 4 as
noted after 9000 cycles for the highest experimental applied load, i.e. 4 N.
The graph is almost rectangular in case of WC-9Co while fully rectangular for
7
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Infiltrated WC- 5O Co

Infiltrated WC- 9 Co, low laser power
1.E+00
8.E-01

3
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1
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-40

-20

0

-1.E+00
-200

-180

-160

-140

-120

-100

-80

-60

-40

-20

Displacement (μm)

Displacement (μm)

Fig. 4. Tangential force-Displacement curves for WC-9Co and WC-50Co after 9000
cycles for 4 N load (from pre experiments)

WC-50Co showing that only wear type condition occurs during fretting.
Wear volumes obtained after fretting tests are given in Table 3 alongwith results obtained from other commercial materials tested at the same conditions.
Wear volumes for WC-18Cu-12Co at both applied loads are exceedingly high
(see Table 3) and the material also shows lower hardness and strength (see
Table 2) implying that this product is not suitable as a wear-resistant material
or for any applications requiring strength. The high wear rate could be due to
the presence of pores in the sample.
WC-9Co (low laser power type) furnished the highest hardness and it is interesting to observe its wear behavior. At a low load of 2N, it demonstrates
comparable wear resistance to one commercial wear resistant material, LaserForm, and performs better than the other SLS material, DirectSteel. But at
a higher load of 4N, it gives enormous high wear as shown in Table 3. The
reason could be attributed to the lack of hard component (WC) in suﬃcient
amount in the inﬁltrated WC-9Co combined with pull-out of WC particles
during fretting. It brings to the attention that being hard and dense is not
suﬃcient to be wear resistant: it is not suﬃcient to produce a pore-free product with hard inclusions but also to manage to retain hard components in the
product for wear applications.
The Coeﬃcient of Friction (COF) obtained for WC-9Co (low laser power type)
alongwith other comparable materials have been given in Table 4. It shows
that the COF for all the materials are high and need to be improved for better
performance.

3.2 Results obtained from Final Experiments

The density of the samples were measured according to Archimedes’ principle
while Brinell hardness tests and bending tests were done to determine their
hardness and strength.
8
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Materials

Applied Load (N)

Wear Volume (103 μm)

WC-18Cu-12Co

2

4438

4

5963

2

12.7

4

1242

WC-50Co

4

4167

LaserForm

2

10.7

4

30

2

54

4

83

2

1.1

WC-9Co (low laser)

DirectSteel

WC-9Co/Cu(old [9])

Table 3
Wear volumes after fretting tests (from pre experiments)
Materials

Applied Load (N)

COF

WC-9Co (low laser)

2

0.73

4

0.65

2

0.7

4

0.7

2

0.85

4

0.7

LaserForm

DirectSteel

WC-9Co/Cu(old [9])
2
1
Table 4
Coeﬃcient of Friction (COF) after fretting tests (from pre experiments)

The density of the present samples alongwith that of samples made by an
earlier researcher [9] are given in Table 5. The table shows that in case of
WC-12Co, the one processed with high laser power gave higher density before
inﬁltration (green density) but lower density after inﬁltration, showing that
the supply of higher laser energy melted more binder material and closed the
pores which prevented the inﬁltration to take place smoothly resulting in a
lower ﬁnal density.
However, WC-9Co processed with highest laser power gave a higher green
density as well as a higher ﬁnal density, showing that in this case the amount
of binder material was not enough to hamper inﬁltration. The ﬁnal density
reached is 96%.
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The density of WC-9Co is the highest as shown in Table 5.
Materials

% Green Density

% Final Density

WC-12Co

44

92

WC-12Co (high laser power)

58

76

WC-9Co

63

96

WC-9Co (old [9])

43

95

Table 5
Density of laser sintered samples with and without inﬁltration (from ﬁnal experiments)

The hardness and bending strength measured for the inﬁltrated samples are
given in Table 6. The Brinell hardness measured for WC-12Co/Bronze and
WC-9Co/Bronze was 150 and 242 HB, respectively. These values are converted
to Rockwell B hardness 85 and 103 HRB, respectively for ease of comparison
with other values. The table shows that WC-9Co gives more hardness and
strength than WC-12Co and is comparable to the properties shown by tool
steel.
Materials

Hardness (HRB)

Strength (MPa)

WC-12Co/Bronze

85

596

WC-9Co/Bronze

103

714

WC-9Co/Cu (old [9])

81

418

Tool steel 1.2312
108
800
Table 6
Hardness and bending strength of samples (from ﬁnal experiments)

On comparing the hardness value for WC-9Co/Bronze using Table 2 and Table 6, it is clear that SLS parameters play a vital role in determining the
ﬁnal hardness of the samples. Table 2 shows that using a combination of laser
power and layer thickness of 50 W and 0.5 mm gave hardness of 25 HB while
25 W and 0.3 mm gave 155 HB. It is because in the ﬁrst case of 25 HB, the
particular combination of SLS parameters gave rise to melting and creation of
scaﬀold which prevented inﬁltration resulting into lower hardness. The dominant reason for lack of inﬁltration was loss of capillary eﬀect. In the second
case of 155 HB, it was the absence of such high amount of melting and scaffold as observed in the ﬁrst case which led to an increase in hardness of 155
HB. Table 6 shows an achievement of high hardness of 103 HRB (242 HB) for
the same composition using SLS parameters of 80 W (laser power) and 0.2
mm (layer thickness). It was because of the complete absence of scaﬀold leading to relative high green density, suitable for inﬁltration. The formation of
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closed pores due to melting prevented further inﬁltration and further increase
of hardness. Therefore, the ﬁnal density achieved was 96% in place of 100 %.

3.2.1 Results from Wear Tests
Surfaces were prepared by ﬁne polishing to 1 μm. Besides, other samples cut
by wire-EDM cutting were also used for wear testing. The eﬀect of surface
roughness resulting from EDM cutting on total wear volume was minimized
by using a higher number of cycles (10000) for fretting so that the wear rate
obtained will correspond to surface strength minus surface roughness eﬀect.
In some cases, small numbers of cycles (2000, 5000) were used to verify the
anomaly found in the initial part of the COF versus no. of cycles curves
obtained after 10000 cycles.
Coeﬃcient of Frictions (COFs) against No. of cycles were drawn for inﬁltrated
WC-12Co and WC-9Co samples at both surface conditions (EDM cut and
diamond polished) for various applied loads. COF found for some last cycles
for 10000 cycle tests are denoted as ’Final COF’ and are given in Table 7 for
various conditions.
Inﬁltrated materials

Surface

Applied load (N)

Final COF

WC-12Co

EDM

2

0.1

EDM

4

0.15

EDM

6

0.25

EDM

9

0.55

EDM

2

0.25

EDM

4

0.7

EDM

6

0.75

polished

2

0.7

polished

4

0.45

polished

2

0.65

WC-9Co

WC-12Co

WC-9Co

polished
4
0.4
Table 7
Final COF of inﬁltrated samples after wire-EDM cutting or diamond polishing (from
ﬁnal experiments)

The table shows that for EDM cut surfaces, at a low load of 2N, both materials
give very good COF (0.1 and 0.25 for WC-12Co and WC-9Co, respectively).
But at higher load their COFs increase showing that an increased load has
brought a change in the surface condition either of sample or counterbody, or
11
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WC- 12 Co, surface EDM cut, 6 N, 200 μm, 10 Hz, 10000 cycles

WC- 12 Co, surface EDM cut, 9 N, 200 μm, 10 Hz, 10000 cycles

1

1
0.9

0.8

0.8

Coefficient of Friction

Coefficient of Friction

0.9

0.7
0.6
0.5
0.4
0.3
0.2

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.1

0

0
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0

10000

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

No. of cycles

No. of cycles

Fig. 5. COF vs No. of Cycles obtained for EDM cut surface of inﬁltrated WC-12Co
samples at 6 and 9 N, respectively (from ﬁnal experiments)
WC- 9 Co, surface EDM cut, 4 N, 200 μm, 10 Hz, 10000 cycles
1

0.9

0.9

0.8

0.8

Coefficient of Friction

Coefficient of Friction

WC- 9 Co, surface EDM cut, 2 N, 200 μm, 10 Hz, 10000 cycles
1

0.7
0.6
0.5
0.4
0.3
0.2

0.7
0.6
0.5
0.4
0.3
0.2

0.1

0.1

0

0

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

0

1000

2000

3000

No. of cycles

4000

5000

6000

7000

8000

9000

10000

No. of cycles

Fig. 6. COF vs No. of Cycles obtained for EDM cut surface of inﬁltrated WC-9Co
samples at 2 and 4 N, respectively (from ﬁnal experiments)
WC- 9 Co, polished surface, 2 N, 200 μm, 10 Hz, 10000 cycles
1

0.9

0.9

Coefficient of Friction

Coefficient of Friction

WC- 12 Co, polished surface, 2 N, 200 μm, 10000 cycles
1

0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.1

0

0
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

No. of cycles

No. of cycles

Fig. 7. COF vs No. of Cycles obtained for polished surface of inﬁltrated WC-12Co
and WC-9Co samples at 2 N (from ﬁnal experiments)

both. At a load of 9 N, WC-12Co depicts a high increase in COF reaching
upto 0.55, while in case of WC-9Co an increase occurs already at 4 N. ’Final
COF’ could be observed by the COF versus No. of cycles graphs for WC-12Co
(at loads 6 and 9 N) and WC-9Co (at loads 2 and 4 N) shown in Figures 5
and 6, respectively.
For polished surfaces of both materials, this continuous increase in COF vs.
time leading to higher values are observed even at the minimum load of 2 N
(see Figure 7). This gives a ﬁnal COF for WC-12Co and WC-9Co of 0.7 and
0.65 at 2 N load as shown in Table 7.
In order to understand the increase in COF versus time for various samples
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Debris

Debris

Fig. 8. SEM micrographs of inﬁltrated WC-9Co samples after fretting tests at 2 and
4 N, respectively (from ﬁnal experiments)

at various loads, SEM micrographs of wear zones were taken (Figure 8). The
micrographs of the WC-9Co polished surface were taken after fretting tests
done at loads of 2 and 4 N. The ﬁgure shows at both loads of 2 and 4 N, that the
sample surface has not been worn out but the chrome steel counterbody has
been abraded (see Figure 9) giving rise to debris on the sample (see Figure 8).
Figure 9 shows scratch lines on the surface made by friction with the sample.
Continuously wearing out of the counterbody surface has resulted in an increase of friction and consequently an increase in COF. The increase of counterbody wear has been exacerbated by the presence of WC, a hard component.
At the EDM cut surface, melting of low melting point component (Co, bronze)
has taken place during EDM operation which has prevented the exposition of
the hard (WC) phase of the sample to friction with the environment, unlike
in case of polished surface. It results in a requirement of higher applied load
during wear test for exposing the hard phase to the counterbody in order to
increase the COF. Inﬁltrated WC-12Co has a higher amount of low melting
component than that of inﬁltrated WC-9Co resulting in even higher load of 9
N (for EDMed samples) to be able to observe such increase in COF as shown
in 2nd graph of Figure 5.
At a low load of 2 N, the amount of debris is small while at higher load of 4
N, debris has made a thin ﬁlm as clear from the 2nd micrograph of Figure 8.
EDX analysis of the thin ﬁlm has shown that it is mostly iron originated
from the chrome steel counterbody. This has given rise to a change in contact
condition in the later stage and friction has taken place not between chrome
steel and WC-Co-Bronze but between chrome steel and iron-smeared surface
of WC-9Co. The presence of a thin ﬁlm as shown in the second micrograph
of Figure 8 has decreased the ﬁnal COF of polished WC-9Co surface from
0.65 to 0.4 with an increase in load from 2 to 4 N (see Table 7). In case of
EDMed samples, the formation of thin ﬁlm does not occur even for a fretting
13
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Fig. 9. A SEM micrograph of chrome steel ball after fretting test (from ﬁnal experiments)

test condition of 9 N load resulting in not a such decrease in COF.

4

Conclusion

The good wear resistance shown by inﬁltrated WC-9Co is promising and can
be used for other wear applications such as cutting tools. Further improvement
in the property could be made by the use of smaller WC powders and still
higher laser power.
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