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Abstract

Laser powder bed fusion (L-PBF) offers significant potentialities for the design of innovative cutting tools. Industrial
applications are hitherto limited to steel alloys since laser molten carbides such as WC-Co exhibit defects like pores,
cracks, eta-phases, evaporation of binder and excessive WC-grain growth. Previous research indicates that thermal
cracking can be prevented by high-temperature pre-heating. However, WC-grain growth and residual n-phases remain
and need countermeasures. For conventional sintering, it is well known that the formation of phases depends on the
carbide-binder system and chromium-based additives are used as WC grain growth inhibitors. Therefore, a fundamental
study on nickel and cobalt-chromium as alternative binder systems in L-PBF of tungsten carbides is conducted. The re-
sults are compared to those of the WC-Co system. Samples from WC-CoCr and WC-Ni powders are generated at 800°C
pre-heating temperature. Analysis is undertaken with respect to mechanical properties and material defects. Further-
more, microstructure, binder evaporation, WC-grains and phase development are analyzed.
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1. Introduction and Theory

Industrial applications of Laser Powder Bed Fusion (L-PBF) in cutting tool manufacturing are still limited to
the processing of a few steel alloys. A sufficient quality for carbide materials, such as WC-Co, is not yet
achieved. An overview of the research on L-PBF of WC-Co, conducted from 2010 to 2015 by different institu-
tions, was published by Uhlmann et al. 2015. A conflict between the reduction of residual pores and the
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prevention of cobalt evaporation during the L-PBF process was pointed out. High laser energy inputs cause
an increased amount of liquid phase inside the melting pool, which leads to an improved wetting behavior
and a reduction of porosity. On the other hand, high energy inputs cause embrittlement due to a significant
evaporation of cobalt binder and, in combination with the high temperature gradients, the formation of
thermal cracks. Decarburization of the WC phase was also detected, which leads to further embrittlement
due to the formation of W,C- and n-carbides. The conflict mentioned by Uhlmann was also confirmed by
Schwanekamp and Reuber 2016 and cannot solely be solved by an optimization of the main L-PBF parame-
ters such as laser power P, scan speed v, hatch distance h and layer thickness As. A significant improvement
of the material quality was achieved by high temperature pre-heating above 800°C, published by
Schwanekamp and Reuber 2018. Thermal cracking can be fully prevented and porosity can substantially be
reduced within a wide L-PBF parameter range. However, the material is still characterized by a heterogene-
ous microstructure, Co-agglomerations and WC-grain growth as well as binder evaporation, residual pores
and m-phases, resulting in inferior mechanical properties compared to conventional WC-Co material (Figure
1).

conventional WC-Co microstructure laser molten WC-Co microstructure
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Fig. 1. Comparison of conventionally sintered and laser molten WC

-Co microstructure (SEM-BSE images)

From conventional sintering it is known that the formation of phases within carbide binder systems
strongly depends on the binder material used. A partial or total substitution of the traditional cobalt binder,
in particular by more economic or less toxic materials such as nickel and iron, has been subject of research
activities on sintering processes for many years. One of the first fundamental descriptions of phases in the
Co-W-C, Ni-W-C and Fe-W-C systems was already published by Takeda 1936. Guillermet 1989 presented a
thermodynamic description of the Co-Fe-Ni-W-C system to gain insight into the effects of substitution of Co
by Fe and Ni. An extensive review on W-C phase diagrams with different binders such as Co, Fe, Ni, Al and Cr
is given by Fernandes and Senos 2011. Furthermore, a lot of research is published on thermally sprayed
W(C-CoCr, e.g. by Suhonen et al. 2009 and Kazamer et al. 2016. However, there is no literature about L-PBF of
WC with alternative binder systems, yet. Therefore, a preliminary study on L-PBF of WC-Ni and WC-CoCr is
conducted and presented in this paper. Specimens made by L-PBF are analyzed with respect to the micro-
structure, the phase and elemental balance, WC-grain growth and the mechanical properties of the laser
molten material, depending on the L-PBF process parameters.

2. Materials and Methods
2.1. Generation and analysis of specimens

All experiments are conducted on a Renishaw AM 250 system under inert gas atmosphere (nitrogen 5.0)
at an elevated base plate temperature of 800°C. A standard meander scan pattern is applied using a 200 W
fiber laser with a focal diameter of d; = 75 um (Gaussian mode, TEM,). Simple cubic specimens are generat-
ed under variation of laser power from P, = 36 W to P,,,, = 200 W, scan velocity from v, = 36 mm/s to
Vmax = 200 mm/s and hatch distance from hp, = 36 um to h,,« = 200 um. The layer thickness is kept on a



LiM 2019

constant value of As =30 um. All specimens are built on WC-Co (90/10) substrate. To reduce the experi-
mental effort, a central composite design of experiments (DoE) consisting of 15 different parameter settings
is implemented for the generation of samples. Based on the measurements on the samples the correlation
between the input parameters P, v and h and the responses (e.g. porosity and hardness) can be approximat-
ed by second order regression models. The same approach was already applied for the studies on WC-Co
88/12 and 83/17, published by Schwanekamp and Reuber 2018. The impact of variations in laser power P,
scan velocity v and hatch distance h on properties and microstructure of the laser molten material is evalu-
ated applying methods described in the following. The occurrence of thermal cracking and pores inside the
material is detected by microscopic analysis of polished cross sections. The proportion of elements, phase
composition and material microstructure inside the specimens are analyzed by scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD). Due to the experimental ef-
fort, the XRD analyses are only conducted for a selection of specimens. The Vickers hardness of the samples
is measured according to ISO 3878 with a test load of 29,42 N (HV3). Besides the Vickers hardness, the trans-
verse rupture strength (T.R.S.) is of importance for potential cutting tool applications. For this purpose, sam-
ples are generated via L-PBF, ground to size and tested in a three-point bending test according to 1SO
3327:2009.

2.2. Powder material

For the present study, agglomerated and pre-sintered WC-Ni and WC-CoCr thermal spray powders are
used. Table 1 gives an overview of the nominal powder specifications as provided by the factory certification
report from DURUM VERSCHLEISS-SCHUTZ GMBH. SEM images of the powders are shown in Figure 2. The
particles are compact and the grain size distributions are appropriate for the L-PBF process. The WC-Ni grains
are larger and more spherical in comparison to the WC-CoCr grains. However, a sufficient flow capability for
the L-PBF process is achieved with both powders. XRD analysis of the WC-Ni powder only indicated WC and
Ni phases. For the WC-CoCr a small amount of W,C phase is detected in addition to the WC and CoCr phase.
Some of the results are also compared with the WC-Co system. The WC-Co specimens were generated in the
framework of a former publication, where detailed information about the WC-Co powders can be found
(Schwanekamp and Reuber 2018).

powder type (DURMAT) 103.007 115.021

powder type WC-Ni (88/12) WC-CoCr (86/10/4)

chemical composition Ni: 12 £1 wt-% Co: 10+ 1 wt-%

(manufacturer report) WC: res. Cr:4+£0.5wt-%

WC: res.

particle size -45 + 15 um -30 + 10 um @

WC-grain size 2.5um 1.3 um oA m_ | DS e
Table 1. Material data of the processed powder types provided by Fig. 2. SEM images of the thermal spray powders used for
DURUM VERSCHLEISS-SCHUTZ GMBH the current study

3. Experimental Results and Discussion
3.1. WC-Ni

The experimental results are based on the parameter variations from the central composite DoE. They are
shown in comparison to results gained in a previous study, when WC-Co (88/12) was analyzed under the
same experimental setup and parameter set (Schwanekamp and Reuber 2018). Figure 3 shows the polished
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cross-sections of specimens generated from WC-Co (88/12) and WC-Ni (88/12) powder with three different
laser power settings. The same trend of the porosity ¢ can be observed for both material systems. For very
low laser power, large irregular pores are formed by insufficient wetting of the liquid phase during the L-PBF
process. Minimum porosity is achieved for medium laser power. For very high laser power, a slight increase
in ¢ can be observed as a result of evaporation effects. Quantitative and qualitative analysis of the samples
shown in Figure 3 indicates that the porosity is lower for WC-Ni, in particular for low laser power. For con-
firmation, a second order response surface model is established based on the results of the design of exper-
iments within the entire parameter field. Figure 4 shows the resulting contour plots of the porosity depend-
ing on the laser power P, the scan velocity v and the hatch distance h. As a result, the lower porosity can be
confirmed for the WC-Ni material system compared to WC-Co in a wide range of parameter variations.
P= 3GWV 120mm/5 h= 120 um ) P 120W, v = 120 mm/s, h = 120um P=200W,v=120 mm/s,h =120 pm
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Fig. 3. Polished cross-sections of specimens generated from WC-Co 88/12 and WC-Ni 88/12 with three different values of laser power P
under constant scan velocity (120 mm/s) and constant hatch (120 um)
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Fig. 4. Contour plots of the established second order response surface models for porosity ¢; comparison of WC-Co and WC-Ni samples
under large variation of P, vand h.

The amount of residual binder in comparison to the initial powder material is measured by means of EDX
analysis. Similar trends and magnitudes in binder evaporation with variation of P, v and h are observed for
W(C-Co and WC-Ni in the main effects plots in Figure 5 a). Parameter settings which lead to an increase in the
specific energy input Ey cause a significant decrease in the residual binder content. For WC-Ni the effect of
binder evaporation is even more evident, which is consistent with research in conventional sintering and can
be explained by the higher vapor pressure of nickel in comparison to cobalt (Fernandes and Senos 2011). It
must be noted that the susceptibility to crack formation increases with decreasing residual binder content. If
the residual binder content is lower than 2.5 wt.-%, cracks could not be prevented for any of the specimens,
for WC-Co as well as for WC-Ni, as shown in Figure 5 b). Full absence of cracks was achieved for all tested
samples with a residual binder content above 3.5 wt.-% (WC-Co), respectively 6.5 wt.-% (WC-Ni). For residual
binder contents between those values, cracks occurred sporadically in some of the samples with decreasing
trend towards higher binder contents. These results indicate, that the WC-Ni system appears to be more
prone to the formation of cracks than the WC-Co system.
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Fig. 5. Main effects plots for the mean of residual binder content (a) and polished cross-sections of cracked specimens with low amount
of residual binder (b)

The amount of binder is significantly affecting the Vickers hardness of cemented carbides (Spriggs 2002).
With increasing binder ratio the content of hard particles and thereby the hardness is decreasing. Conse-
quently, a clear inverse correlation between binder evaporation and Vickers hardness is observed. Figure 6 a)
shows the impact of P, v and h on the mean of Vickers hardness of the generated samples in a main effects
plot. The trends are similar for WC-Co and WC-Ni and inverse to the amount of residual Co, respectively Ni,
shown in Figure 5 a). Increasing laser energy inputs Ey, caused by increased P or decreased v and h, lead to
higher binder evaporation by trend, consequently to an increased Vickers hardness. Additionally a decompo-
sition of the WC grain structure can be seen as shown in Figure 6 b) and Figure 6 c). These figures compare
the microstructure close to a Vickers indent for a high and a moderate specific energy input.
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Fig. 6. Main effects plots for the mean of Vickers hardness HV3 (a), Vickers indents for a sample with low residual Ni content and high
Vickers hardness (b) and with higher residual Ni content and lower Vickers hardness (c)

In Figure 6 b, a microstructure generated with E, = 926 J/mm3 shows that the typical WC grain structure is
no longer apparent. The extensive embrittlement causes a decrease in the fracture toughness and character-
istic cracks emanating from the edges of the Vickers indent. The same observation is well-known in the
measurement of fracture toughness for Co-binder systems (Spiegler et al. 1990). In samples generated with
moderate energy inputs (Ey = 277 J/mm?3), as shown in Figure 6 c), the WC grain structure is still present and
interspersed with binder, even though the WC grains are significantly grown and a certain amount of unde-
sired phases is observed between the grains. Still, the hardness of additively manufactured materials is re-
duced in comparison to the conventionally sintered material. This can be attributed to WC grain growth,
which reduces both, hardness and toughness (Spriggs 2002). Furthermore, volumetric defects such as pores
can cause a significant degradation of the material resistance against the Vickers indent (Morrell 1990). Gen-
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erally, the hardness is lower for WC-Ni than for WC-Co, which is in agreement to the expectations and the
same for conventionally sintered material.

Besides the Vickers hardness, the transverse rupture strength (T.R.S.) is another important quality fea-
ture, especially for cutting tool applications. The T.R.S. of composite carbides mainly depends on the binder
content and the carbide grain size. For laser molten carbides, the T.R.S. is also affected by characteristic
defects such as pores and cracks. In this study, at least three samples of each parameter setting are generat-
ed to consider process related variances. The maxima of T.R.S. and the trends which are found for the de-
pendency of the T.R.S. from the main process parameters P, v and h are shown in Figure 7 a). The trends are
basically similar to those shown for the WC-Co system by Schwanekamp and Reuber 2018. Maxima in T.R.S.
are found for combinations of high P-, v-, h-values, leading to a rather low Ey-value of 196 J/mm3as well as
for combinations of low P-, v-, h-values with a medium E, of 476 J/mm3.Those samples showed exceptionally
high T.R.S. values of 1680 MPa for the medium energy input, respectively 1520 MPa for low energy in the

building process.
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Fig. 7. Contour plots for the mean of T.R.S. (a), SEM (BSE) micrograph of two selected samples with high T.R.S. (b)

Visual microstructural analysis (SEM/BSE) of the two samples revealed large regions with small WC grains
embedded in the Ni matrix, Figure 7 b). Due to the low to medium energy input, binder evaporation stays
small and a high amount of residual Ni is detected. Both effects lead to an increase the T.R.S. However, in
comparison to conventional WC-Ni, the T.R.S. of these samples is still 35-50% lower. This can be expected
due to partial WC grain growth, residual porosity, binder evaporation and heterogeneity in the microstruc-
tures, generally observed in additively manufactured carbide systems and already described by Schubert et
al. 2017; Schwanekamp and Reuber 2016, 2018; Uhlmann et al. 2015. From those previous investigations on
WC-Co it is also known that the decomposition of carbides and the formation of W,C and n-phases drastical-
ly increases with the induced laser energy Ey. In this study, XRD analysis is applied for identification of phase
composition in the laser molten WC-Ni samples. Due to the experimental effort, XRD is only conducted for a
selection of samples with low to moderate energy input and T.R.S. values above 1000 MPa. The results show
that W,C and n-phases are detected in all these samples. Therefore, it can be assumed with high certainty,
that the samples generated with higher energy input also contain n-phases. Figure 8 shows the comparison
of an XRD pattern for the initial powder and for a sample generated with the same parameter setting already
shown in Figure 7 b) (right). Besides the original WC and Ni phases in the powder material, small amounts of
additional W,C and Ni,W,C n-carbides are detected by XRD and also visualized in an SEM/BSE micrograph by
the light grey phases between the WC grains (encircled in Figure 8). For slightly higher energy inputs
(Ey =278 J/mms), traces of graphite phase are also detected.
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Fig. 8. XRD patterns of the initial WC-Ni 88/12 powder (left) and a WC-Ni sample generated by L-PBF with low Ey (right)
3.2. WC-CoCr

The samples generated from WC-CoCr (86/10/4) powder are built with the same DoE parameter settings
being applied for the WC-Ni-System. Due to the small amount of WC-CoCr powder available in this study, a
generation of adequate samples for bending tests and a reliable evaluation of T.R.S. was not possible. An
analysis of the porosity within the DoE parameter range indicated similar trends already shown for WC-Co
and WC-Ni in Figure 4. However, the resulting contour plots of the porosity given in Figure 9 a) indicate, that
the porosity of the WC-CoCr material system is slightly higher compared to WC-Co in the considered range of
parameter variations. This can also be seen by direct comparison of polished cross sections between WC-Co
and WC-CoCr in Figure 9 b).
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Fig. 9. Contour plots of the established second order response surface models for porosity ¢ of WC-CoCr under wide variation of P, v
and h (a); comparison of WC-Co and WC-CoCr samples under variation of P (v =120 mm/s, h = 120 um) (b)

The evaporation of binder is analyzed and shown in the main effects plot in Figure 10 a). As seen for WC-
Co and WC-Ni, the evaporation and thereby the Vickers hardness (Figure 10 b)) increases for parameter
settings leading to increase in energy input. For WC-CoCr it can be noted, that all specimens with residual
binder contents above 3 wt.-% were completely free of cracks. In total, the residual binder content (Co+Cr) is
higher compared to the other materials shown in Figure 5, which can easily be explained by the higher initial
binder content of 14% in comparison to 12% for WC-Co and WC-Ni. Nevertheless, the measured Vickers
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hardness is slightly higher and less affected by P, v and h for WC-CoCr in a wide parameter field as shown in
Figure 10 b).
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Fig. 10. Comparison of WC-Co, WC-Ni and WC-CoCr in main effects plots; main effects plots for the mean of residual binder content (a);
main effects plots for the mean of Vickers hardness HV3 (b).

A potential explanation can be found looking into the microstructure of the WC-CoCr samples. Figure 11
shows an SEM-BSE micrograph and an EDX mapping of a sample, generated with medium laser power, scan
velocity and hatch distance. Chromium is detected inside the carbide grains to some extent. Furthermore,
even for this moderate energy input, a high amount of tungsten (W) is detected in the binder phase outside
the WC grains, which is an indicator for n-phase formation, leading to embrittlement and increase of hard-
ness. This visual analysis of n-phase formation is also confirmed by the XRD patterns shown in Figure 12,
indicating that CoCr binder phase and W,C cannot be detected any more in the laser molten material. In-
stead, a high amount of n-carbides (CosWsC) as well as traces of chromium carbide (Cr3Cg) are detected.
Slight variations in the main process parameters and further reduction of Ey did not significantly affect the
phase composition as shown by comparison of the two XRD patterns in Figure 12.

R RS st [ v e —

Fig. 11. BSE image and EDX mapping of a sample generated from WC-CoCr (P = 120 W, v =120 mm/s, h = 120 um)



LiM 2019

Coydizo
P = 120W P = 170 W
h = 120 um h = 170 um
v = 120 mm/s v = 170 mm/s
E, = 278 )/mm? Ey = 196J/mm3
o o
2 8 2 o
5004 S 8 1 f é
g g = g
1 =z
’ 8 8
. § 82 E v 8 os q
“ v u o 88 a9 - | G 88 b
b & v Y 59 ERES v .’ 55 o
2 a2 8g2 g ¥ 8 Fsl v E E‘ag"o’mg 5 ¥ 9Fog ¢85
@28 83 2 v m x> %8 e Savss 2 Yu g % g g
] GU.\SU‘ kA ‘lg 3“ J' g ’@ SUf‘gS‘ g | = SH ,l PO S
0+ b A A S "y b S NN G AN D . Lf\u | W |
T T 1 T T U T T T T T T
30 40 50 60 70 80 30 30 40 50 60 70 80 30
Position [°2Theta] (Copper (Cu)) Position [*2Theta] {Copper (Cu))

Fig. 12. XRD patterns of WC-CoCr samples generated by L-PBF with moderate Ey (left) and low Ey (right)

Chromium carbide is used as grain growth inhibitor for conventional sintering. Hence, an effect of Cr on
the grain growth for the L-PBF generated WC-CoCr system might also be expected, in particular, since the
EDX mapping indicated an inclusion of chromium into the carbide grains. The measurement equipment with-
in this study does not allow for a quantitative comparison between grain size distributions of the investigat-
ed material systems. However, Figure 13 shows a direct comparison of SEM (BSE) micrographs for different
WC material systems, processed by L-PBF under the same conditions and parameters. Visual evaluation indi-
cates a heterogeneous distribution of grain sizes for all samples. However, the largest grain sizes are ob-
served for WC-Co 83/17 powder whereas the smallest grains sizes with a good embedding of the grains in
the matrix are observed for the WC-Ni samples, which also exhibited the highest T.R.S. values. A significant
effect of chromium on the inhibition of grain growth is not detected. However, the visual identification of
grain boundaries is most difficult for the WC-CoCr samples, due to the low contrast between carbide grains
and matrix. This is caused by high saturation of tungsten inside the matrix and large regions which are not
fully crystallized (encircled area).
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Fig. 13. SEM (BSE) images of microstructures generated from different powder materials and L-PBF settings
4. Summary and Outlook

A preliminary study on L-PBF of WC-Ni and WC-CoCr is conducted and presented in this paper. Samples
are generated by L-PBF under variation of the main process parameters at 800°C pre-heating temperature
and analyzed with respect to porosity, microstructure, phase and elemental balance, WC-grain growth and
mechanical properties such as Vickers hardness and transverse rupture strength (T.R.S.). The findings of the
study are evaluated against the results on L-PBF of WC-Co. The fundamental trends and dependencies of
porosity, binder evaporation, embrittlement and hardness on laser power P, scan velocity v and hatch dis-
tance h are already published for WC-Co and are very similar for WC-Ni and WC-CoCr. However, the follow-
ing specific findings can be summarized from this study:

e In comparison to WC-Co 88/12, the overall porosity in the samples generated by L-PBF is lower for WC-Ni
and slightly higher for WC-CoCr within the investigated parameter field.

e The evaporation of binder significantly affects the formation of cracks. For WC-CoCr cracks were fully
prevented with residual binder contents higher than 3 wt.-%. For WC-Ni, higher residual binder contents
(> 6.5% wt.-%) are required for full prevention of cracks. In comparison, crack free samples from WC-Co
88/12 are achieved with residual binder contents higher than 3.5 wt.-%.

e m-carbides are detected by XRD in all investigated laser molten WC-Ni and WC-CoCr samples, even for
low laser energy inputs. In particular, for the WC-CoCr system is observed that almost the full binder ma-
trix is transformed into n-carbides.

e A significant impact of chromium on WC grain growth is not detected. The smallest grain sizes are ob-
served for the WC-Ni system. Even if residual pores are present, these samples indicated the highest
T.R.S. values published up to now for L-PBF of cemented carbides, indicating that the grain size is one of
the key impact factors.

Further work will therefore put an emphasis on detailed investigation of impact factors on the WC grain
sizes of WC-Co and WC-Ni systems during L-PBF.
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