
_____________________________ 
 

1
 Contact author: mathew@tamu.edu 

 1 © 2020 by ASME 

Proceedings of the ASME 2020 15th International 
Manufacturing Science and Engineering Conference 

MSEC2020 
June 22-26, 2020, Cincinnati, OH, USA 

 
 
 

MSEC2020-8384 

CHARACTERIZATION OF HIGH-DENSITY WC-CO BULK STRUCTURES FABRICATED BY 
SELECTIVE LASER MELTING 

 

 

Avery Carroll, Rachel Carey, Michael Hurst, Michael Liu, Mathew Kuttolamadom
1
 

Texas A&M University 
College Station, TX 

 
 
 

ABSTRACT 
The objective of this research is to evaluate the feasibility 

of using a high energy laser-based additive manufacturing 

process to fabricate tungsten-carbide-cobalt (WC-Co) bulk 

structures that have properties comparable to those achieved by 

traditional fabrication methods. In particular, this work will 

investigate the properties and performance of these hard 

carbides densified by sintering alone, as compared to methods 

(such as hot isostatic pressing (HIP) and spark plasma 

sintering (SPS)) which impart simultaneous compaction and 

sintering. For this, a design of experiments was utilized to 

investigate the pertinent process parameter design space for the 

selective laser melting (SLM) process with a view to 

manufacture structurally-integral samples. Besides organizing 

qualitative observations, the effects of these process conditions 

were correlated with the resulting physical properties (viz., 

density, micro-scale composite hardness, and nano-scale 

hardness and Young’s modulus), as well as with microstructure 

and chemical compositions. Results showed certain samples 

with competitively-high densities, hardness and moduli, but 

with a large spread in properties, as is typical for such 

manufacturing processes; also, microstructural characteristics 

in line with desirable traits achievable via traditional methods 

was observed. Altogether, this work shows the promise of using 

SLM to fabricate bulk carbide structures. 
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NOMENCLATURE 

𝑑𝑓 laser focal spot diameter (μm) 

𝐸𝑣 volumetric energy density (
𝐽

𝑚𝑚3) 

ℎ𝑠 hatch spacing, (mm) 

HV Vickers hardness 

L layer thickness (mm) 

P laser power (W) 

v scan speed (
𝑚𝑚

𝑠
) 

𝜌𝑟𝑒𝑙  relative density (%) 

 

1. INTRODUCTION 
Tungsten carbide cobalt (WC-Co) is a cemented carbide 

with an excellent combination of mechanical properties, viz., 

high hardness and good toughness. Because of its high wear 

resistance, it is one of the most commonly used tooling 

materials in machining operations that span numerous industry 

sectors. Being a metal matrix composite, the tungsten carbide 

phase is the majority aggregate that imparts hardness, while the 

metallic cobalt binder is responsible for the good toughness of 

the composite. Accordingly, a higher percentage of WC 

typically increases the composite hardness, while the flexural 

strength (in bending) of such composites increases with Co 

content. 

 
1.1 Fabrication of WC-Co 

Being a cermet, WC-Co has a very high melting point, and 

hence it is impractical to fabricate bulk carbide structures via 

casting. Instead, various powder metallurgical techniques are 

typically used to combine carbide and binder (Co) particles by 

sequential or simultaneous compaction and sintering. Sintering 

is the bonding of particles into a coherent, predominantly solid 

structure by the application of heat to enable one or more 

mechanisms of atomic movement to the particle contact 

interface to occur [1], while compaction is the process of 

condensing powder by application of pressure. The compacting 

and sintering process developed by Schröter laid the foundation 

for production of cemented carbides [2], and its further 

development has enabled industrial carbide production with 

good control over its properties [3]. 

In its essential form, the desired ratio of WC and Co 

powders (typically, 1-20 wt.% of Co) is mixed mechanically, 

and the powder mixture subjected to compaction and sintering. 

If conducted sequentially, common compaction processes could 

involve either Magnetic Pulse Compaction (MPC), Equal 

Channel Angular Pressing (ECAP) or Rapid Omni Compaction 
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(ROC) followed by a sintering technique such as Microwave 

sintering, Vacuum sintering or High frequency induction heated 

sintering. Instead, if a simultaneous compaction and sintering 

procedure is followed, Spark Plasma Sintering (SPS), Pulse 

Plasma Sintering (PPS) or Hot Isostatic Pressing (HIP) can be 

employed. Among these, HIP is one of the most commonly 

used commercial methods, and each process has its own merits 

and demerits in terms of minimal grain growth, densification, 

etc. 

 

1.2 Additive Manufacturing of WC-Co 
An additive manufacturing approach to fabricate WC-Co 

composites would be advantageous from geometry and 

property control perspectives, as is for other materials. 

However, the ceramic component (WC) of the composite 

imparts a high melting point, thus making the single step 

processing of the composite quite difficult. Consequently, 

multi-step additive manufacturing methods, such as binder 

jetting [4] has seen better successes. When considering high-

energy laser based additive manufacturing processes such as 

selective laser melting (SLM) or laser engineered net shaping 

(LENS), the high melting point of the composite and the %Co 

content have been challenges. Another concern is the 

sintering/melting at atmospheric pressure conditions rather that 

at high pressures such as in HIP, SPS, etc. The absence of this 

compacting condition could result in lower densities (higher 

porosities). Never the less, a number of researchers have 

investigated the fabrication of WC-Co via such methods as 

detailed below. 

Kumar et al. 2017 [5] used a 17% Co ratio to fabricate 

WC-Co via SLS at powers ranging from 270-370 W. They 

observed lowest porosity at 370 W (highest power) but least 

cracking at 270 W (lowest power). With scan speeds ranging 

from 900-1100 mm/s and 40 µm layer thickness and hatch 

spacing, this resulted in energy densities ranging from 40-237 

J/mm
3
. With a preheated bed of 200 ºC, they observed the 

tradeoff between porosity vs. cracking based on powers. 

Further, lower scan speeds resulted in lowering cracking and 

increasing density. The study also reported a 5-7% evaporation 

in Co. 

Khymrov et al. [6] used a 25% Co ratio to explore the 

process parameter design space to fabricate WC-Co via SLM. 

Testing out lower power ranges of 30-50 W, but at slower scan 

speeds of 10-100 mm/s, successful prints were obtained at 50 

W and 100 mm/s. Lower powers yielded ‘rougher’ prints. The 

team extended their work in 2016 [7] to further test 50% and 

75% Co ratios (very high) at 50-100 W powers and 10-100 

mm/s scan speeds; the 50 W and 100 mm/s combination 

yielded the better structures. For the high Co content print 

(75%), no cracks were observed, however cracks were 

observed for the 50% Co print. Further in 2017 [8], the team 

tested Co ratios of 75%, 70%, 50% and 6% using the 

previously determined optimal scan speeds and laser powers of 

100 mm/s and 50 W respectively, and reported on the 

microstructure and mechanical properties of the resulting 

prints, as well as qualitative observations on cracking. 

Ulhmann et al. 2015 [9] fabricated 83-17% and 88-12% 

WC-Co composited via SLM with powers ranging between 40-

380 W and scanning speeds ranging between 10-300 mm/s. 

Best results were observed for 100-200 W powers and 25-100 

mm/s scan speeds. Further a high energy density of 1667 J/mm
3
 

resulted in high density but with cracking, while a lower energy 

density of 185 J/mm
3
 resulted in lower density structures but 

with little cracking. The team further extended their work in 

2018 [10] to explore the effects of vertical vs. horizontal builds. 

They found that the vertical build was better for heat 

distribution. Further, the high energy density (1500 J/mm
3
) 

yielded high density, while the low energy density (350 J/mm
3
) 

was better for obtaining higher transverse rupture strengths. 

Additionally, Domeashenkov et al. 2018 [11] used a 12% 

Co ratio at 40 W power and scan speed of 130 mm/s to 

fabricate WC-Co. This study observed that the unstable thermal 

cycling during SLM made it difficult (due to unstable grain 

growth) to achieve close to theoretical densification without 

cracking. Chen et al. 2019 [12] used 80-20 % WC-Co powder 

to test a range of laser powers and scan speeds to span energy 

densities ranging from 200-285 J/mm
3
. This study concluded 

that the grain shape and size predominantly affected the 

microstructure of the prints, and that smaller spherical grain 

resulted in better builds. Other relevant studies include: the 

fabrication of WC-Co molds via SLS and infiltrating the 

structure with bronze to achieve better mechanical properties as 

well as wear resistance [13]; using a 17% Co ratio to fabricate 

WC-Co samples via SLS and moderate post heat treatment 

yielding better mechanical properties [14]; powder surface 

modification of WC by coating with stainless steel binder and 

subjected to SLS [15]; SLM of WC powder with an iron-based 

binder to achieve ~95% density [16]. 

The majority of the efforts so far have been centered on 

exploring process parameters for effective SLM of cemented 

carbides; however, the absence of a compaction step, the 

thermal cycling of the process and the spread in the resulting 

properties have been major challenges. This work aims to build 

on the literature to further push the process parameter design 

space for obtaining bulk structures using SLM, and to analyze 

the effects on the properties and performance of the structures. 

 
2. MATERIALS AND METHODS 

In this investigation, SLM via a Renishaw AM 400 

machine was used to fabricate tungsten carbide cobalt 

specimens in the shape of inverted pyramids. The inverted 

pyramid configuration was used so that these specimens could 

be easily removed from the build plate, rather than by using the 

electric discharge machine (EDM); this would be an issue due 

to the low/non-conductivity of the cermet. One of the 

objectives of the research was to determine suitable process 

parameters to obtain dense WC-Co builds. There are many 

parameters that can be controlled during the SLM print 

including the laser power, laser scanning speed, hatch spacing, 

layer thickness, point distance, exposure time, etc. The 

relationship between the relevant SLM print parameters was 

determined by using the volumetric energy density (Ev) as: 
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𝐸𝑣 =
𝑃

𝑣∗ℎ𝑠∗𝐿
                                    (1) 

 

The laser scanning speed (v) was determined by dividing 

the point distance by the exposure time at each point. The 

relation between the scan speed and the exposure time and 

point distance is given by: 

 

𝑣 =
𝑥

𝑡
          (2) 

 

The WC-Co powder was obtained from a commercial 

supplier with a composition of 83 wt.% WC and 17 wt.% Co; 

note that this Co % is higher than what is typically used in 

tooling used for machining (<10%). A higher %Co was 

intentionally chosen to avail the metallic binder’s lower melting 

point (as compared to the WC ceramic phase) for potentially 

better fusion of the composite. The average particle size of the 

powder was 15-30 µm. The print was performed using a 

reduced build volume (RBV) setup within the SLM machine, 

and sixteen (16) WC-Co inverted pyramids (solid model in 

Figure 1) were printed on a stainless steel build plate. Some of 

the constant build parameters were 50 µm layer thickness, 40 

µm point distance and 35 µm hatch spacing. 

 

 
Figure 1: Dimensions of each specimen 

   

 Building on previous work from the literature, a design of 

experiments was formulated that varied the energy densities 

from 200-650 J/mm
3
, with powers ranging from 50-350 W and 

exposure times varying from 40-910 µs as shown in Table 1. 

The general procedure for this investigative study is as follows: 

 Commercially obtained WC-17%Co powder was used 

in the Renishaw AM400 SLM machine’s reduced 

build volume setup to print 16 inverted pyramids 

 The sample densities were found using Archimedes 

principle, Torbal density kit and an analytical balance 

 Samples were cut in the vertical/horizontal planes with 

a NTI Corporation high speed diamond cut-off saw 

 An automatic mounting press was used to mount the 

samples in Bakelite 

 Samples were polished manually with 400, 600 and 

1200 grit polishing paper and then using an automatic 

polisher at 9, 6 and 1 µm 

 Samples were analyzed using Wilson VH1102 Vickers 

hardness testing machine at HV 0.2 (kgf), scanning 

electron microscopy (SEM), energy-dispersive x-ray 

spectroscopy (EDS) and nano-indentation. 

 

Table 1: Design of experiments for the study 

 
 

3. RESULTS 
3.1 Observations from the Fabrication Process 

To prepare the SLM machine, it was cleaned, vacuumed, 

the filters changed and the RBV assembled. The hopper was 

filled with the WC-Co powder and it was gently packed down 

and leveled before starting the print. The print was monitored 

and qualitative observations for each specimen noted. 

 

 
Figure 2: Renishaw reduced build volume print in progress 

 

 
Figure 3: Close up view of the laser in action 
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The power flowability was very good, especially at the 

recommended grain sizes, and the wiper/coater was able to lay 

down smooth powder layers consistently. The prints completed 

without incident, and the build plate was extracted. The 

samples on the build plate (Figure 4) were carefully removed 

using pliers. Bluish discoloration and rough edges were 

observed in samples at the higher energy densities and/or high 

powers; the rest of them seemed to be of good quality with a 

grey smooth surfaces and sharp edges/corners. 

 

 
Figure 4: View of the completed specimens on build plate 

 

3.2 Density 
From among the different runs, the highest average density 

achieved was 13.99 g/cm
3
 at a power of 150 W and an energy 

density of 650 J/mm
3
, which corresponds to a 96.73% relative 

density (row 1 of Table 2). As can be seen from this table, the 

relative density achieved was higher that some of the maximum 

densities reported in literature. Also note that our composite 

had a higher %Co content compared to the others. Since the 

density decreases with an increase in %Co (and relative %WC 

decrease [17]), this implies a competitively-high value for 

achieved density especially via SLM. It is also worth 

mentioning that the density reported in [6] are for 

nanostructured composites fabricated via SLM (smaller grain 

size, which suggests a higher hardness, as per Hall Petch 

equation), and that in [18] are for commercially fabricated 

materials (via HIP or other similar single-step methods). 

 

Table 2: Densities at different %Co weight percentages 

 
*row 2 - [18]; **row 3 - [6] 

 

Error! Reference source not found. and Figure 6 show 

the effect of process parameters (exposure time, power, and 

volumetric energy density) on the relative and actual densities 

achieved. Density values generally increased with increasing 

exposure times (more input energy) at most laser powers. The 

50 W samples generally resulted in lower sample densities 

regardless of exposure time or volumetric energy densities. 

With the exception of the 50 W samples, relative/actual 

densities were higher at the higher volumetric energy density of 

650 J/mm
3
 than the lowest 200 J/mm

3
. This suggests that there 

is a certain required minimum energy density needed for 

achieving high densities. However, a too high of an energy 

input might mean heat-based damage (bluish tinge, and frayed 

or rough edges and surfaces). Also note the (expected) spread 

in properties due to a vast process-parameter design space 

being explored, in which certain conditions not optimal for 

making high-density samples. 

 

 
Figure 5: Effects of exposure time on relative density 

 

 
Figure 6: Effects of energy density on actual density 

 

3.3 Composite Hardness 
Due to the intender size, Vickers testing would end up 

probing both WC grains (harder) and the Co matrix (softer); 

hence the numbers reported would represent the composite 

hardness of the samples, rather than individual elements. 

 
Figure 7: Vickers micro hardness numbers vs. energy densities 

* 
** 
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This spread in the hardness based on the area being probed 

is evident in Figure 7. With a laser power of 350 W and energy 

density of 350 J/mm
3
, the highest average hardness of 1513 HV 

was achieved, while the peak individual hardness of 1690 HV 

was measured at 50 W and 400 J/mm
3
. Literature reports 1550 

HV for WC-6wt.%Co [19] fabricated via traditional methods 

such has HIP. Due to the higher Co content (17%) for this 

study, a lower composite hardness was expected, however the 

achieved comparable hardness of 1513 HV suggests the 

samples yielded competitively high hardness via SLM. 

 

3.4 Nano-indentation Testing 
Nano-indentation testing used a Berkovich tip having with 

5 µm indenter and 200 mN indentation force. As shown in 

Figure 8 and Figure 9, the range of elastic modulus and 

hardness values had a significant spread that increased with 

energy density. In the case of elastic modulus, the number 

ranged from 33-620 GPa (literature reports about 560 GPa for 

the elastic modulus of the composite [20]). Similarly, nano-

hardness also had a wide range, which suggests the individual 

probing of WC grains (harder) vs. the Co matrix (softer) vs. the 

WC-Co composite (intermediate hardness), all lying within the 

expected range of values for individual components such as 

WC and Co, as well as the composite (WC-Co) properties. 

 

 
Figure 8: Elastic modulus vs. energy density & power 

 

 
Figure 9: Hardness dependence on energy density & power 

3.5 Microstructure 
SEM was used to analyze the sample microstructures; a 

sampling is shown below. Figure 10(a) and (b) show the top as-

printed surfaces of the 250 W–500 J/mm
3
 sample. Note the text 

indicators in the figures, highlighting relevant observations. 

 

 
 

 
Figure 10: SEM images of as-printed top surface (unpolished) 

(a) 

(b) 

Hatch 

spacing 

Co depleted 

regions 

Spatter 

WC grains 
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A relatively rough surface was expected at the as-printed 

top layer of the samples, on which features matching the hatch 

spacing are visible along with minimal surface voids. Also, Co 

depleted regions (around the WC grains) are visible, possibly 

caused via Co evaporation due to the extra top skin layer. 

 

 
 

 
Figure 11: SEM images of 50 W–350 J/mm

3
 sample (vertical) 

Figure 11 and Figure 12 show the SEM images of the 

polished vertical cross sections of the 50 W–350 J/mm
3
 and the 

150 W–500 J/mm
3
 samples, respectively. In the macro view, 

both samples have low porosity, no cracks, and minimal large 

surface voids. Note the indicators within, for observations. 

 

 
 

 
Figure 12: SEM images of 150 W–500 J/mm

3
 sample (vertical) 
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In Figure 11, the 50 W–350 J/mm
3
 sample displayed a 

distinct boundary (slanted dashed line) between two sintered 

powder layers, each with a significantly different average grain 

sizes. The smaller WC grains had an average size of 1.9 µm 

with a std. dev. of 0.6 µm, while the larger WC grains had an 

average size of 7.9 µm with a std. dev. of 2.7 µm. Being the 

same composition throughout, this suggests a different thermal 

history for each of the two layers. Additionally, with the 

exception of a large (possibly) inter-granular void at the 

boundary, all of the smaller voids (having a mean diameter of 

1.4 µm with a std. dev. of 0.8 µm) seem to be within the WC 

grains (intra-granular), and none in the Co region. Is should 

also be noted that all these voids were within the larger WC 

grains vs. the smaller WC grains; a remnant from a hardness 

indentation is also visible. Note that this sample is one among 

those (at 50 W) that had the lowest relative densities. Figure 12 

depicts the 150 W–500 J/mm
3
 sample which recoded the 

second-highest density, and the highest nano-scale modulus and 

hardness. The grain size distribution did not show any drastic 

differences/trends within the region examined; the majority of 

the grain sizes lie within 5-20 µm. As before, a number of small 

intra-granular voids (on the WC grains) were visible. 

 

3.6 Chemical Distribution 

To investigate the chemical composition/distribution of the 

elements involved, EDS was conducted on these samples. 

 

 
 

 
Figure 13: (a) SEM (b) Co map of 250 W–50 J/mm

3
 sample  

Figure 13 shows the SEM image of a portion of the 250 

W–350 J/mm
3
 sample, as well as the elemental cobalt 

distribution map. As expected, the Co distribution is evident in 

the ‘grey’ binder region between the WC grains, and seems to 

be fairly evenly distributed within the region. The distribution 

of elemental W (not shown) was densely dispersed in the 

regions of the WC grains, while the elemental C distribution 

(not shown) was sparsely dispersed within the regions of the 

WC grains; in some cases, the C seemed to be ‘accumulated’ 

closer to the WC grain boundaries, but this was not a universal 

trend – hence, it is merely reported as an observation. 

Additionally, a number of quantitative point and area 

spectra were gathered for the specimens; the details of a 

representative sample is shown in Figure 14 and Table 3. Five 

specific points were probed on the WC-Co surface as detailed: 

1. Spectrum 1 probe was at what seemed to be an intra-

granular void (dark ‘pit’). This turned out to be a 

region that had the highest %C (72%) among the 

probed points. This is in line with prior investigations 

that showed C wanting to diffuse to and deposit at an 

open (top) or free (internal void) surface, especially at 

higher temperatures, often leaving behind a black/dark 

residue. It is interesting to find that these voids within 

the WC grains fabricated via SLM are in fact C sinks, 

 

 
Figure 14: EDS (point spectra) of a WC-Co sample surface  

 

Table 3: Wt. % of elements for the above point spectra 

 

(a) 

(b) 
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or conversely, the gathering together (via diffusion) of 

C to a spot within a WC grain could be birthing a void. 

2. Spectrum 2 (and 5) probes were at the center/middle 

of WC grains, and quite ‘far’ from the grain 

boundaries. Consequently, the Co was mostly absent 

(%Co was from 0-1%) which was expected. 

Comprising mostly of the WC grain itself, the %W 

and %C were about 82% and 16% respectively. O 

presence was insignificant. 

3. Spectrum 3 probe was at what seemed to be the ‘grey’ 

Co binder region, and as expected this point had the 

highest %Co (65%) among the points probed. The 

%W and %C were much smaller at about 21% and 

12% respectively, and it is expected that the presence 

of WC grains very close to the point being probed, as 

well as any interaction of these elements with the Co 

binder region is what is being reflected in the numbers. 

4. Spectrum 4 probe was on a small WC grain and very 

close to its grain boundary. In addition to significant 

elemental compositions of W and C as expected, there 

was a significant amount of Co (~30%) as well here. 

5. Spectrum 5 probe was very similar to spectrum 2. 

 

4. DISCUSSIONS 
The major trends and observations from the results include: 

 The lowest relative densities were observed for the 

samples fabricated at the lowest power (50 W); 

however, these had the least discoloration and 

competitively high hardness (both micro and nano). 

 The sample relative densities were generally higher 

when imparting similar process volumetric energy 

densities via shorter exposure times. 

 With the exception of the 50 W samples, densities 

increased with increasing volumetric energy densities. 

 Micro and nano-scale hardness and modulus were 

comparable to traditionally made cemented carbides. 

 The variation in micro-hardness, nano-hardness, and 

elastic modulus can be attributed to probing areas of 

different compositions (i.e., Co vs. WC locations), 

large vs. small grains, composite vs. individual 

elements, probing voids partially/fully, etc. 

 As-printed top layers showed high surface roughness 

and spatter spots, as well as cobalt-depleted regions 

around the WC grains. This was expected due to 

possible Co evaporation, especially due to the 

additional energy input via the top skin layer scan. 

 Internal regions (especially for low-density samples) 

displayed different grain size regions separated by the 

layer interface. Further, small intra-granular voids 

were observed within larger WC grains. EDS analyses 

suggests that these are C deposits/sinks, bring up the 

question of why C diffused to a certain point/region 

and in a certain manner, due to or creating a void. 

Based on these observations, it seems that higher energy 

densities (500-650 J/mm
3
) imparted via moderate powers (150 

W) were the most suitable to maximize relative densities, with 

the general trend pointing to higher actual densities with 

increasing volumetric energies imparted. The composite micro 

hardness (Vickers) did not follow this trend, suggesting that it 

was not just the porosity (that varies inversely with density) 

affecting hardness, but microstructural aspects such as grain 

size and morphology as well. The ‘homogeneity’ (in grain size) 

of the microstructure suffered at lower power/energy density 

combinations leading to high porosity/voids and hence low 

relative densities. In contrast, a more uniform microstructural 

aspect (grain size) was achieved at the moderate power/higher 

energy density combination listed earlier, which led to less 

voids and higher densities. 

 
5. CONCLUSIONS 

This work served to show the successful fabrication of 

WC-Co bulk structures via SLM, and helped to further explore 

the process parameter design space as well as correlate process 

parameter effects on resulting properties and performance. 

Competitively-high density and hardness were achieved for 

most samples, as compared to traditionally-made WC-Co 

composites. Altogether, this work holds promise for the 

effective additive manufacturing (via SLM) of cemented 

carbide bulk structures that find application and will benefit 

customization across numerous industry sectors. Future efforts 

will include a directed investigation into the drastically 

differing grain size between sintered powder layers, its causes, 

formation and effects. Further, the effects of exposure times and 

different manners of imparting the same amount of energy will 

be explored, along with the probing of grain growth in the 

transverse direction (XY plane). 
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