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ABSTRACT
Functionally graded hardmetals offer a superior combination of fracture tough-
ness and wear resistance and alleviate the compromise that conventional hard-
metals must face between these two material properties. In tooling applications, 
they exhibit superior cutting performance compared to the conventionally 
employed hardmetals. Traditionally, graded tools are enabled by a surface treat-
ment with nitrogen or carbon. This enables a tungsten carbide–cobalt (WC–Co) 
tool with a surface layer containing less cobalt (Co) than the core of the part. With 
this Co gradation, the wear properties can be improved due to the harder surface. 
If different loads act at different points in a tool and the geometric complexity of 
a tool increases, the requirements for a targeted positioning of the Co gradients 
become higher. A simple surface treatment does not allow a flexible distribution 
of the desired gradients. Binder jetting provides a solution to produce location-
independent graded structures. In this work, the process was evaluated for the 
generation of Co gradients in WC–Co structures. Inks loaded with graphite parti-
cle contents of 2.5, 5, 7.5, and 10 m% were used to create differences in the carbon 
content in the green part. This induced a Co migration during the liquid phase 
sintering process. The sintering parameters were varied in time and temperature 
and studied regarding their effect on the microstructure and the porosity, the 
formation of the Co gradient, and the hardness. At low sintering times and tem-
peratures, all carbon differences led to a Co gradient in the sintering part with a 
deviation of up to 10 m%. With an increase in sintering time and temperature, the 
Co distribution began to even out, and a deviation was observed only in the parts 
created with the inks containing 7.5 and 10 m% of particles. Hardness values of 
up to 1300 HV10 were obtained, which is comparable to conventionally produced 
WC–Co parts. The excess of carbon resulted in porosity in the parts leading to 
a reduced density. However, with inks containing 10 m% particles, densities of 
94.26% were achieved at the longest sintering times and the highest temperature.
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Introduction

Tungsten carbide–cobalt (WC–Co) is a widely applied 
material for the manufacturing of tools for turning, 
milling, and drilling, for example, in the field of geo-
engineering [1]. This is due to its high hardness, the 
superior wear resistance, and the moderate fracture 
toughness [2]. However, these properties exhibit an 
opposing behavior in dependence of the cobalt (Co) 
content: A higher Co content increases the toughness 
but reduces the hardness and thus the wear resistance 
[3, 4]. Functionally graded WC–Co structures offer 
superior combinations of toughness and hardness, 
resulting in more durable tools and an improved per-
formance [4]. Accordingly, a Co gradient is targeted in 
a WC–Co part. The formation of functionally graded 
WC–Co materials is extensively investigated in previ-
ous studies [4–12]. The first to describe the redistribu-
tion of the Co in WC–Co was Lisovsky [9]. He intro-
duced the term liquid phase migration. Colin et al. 
[10] incorporated a graded Co structure in the green 
part but found out that the Co gradient homogenized 
after a sintering time of 30 min. Several authors have 
reported the same observation and stated that having 
an initial Co difference in a green part leads to a homo-
geneous cobalt distribution during the liquid phase 
sintering [2, 6, 11, 13, 14]. However, a pre-designed 
gradient of the carbon content provides the possibility 
to create the Co difference during the liquid phase sin-
tering process due to a Co migration [6] and impedes 
the Co homogenization.

Fang and Eso [2] showed that a carbon gradient 
in the green part induces a continuous Co gradient 
during the liquid phase sintering while the carbon 
content homogenizes. They found that the cobalt 
migrates from regions with a carbon content above 
the stoichiometric value toward regions with a car-
bon content below the stoichiometric value, while the 
initial Co content was the same throughout the part. 
The authors explained this effect by a phase reaction, 
which led to a change in the liquid Co volume fraction. 
The carbon diffused into a carbon deficient region and 
the resulting reaction during sintering increased the 
liquid Co volume fraction and initiated the Co migra-
tion. Konyashin et al. [7] also used a spatial carbon 
difference in the green part to fabricate functionally 
graded WC–Co. They explained the Co drift by capil-
lary forces resulting from different wettability rates of 
tungsten carbide (WC) by the liquid Co due to various 
carbon contents.

Co gradients can also be generated without a car-
bon difference in the green part. However, this always 
requires an additional process step, such as a carbur-
izing heat treatment of fully sintered WC–Co parts [4], 
a denitriding process [4], or the absorption of molten 
Co into a sintered WC–Co part [9]. Most of the stud-
ies on the Co migration focused on the production of 
surface-to-core gradients, which are generated mainly 
by surface technologies [4, 7, 15] or in a layer-by-layer 
mode [8]. This limits the allocation of the gradient to 
the surface of a part or to complete layers and adds a 
costly production step to the process chain. An indi-
vidual local positioning of the gradient and thus an 
independent adjustment of the mechanical properties 
in different regions of a part has not been possible so 
far but can be advantageous for the performance of 
tools. Considering a milling tool, the cutting surface 
requires high hardness to increase the wear resistance. 
Other regions of the tool, such as the shank, are sub-
ject to dynamic loads, requiring improved ductility 
to prevent fracture and to reduce the risk of failure. 
The binder jetting process provides the possibility to 
selectively add alloying elements into a green part by 
using particle-loaded inks. This allows for a locally 
changed material composition.

Binder jetting is a powder-based additive manufac-
turing process that uses an ink to selectively solidify 
the powder particles in one cross-sectional layer of 
a part. The green part is built layer by layer and the 
printing process is followed by debinding and sinter-
ing to densify the part. This technology enables the 
production of WC–Co parts with complex geometries, 
such as internal cooling channels or flow-optimized 
structures [16]. At the same time, the simultaneous 
production of several parts is possible [17]. The pro-
cessing of WC–Co powder during binder jetting was 
already successfully demonstrated by various authors 
[18–20]. The addition of particles to the ink during 
binder jetting allows the voxel-based integration of 
alloying elements to create tailored material proper-
ties [21, 22]. In the case of WC–Co, this means that 
by using graphite particles in an ink, carbon differ-
ences can be introduced into the green part during 
the manufacturing process. In a previous study, the 
authors of this work qualified such an ink for the use 
in the binder jetting process [23].

The aims of this work were to show that the 
approaches to the Co gradient formation from the lit-
erature are transferable to binder jetting and that par-
ticle-loaded inks can be used to selectively modify the 
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material properties in WC–Co structures. These inks 
were loaded with various amounts of graphite parti-
cles to create a carbon difference in the green part. Sin-
tering parameters were varied to investigate the effect 
of the sintering temperature and time on the carbon 
diffusion, the microstructure formation, the porosity, 
the hardness, and the cobalt migration.

Materials and methods

Preparation and characterization 
of the particle‑loaded ink

For the printing of the green parts, the procedure for 
the preparation of particle-loaded inks, as laid out in 
Lehmann et al. [23], was used. The inks were specifi-
cally designed for the binder jetting process, and the 
stability and the printability of these aqueous parti-
cle-loaded inks have already been demonstrated. The 
prepared inks were water-based and showed a New-
tonian fluid behavior. Particle contents of 1, 2.5, 5, 7.5, 
and 10 m% were added. Polyvinylpyrrolidone (PVP) 
(Luvitec 17, BASF, Germany) was added as a disper-
sant [24] for the nanoparticles in the ink and simulta-
neously as a binder [25] for the binder jetting process. 
PVP was dissolved in a water–isopropanol–ethyl-
ene glycol mixture for 30 min using a magnetic stir-
rer to prepare the base ink. For the particle-loaded 
inks, graphite nanoparticles (Graphite Nanopowder, 
Nanografi, Turkey) with a mean diameter of less than 
50 nm were added, and the water–ethylene glycol 
ratio was adapted to adjust the viscosity of the inks 
to meet the requirements of the print head and to 
ensure a comparability of the behavior of the inks dur-
ing printing. Sodium hydroxide (NaOH) was used to 
change the pH value of the inks to maintain a higher 
dispersion stability [24]. The compositions of the dif-
ferent inks are shown in Table 1. The mixtures were 
stirred for another 30 min. For the homogenization, 

the particle-loaded inks were sonicated for 160 s with 
a 1-min cooling break after every 20 s. The rheological 
properties were determined using a rotational rheom-
eter (Kinexus lab +, Netzsch, Germany) with a 40-mm 
plate–plate geometry and a sample gap of 0.1 mm. 
The viscosity was measured at a shear rate of 80 s−1 for 
3 min, capturing 36 single-point measurements. The 
samples were always kept at a temperature of 25 ◦

C.
The surface tension was studied by the stalagmo-

metric method developed by Traube [26]. Deionized 
water was used for the calibration. For each of the four 
performed measurements, 20 drops were weighed. 
The viscosity and surface tension values are also 
shown in Table 1. In the further part of the manuscript, 
the inks are referred to by their carbon content, and 
the base ink was used as a reference without addi-
tional carbon.

Fabrication of the green parts

For the additive manufacturing of the green parts, 
spherical WC-12Co powder (AM WC701, Global 
Tungsten & Powders, USA) with a stoichiometric car-
bon content of 5.4 m% was chosen. The morphology 
of the spherical powder is depicted in the scanning 
electrode microscope (SEM; JSM-IT200 INTouchScope, 
JEOL, Japan) images in Fig. 1a. The images were taken 
with a secondary electron detector, a voltage of 20 kV, 
and a working distance of 11.4 mm. In the close-up 
(see Fig. 1b), it is noticeable that the sizes of the initial 
WC grains differ significantly.

The bulk density was determined using a fluorom-
eter (ADP, Karg Industrietechnik, Germany). The 
particle size distribution was measured with a laser 
diffraction analyzer (Mastersizer 3000E, Malvern, UK). 
The flow behavior and the powder layer quality has 
already been investigated by Schafnitzel et al. [27] and 
can be found in the assigned publication. The speci-
fications and properties of the powder important for 
this work are summarized in Table 2.

Table 1  Composition, 
viscosity � , and surface 
tension � of the different inks; 
EG: ethylene glycol

Ink Carbon PVP Water EG Isopropanol NaOH � �

in m% in m% in m% in m% in m% in m% in mPas in mN/m

Base ink – 13.04 45.87 32.39 8.7 – 7.51 41.11
I2.5 2.5 13.04 45.62 28.34 10.0 0.5 7.05 32.13
I5 5 13.04 48.22 23.29 10.0 0.5 7.13 32.11
I7.5 7.5 13.04 49.75 19.21 10.0 0.5 7.39 32.11
I10 10 13.04 49.75 16.71 10.0 0.5 7.65 32.32
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Cuboid green parts with a dimension of 
15 × 12.5× 10 mm

3 were fabricated with a 3D printer 
(Voxeljet VTS128, Voxeljet, Germany). A piezoelec-
tric print head (Spectra SL-128 AA, Fujifilm Dimatix, 
Japan) with 128 individual nozzles, a nozzle diam-
eter of 50 μm , and a nozzle spacing of 508 μm was 

integrated in the machine. The preparation and 
the slicing of the digital files were done with the 
machine software (Rapix3D, Forwiss, Germany). The 
powder bed was pre-heated to a temperature of 40 ◦ C 
by an infrared lamp before a new powder layer was 
deposited. The printing parameters were chosen to 
achieve geometrical accuracy while still maintaining 
sufficient strength for handling the green part. The 
parameters are listed in Table 3. After the printing 
process, the green parts were dried in a drying fur-
nace (VT 6060 M, Thermo Fisher Scientific, USA) at 
a temperature of 120 ◦

C for 24 h.
Figure 2 shows the concept that was applied to cre-

ate a carbon difference in the green parts by binder 
jetting.

The powder with the constant initial carbon con-
tent was solidified by two different inks: the base ink 
and a particle-loaded ink. The layers of the first half of 
the part were manufactured with the particle-loaded 
ink to introduce the excess carbon (referred to as C + 
region), and the subsequent layers were produced 
with the base ink (referred to as C 

0
 region). Due to the 

carbon difference, a Co gradient formation is expected 
during the sintering process. The Co migrates from the 
C + region to the C 

0
 region. Depending on the particle 

Figure 1  Scanning electron 
micrographs showing a the 
morphology of the WC–Co 
powder and b the different 
sizes of the WC grains.

Table 2  Composition and properties of the WC-12Co powder 
used

Carbon Co [18] Bulk density Theoretical 
density [19]

D10/D50/D90

in m% in m% in g/cm3 in g/cm3 in μm

5.4 12.0 6.25 14.29 7.5/25.4/36.8

Table 3  Parameters used 
during the binder jetting 
process

Printing parameter Value

Printing speed 20 mm/s
Frequency 1000 Hz
Pulse duration 8 μs
Voltage 80 V
Layer thickness 150 μm
Ink saturation 80%

Figure 2  Concept for the creation of a carbon difference in the 
green part that leads to a cobalt migration during the sintering 
process; additional carbon was included by fabricating the C.+ 

region with a particle-loaded ink. The C 0 region was manufac-
tured with the base ink without additional carbon
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content of the ink, the green parts were divided into 
different version and 15 parts were printed for each 
version. The individual terms are listed in Table 4.

Debinding and sintering

The debinding and sintering process was performed 
in a graphite crucible in a hot-isostatic sinter furnace. 
The chosen parameters were based on a literature 
research. For the debinding temperature, the exam-
ple of Bui et al. [28] was followed. They investigated 
the burnout time of PVP by a thermogravimetric 
analysis and observed a complete burnout at 600◦C . 
Therefore, we assumed that no additional carbon is 
introduced into the green part by the binder. For the 
debinding, the green parts were heated up to 430◦C 
with a heating rate of 1 K/min. The temperature was 
held for 1 h and a subsequent heating to 600◦C fol-
lowed with the same heating rate. To prevent the loss 
of carbon, the samples were exposed to hydrogen gas 
during debinding. The sintering temperatures were 
based on Mariani et al. [19]. They sintered at 1400◦C 
and achieved dense WC–Co parts. The sintering times 
were initially set low to prevent a homogenization of 
the cobalt and then increased to ensure a higher den-
sity. Accordingly, three different conditions were cho-
sen to investigate the effect of the sintering times and 
the temperature on the carbon diffusion and the Co 
migration. The sintering temperatures and the holding 
time at the maximum temperature for each condition 
are shown in Table 4. Five parts were sintered for each 
condition. All samples were sintered with a heating 
rate of 5 K/min in a vacuum atmosphere followed by 
a hot-isostatic pressure process (100 bar) in an argon 
atmosphere at the maximum sintering temperature. 
This was followed by a cooling at a rate of 5 K/min.

Characterization

The images of the WC–Co powder were taken by the 
SEM. The dimensions of the green parts were meas-
ured with a caliper to calculate the geometric density. 
The Archimedes principle was used to determine the 
density of the sintered parts for the conditions 1400/60 
and 1450/30. For 1400/25, the density was estimated 
by optical measurements with a threshold analysis 
(Qness 60 A+ EVO, QATM, Germany), since the Archi-
medes method was prone to measurement errors at 
the higher porosity. To further characterize the mate-
rial properties, the sintered parts were cut along the 
z-direction, ground, and polished with a 3 μm dia-
mond suspension. The phases and their distribution 
were analyzed by a light microscope (MM40, Nikon, 
Japan) and a digital microscope (VHX-7000, Keyence, 
Japan). The distribution of the Co and the Vickers 
hardness were measured according to Fig. 3.

The measurements were conducted along the 
z-direction from the C + to the C 

0
 region and for three 

rows per part. The measurements at the same height 
were averaged and the mean values with the standard 
deviations were determined for all versions. The Co 
content was determined by energy dispersive X-ray 
spectroscopy (EDS) analogous to other studies [5, 
6]. An acceleration voltage of 20 kV was applied. A 
magnification of 1200 was used to measure an area 
of 70 × 95 μm2 , and the distance between the areas 
was 0.35 mm. The hardness of the sintered parts was 

Table 4  Classification of the different versions of the green and 
sintered parts according to the inks used in the C 

+
 region, and the 

three different sintering conditions applied

Version Ink Carbon con-
tent in the ink

Sintering condition

– – in m% Temp. in ◦C / time in min

V0 Base ink 0 1400/25
1400/60
1450/30

V2.5 I2.5 2.5
V5 I5 5
V7.5 I7.5 7.5
V10 I10 10

Figure  3  Schematic illustration of the measuring method to 
determine the average Co content and the Vickers hardness in 
three rows over the height of the part; the measurement positions 
were normalized to one to compensate for the shrinkage and to 
obtain comparable results.
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quantified according to the DIN ISO 3878 using the 
Vickers scale with a load of 1 kg (HV1) and 10 kg 
(HV10) (Qness 60 A+ EVO, QATM, Germany) with a 
distance of 0.5 mm between each indentation. Due to 
the high porosity of some areas of the part, certain 
measurements points were excluded, since an error-
free measurement was not possible for this points.

Results

Density and microstructure

The mean values of the green density (as-built) and the 
density of all versions before and after the sintering 
at the three different conditions are depicted in Fig. 4 
with the respective standard deviations. In addition, 
the bulk density of the powder and the theoretical 
density of WC-12Co are presented as horizontal lines.

The green density lies slightly above the bulk 
density of the powder for all green parts. After the 
sintering process, the density for all three condi-
tions increases. For 1400/25, the reference sample V0 
shows a density of 12.97 g/cm3 . The addition of carbon 
reduced the density significantly. V2.5 and V5 exhibit 
a similar density by about 1 g/cm3 lower than the ref-
erence sample. With a further increase in the carbon 
content, the density decreases to about 10.70 g/cm3 for 
V7.5 and V10. The reference samples for the conditions 
1400/60 and 1450/30 are almost fully dense. 1400/60 

has a density of 14.16 g/cm3 and 1450/30 shows a 
density of 14.25 g/cm3 , respectively, with a standard 
deviation below 0.06 g/cm3 . For 1400/60, the density 
decreases for V2.5 to 13.78 g/cm3 , for V5 it increases 
slightly to 14.03 g/cm3 , and then decreases for V7.5 to 
13.60 g/cm

3 and for V10 to 13.25 g/cm3 . The same trend 
can be observed for 1450/30. The densities of the vari-
ous versions were marginally higher than for 1400/60. 
For completeness, the values of the optical density 
measurements for 1400/60 and 1450/30 are given in 
Appendix in Table 5.

The occurring porosity that lowers the density is not 
evenly distributed in the parts, which becomes evident 
when considering the digital micrographs depicted in 
Fig. 5.

For the green parts, the gray value difference is 
clearly visible among the five different versions (see 
Fig. 5a). The higher the carbon load in the ink was, 
the stronger the gray value difference between the C 

0
 

and the C + region. An increase cannot be observed 
from V7.5 to V10. This could be due to either a satura-
tion of the gray value or an increased occurrence of 
clogged nozzles of the print head during the printing 
process as a consequence of the highly loaded ink. The 
brighter layers in V5 could also be a result of the clog-
ging of the nozzles.

For the three sintering conditions, the porosity 
distribution over the parts can be recognized. An 
accumulation of the pores can be observed along the 
layer boundaries for 1400/25. For V0, the pores are 

Figure  4  Green density in the as-built state and sinter density 
for all versions for the three sintering conditions; the bulk density 
of the powder and the theoretical density of WC–Co are indicated 
as horizontal lines.

Table 5  Comparison of the density measurements using the 
optical method and the Archimedes method

Version Density in g/cm3

Archimedes Optical method

1400/60
 V0 14.16 ± 0.05 14.27 –
 V2.5 13.78 ± 0.05 13.86 ± 0.22
 V5 14.03 ± 0.02 14.26 –
 V7.5 13.60 ± 0.03 12.55 ± 0.91
 V10 13.25 ± 0.04 13.46 ± 0.52

1450/30
 V0 14.25 ± 0.03 14.27 –
 V2.5 13.85 ± 0.01 13.66 ± 0.28
 V5 14.12 ±0.02 14.19 ± 0.07
 V7.5 13.80 ± 0.06 13.76 ± 0.23
 V10 13.47 ± 0.02 13.81 ± 0.27
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distributed evenly over the part except for the top of 
the part. There was no additional carbon in the green 
part, but a slight carburization may have occurred 
in the edge area due to the graphite crucible used. 
The versions with additional carbon exhibit a higher 
porosity in the C + region. The C 

0
 region of the V2.5 

part shows a similar pore distribution as it is the case 
for the V0 part. For the three other versions, also in the 
C 

0
 region, a higher proportion of porosity is present. 

For V7.5 and V10, a gradation of the pore distribution 
can be detected, while the pores are distributed homo-
geneously in the V5 sample.

The reference samples of 1400/60 and 1450/30 show 
only a little porosity. Some pores are distributed at the 
edges of the part of the V0 for 1400/60 but the core is 
fully dense. For the different versions, the pores are 
particularly present in the C + region. The pores in the 
V2.5 part for 1400/60 appear in both regions but the 
spacing between the porous lines is increased com-
pared to the V2.5 parts of the other conditions.

Apart from the differences in the porosity, the ref-
erence samples of the three sintering conditions show 
more deviations in their microstructure (see Fig. 6). 
The WC grains are distributed in the Co matrix. Fine 
WC grains and coarse WC grain clusters are present 
under all three sintering conditions. The size of the 

fine WC grains differs depending on the sintering con-
ditions. 1400/25 shows the finest WC grains. The size 
increases for 1400/60 and then grows again for 1450/30. 
Large pores are visible at 1400/25. At the boundaries of 
the pores, the cobalt phase accumulates.

Co distribution

Figure 7 shows the distribution of the Co content for 
all versions and conditions over the height of the parts.

The cobalt content in the reference samples 
remains constant for all three sintering conditions, 
but the mean value differs between the three con-
ditions (see Fig. 7a). For 1400/25, the mean cobalt 
content was 11.04 m% with a standard deviation of 
0.28 m%, for 1400/60, the mean cobalt content lies 
slightly lower at 10.84 m% with a standard deviation 
of 0.19 m%, and for 1450/30, a mean cobalt content of 
11.66 m% with a standard deviation of 0.19 m% was 
measured. Figure 7b–d displays the cobalt distribu-
tion for the parts printed with four versions of the 
particle-loaded ink at the three different sintering 
conditions measured in the z-direction. As an orien-
tation, the mean cobalt content of the reference sam-
ple is shown as a horizontal line for each sintering 

Figure 5  Porosity distribution in the cross section of the a green parts and the sintered parts for all versions and for the three different 
conditions: b 1400/25, c 1400/60, and d 1450/30; the images were taken by digital microscopy.
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condition. At 1400/25, a significant gradation of the 
cobalt content can be observed for each version.

The Co content in the C + region lies under 8 m% 
for V7.5 and V10. For V5, the minimum Co content is 
at 8.7 m% and for V2.5 it decreases to 6 m%. Over the 
height of the part, the Co content increases and lies 
in the C 

0
 region above 14 m%, except for V5. The dif-

ferences in the number of measurement points were 
due to various heights of the parts. During sintering, 
the parts shrank at different rates, which is also evi-
dent from the variation in porosity.

It is apparent that with increasing sintering time 
or higher sintering temperature, the gradients 
are less pronounced or are even homogenized. At 
1400/60, no gradient can be observed for V2.5. The 
measured Co content hardly deviates from the mean 
value. For V5, the Co content lies slightly below the 
mean Co content of the reference sample in the C + 
region and marginally above in the C 

0
 region. The 

difference in the mean values in both regions is about 
1 m%. For V7.5, an increase of around 9.5 m% to 
around 12.5 m% can be observed and for V10 the 
Co content rises from slightly below 9 m% in the C + 
region to around 11.5 m% in the C 

0
 region.

For 1450/30, the Co content is also homogenized 
for V5 and is also less pronounced for V7.5 compared 
to 1400/60. The Co content lies constantly below the 
mean value of the reference sample in the C + region 
and from the middle of the part it approximates the 
mean value and then slightly rises to values above it. 
V10 shows a similar behavior. The sudden rise from 
9.6 m% to the mean value from measuring position 
0.7 to 1.0 in the C + region is stronger than for V7.5.

Hardness

Figure 8a shows the Vickers hardness for the refer-
ence samples and Fig. 8b and c the hardness distribu-
tion for the four versions at 1400/60 and 14,050/30, 
respectively. Hardness measurements at 1400/25 
were not possible, as the porosity was too high and 
valid indentations could not be obtained. In the 
regions of high porosity at V7.5 and V10, no valid 
measurements could be performed according to the 
standard DIN ISO 3878 due to accumulated poros-
ity. The measured values were excluded because 
the comparability with the other measured values 
was not possible and the result would otherwise be 
falsified.

For the reference samples, the hardness remained 
constant for all three parameter sets. For 1400/25, the 
mean hardness was 1255 HV1 with a standard devia-
tion of 100 HV1, for 1400/60 1294 HV10 with a stand-
ard deviation of 10 HV10, and for 1450/30 1279 HV10 
with a standard deviation of 6 HV10. Due to the 
porosity of the part, a reduced load of 1 kg (HV1) was 
chosen for the hardness measurements of the 1400/25 
samples. The mean values of the reference samples 
are also plotted in Fig. 8b and c as a horizontal line. 
For both sintering conditions, no pronounced hard-
ness gradients can be observed for V2.5. For V5, slight 
deviations in the hardness can be noted in compari-
son with the reference measurements. For 1400/60, the 
hardness is close to the reference value, decreases from 
the measurement position at 0.4 to 0.53, followed by a 
light increase at the measurement position at 0.6 and a 
further decrease at the top of the sample. For 1450/30, 
the standard deviations of the single measurements 

Figure 6  Light optical micrographs of the microstructure of the reference samples for each sintering condition.
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Figure 7  Distribution of the 
Co content in the reference 
samples and in the five ver-
sions at the three sintering 
conditions measured in the 
z-direction; the mean cobalt 
value of the respective refer-
ence sample is displayed as a 
dash-dotted line.
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are higher than for the reference samples, but no gra-
dient can be estimated. For V7.5 and V10 at 1400/60, 
the measured values from position 0.7 are lower than 
the reference line at around 1200 HV.

Discussion

The results from the conducted experiments demon-
strate that the introduced carbon has an influence on 
the microstructure, the Co distribution, and the hard-
ness of the sintered WC–Co parts.

Figure 8  Distribution of 
the hardness in the refer-
ence samples and in the 
five versions at the sinter-
ing conditions 1400/60 and 
1450/30 measured in the 
z-direction; the mean value 
of the respective reference 
sample is displayed as a dash-
dotted line.
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Density and microstructure

Porosity

In general, the pore distribution along the layer 
boundaries described in Sect. 3.1 corresponds to the 
typical porosity for parts fabricated by binder jet-
ting [19]. The addition of carbon changes the poros-
ity. With an increase in the carbon content in the C + 
region, the porosity of the parts rises. Due to the 
same green part density for all versions, an influ-
ence by the green density on the sinter density can be 
excluded. Konyashin et al. [7] reported that the car-
bon content affects the wettability of the WC phase 
by the liquid Co binder phase. With an increasing 
carbon content, the wettability by the liquid phase 
decreases. This leads to a higher capillary force in the 
C 

0
 region and the liquid Co is drawn to this region 

[29]. The reduced wettability impedes the sinter-
ing process [30], resulting in a higher porosity. The 
developed porosity gradient at 1400/25 shows the 
carbon diffusion. The influence of the carbon content 
and its diffusion is more pronounced than for the 
other sintering conditions. At 1400/60 and 1450/30, 
another effect becomes apparent. The carbon con-
tent in the liquid Co phase lowers the solidification 
temperature [31] and thus changes the progress of 
liquid phase sintering [32]. This aspect results in an 
enhanced sintering activity, potentially elucidating 
the reduced porosity observed at the edges within 
the C + region. However, at the interface where the 
most pronounced difference of the cobalt content 
arises, the dominant influence of wettability becomes 
evident. Therefore, it can be concluded that two 
effects coincide, which fundamentally influence the 
porosity. On the basis of the distribution of the pores, 
it can thus be shown that the difference in the carbon 
content leads to a diffusion of the carbon from the 
C + region to the C 

0
 region. The observed differences 

in the pore distribution throughout the part at the 
various sintering conditions can be ascribed to the 
effects described previously. The holistic increased 
density at 1400/60 and 1450/30 can be attributed to 
the longer sintering time and the higher sintering 
temperature, respectively. V5 is an exception at all 
sintering conditions. The more homogeneous dis-
tribution of the pores and the higher density of the 
parts could be a result of diffusion effects. The diffu-
sion of carbon is influenced by the difference in the 
concentration. As the carbon affects the proportions 

of the liquid cobalt phase, this in turn influences the 
carbon distribution, because it diffuses only through 
the cobalt phase [11]. Thus, the change of the carbon 
distribution in the various versions could have been 
a consequence of the interaction of the carbon con-
centration differences and the amount of the liquid 
phase formed during the heating process resulting 
in different driving forces during sintering.

Grain growth

The coarse clusters of the WC grains in the micro-
structure of all parts have also been observed by other 
authors [18, 19]. Mariani et al. [19] investigated the 
powder used and detected coarse-grained particles. 
They attributed their formation to the overheating 
of the powder during the spheroidization process, 
resulting in recrystallization. The use of grain growth 
inhibitors can help to obtain a homogeneous size dis-
tribution [17]. Grain growth effects were observed at 
a higher sintering temperature and time.

Graphite phase

A carbon content above the stoichiometric value leads 
to a precipitation of free carbon in the form of graphite 
in the WC–Co microstructure [32]. This phase reduces 
the density and the hardness of WC–Co parts [32].

During the phase analysis, the graphite phase was 
detected in the V7.5 and V10 at 1400/60 and 1450/30. A 
digital microscopic image showing the graphite phase 
is depicted in Fig. 9.

Figure 9  Digital micrograph of the precipitated graphite in the 
V7.5 part at 1400/60 (black phase).
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V2.5 and V5 did not show any free carbon in their 
microstructure, leading to the conclusion that the 
added carbon amount was still below the three-phase 
equilibrium WC–Co–graphite. In addition, the hard-
ness measurements confirmed the absence of graph-
ite. Since graphite reduces the hardness, it should 
decrease in the C + region in the presence of the graph-
ite phase for V2.5 and V5. However, the hardness was 
as high or even higher than the reference value.

Co gradient

The results in Sect. 3.2 demonstrated that the intro-
duced carbon differences were able to lead to the for-
mation of a Co gradient in the binder-jetted WC–Co 
parts. It was shown that the sintering time and the 
sintering temperature have a great influence on the 
formation of the Co gradient. They affect the carbon 
diffusion. The longer the times and the higher the 
temperatures are, the more carbon must be added to 
maintain the Co gradient. Fan et al. [6] stated that a 
holding time of 5  minutes at 1400 ◦C is sufficient to 
redistribute and balance out the Co in the part if the 
carbon difference is no longer present. Konyashin et al. 
[12] also observed a reduced Co gradient with increas-
ing sintering time. They presumed that, after 60 min 
of sintering at 1370 ◦C , the carbon difference between 
two layers was eliminated.

At 1400/25, the carbon difference was still present in 
the part. It is assumed that the strength of the porosity 
gradient can be correlated with the carbon diffusion. 
Even with a low carbon input, a strong Co gradient of 
10 m% was formed. The diffusion of the carbon might 
also have been hindered by the porosity or the rigid 
WC skeleton [6] as a consequence of the fewer liquid 
cobalt phase at the shorter sintering time.

At 1400/60 for V2.5, the Co gradient was already 
homogenized, for V5 a Co gradient of slightly above 
1 m% of Co was generated. At V7.5 and V10, a dif-
ference of more than 2 m% was possible. Thus, the 
carbon difference can be maintained for a longer sin-
tering time at a higher diffusion rate if the initial con-
centration imbalance is high enough. At 1450/30, the 
higher sintering temperature resulted in a faster diffu-
sion rate of the carbon and less pronounced gradients 
were formed.

It appears that a low porosity and a high Co gradi-
ent create a conflict of goals. The high porosity that 
was observed in the binder-jetted parts (see Sect. 3.1) 
limits the application as a tooling material [33]. The 

literature has shown that dense functionally graded 
WC–Co parts are already achievable in conventional 
processes. Fan et al. [6] attained a minimum porosity 
in their graded parts after sintering at 1400 ◦C . Colin 
et al. [10] reported porosity gradients in solid-state 
sintered functionally graded WC–Co structures. How-
ever, using liquid phase sintering, dense parts were 
formed. Since an influence of the debinding is unlikely 
[21], it can therefore be assumed that the high porosity 
in the binder-jetted parts is attributed to the forming 
process of the green parts.

Improving the printing process might help to 
achieve dense parts without reducing the carbon con-
tent and thus preserve the Co gradation. A lower layer 
height and the use of a roller with a larger diameter 
that spreads the powder during printing can increase 
the green density and significantly enhance the sin-
ter density [34]. Additionally, the drying time and the 
binder saturation have a great influence on the green 
density and a suitable combination can improve the 
microstructural properties of the sintered parts [20].

Furthermore, the sintering parameter should be 
chosen in such a way that the time and the tempera-
ture are not sufficient to compensate for the carbon 
difference and are still long enough to achieve dense 
components with pronounced cobalt gradients.

Hardness

The values of all reference samples follow a constant 
trend over the height of the part and were compara-
ble with the hardness of conventional WC–Co with 
medium WC grain size (1.3 – 2.5 μm ) [35] and other 
binder-jetted WC–Co parts from the literature. Enneti 
et al. [18] obtained a Vickers hardness of 1256 HV30 
and Mostafei et al. [20] observed values from 1270 to 
1320 HV60 for parts with the same amount of Co. The 
Vickers hardness 1205 HV10 measured by Mariani 
et al. [19] was slightly lower than the other values.

Due to the porosity, the load for the hardness 
measurement for the reference sample at 1400/25 was 
reduced to 1 kg (HV1). This explains the high standard 
deviation (see Fig. 8a). The indentations were smaller, 
and the microstructure differences caused by the 
coarse clusters of WC grains significantly influenced 
the hardness measurements.

No strongly pronounced hardness gradients could 
be detected in the graded versions. There were differ-
ences from the mean value of the sintering conditions, 
but a clear trend was not detectable. However, this 
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could be caused by the irregularities and limitations 
in the measurements. The high porosity and the coarse 
grain growth cause the values to fluctuate strongly, 
and at higher carbon contents, the porosity was too 
pronounced to obtain any valid values.

Although the values in the C + region for V7.5 
and V10 at 1400/60 could not be measured, it can be 
assumed that the values should be above the refer-
ence line, since the additional cobalt, which lowers 
the hardness in the C 

0
 region, should result in an 

increase of the hardness in the C + region. The same 
conclusion can be drawn for the measured values 
for V7.5 and 10 at 1450/30, but the values in the C 

0
 

region are at 1230 HV to 1260 HV higher than for 
1400/60. In order to still be able to evaluate the hard-
ness, corresponding values of all graded structures 
were correlated with the associated ranges of the 
individual Co contents (see Fig. 10). The hardness is 
plotted as a function over the cobalt content for typi-
cal WC grain sizes in conventionally produced parts.

The measured hardness values are plotted as 
measurement points and the resulting linear regres-
sion lies between the function for the fine and the 
medium size WC grains. The high deviation of the 
results and the low coefficient of determination R2 
can be explained by the coarse WC grain clusters 
distributed in the microstructure of the binder-jetted 
parts. However, the correlation between a decreasing 

hardness with an increasing cobalt content is clearly 
visible.

Conclusions

This study presents a method to use particle-loaded 
inks to change the material properties in binder-jetted 
WC–Co structures. It was shown that inks with vari-
ous carbon contents can be used to generate a carbon 
difference in the binder-jetted green parts. Three sin-
tering conditions were tested to evaluate the influence 
of the sintering time and temperature on the formation 
of the microstructure as well as the cobalt and hard-
ness distribution in the sintered parts. The findings of 
this study can be summarized as follows:

• The introduced carbon has an influence on the for-
mation of the microstructure, the Co distribution, 
and the hardness of sintered WC–Co structures.

• With no carbon addition, a maximal density of 
14.25 g/cm

3 could be achieved for 1450/30. How-
ever, the excess of carbon in the binder-jetted green 
parts results in porosity in the sintered parts. For 
higher sintering temperatures and longer sintering 
times, a density of over 92 % is feasible.

• The carbon diffusion during the sintering process 
leads to a Co migration. The sintering time and the 
temperature have a strong effect on the diffusion of 
carbon and thus on the formation of the Co gradi-
ent. At lower sintering times, a Co difference of up 
to 10 m% can be achieved.

• The carbon content plays an important role in the 
distribution of the Co. With an addition of 7.5 m% 
and 10 m% of carbon to the ink, Co gradients can 
be generated under different sintering conditions. 
For 1400/60, Co differences of about 3 m% were 
obtained, and 2 m% were possible for 1450/30. With 
lower carbon contents, Co starts to homogenize at 
higher sintering temperatures or longer sintering 
times.

• The hardness values from 1200 HV1 to over 
1300 HV10 are comparable to conventionally pro-
duced WC–Co parts with a grain size between fine 
(0.8 – 1.3 μm ) and medium (1.3 – 2.5 μm).

To reduce the porosity to use the additively manu-
factured parts as tools, the printing and the sinter-
ing parameters must be improved. A higher green 
part density can reduce the sintering time and 

Figure 10  Correlation of the measured hardness and the cobalt 
content (marked measurements points) in relation to the typical 
hardness as a function of the Co content for different grain sizes 
of homogeneous conventional hardmetals; ultrafine: 0.2 – 0.5 μm , 
submicron: 0.5  –  0.8 μm , fine: 0.8  –  1.3 μm , medium: 
1.3 – 2.5 μm , and coarse: 2.5 – 6.0 μm [35]; for the classification 
of the measured points a linear regression (red line) was used; 
data for the grain size-dependent hardness for hardmetals adapted 
from Armstrong [36] and Fraunhofer IKTS [37].
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temperature, which can counteract the homogeni-
zation of the Co gradient and can simultaneously 
lead to denser sintered parts. Therefore, a variation 
of the printing parameters or the transfer to a printer 
with industrial standard could be beneficial. Addi-
tionally, the sintering parameters must be adapted 
to control the carbon diffusion, as this regulates the 
Co gradient formation. The aim is to sinter under the 
conditions at which the carbon is balanced, while not 
homogenizing the cobalt distribution. For this pur-
pose, the exact amount of carbon introduced into the 
green part, and the distribution of the carbon parti-
cles in the powder bed must be known. However, 
the behavior of particle-loaded inks in the powder 
bed has not yet been investigated. An a priori deter-
mination of the distribution of the carbon particles 
in the powder bed is needed to support the predic-
tion of the Co gradient formation. This requires an 
understanding of the powder–binder–particle inter-
actions and will be investigated in further studies 
by the authors.

With a reduction in the porosity and the main-
tenance of the cobalt gradient, graded drills can be 
produced in future to validate the presented concept. 
An additional integration of complex internal cooling 
channels could provide information on the potential 
of the binder jetting technology when compared with 
a conventionally manufactured drill.
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Appendix

To ensure comparability, the density for 1400/60 and 
1450/30 was also evaluated with the optical meas-
urement method. However, for reasons of effort, for 
fewer samples than for the Archimedes measurement. 
It was noticed that the standard deviation in the opti-
cal measurement was at least ten times greater than 
in the Archimedes measurements. The density was 
underestimated in the optical measurements for the 
samples with high porosity and underestimated for 
the samples with lower porosity. However, this was 
mainly within a range of standard deviation.
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