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Abstract
Cemented carbide tools suffer from many issues due to the use of tungsten and cobalt as raw materials. Indeed, those are 
listed by the European Commission as “critical raw materials” since 2011 and by the US Department of Interior as “critical 
minerals” in 2018. To remain competitive with the conventional high-speed steels, less performant but cheaper, WC–Co 
tools can be recycled. In the present paper, a WC–7.5Co powder, recycled by the “Coldstream” process, has been sintered 
with vacuum sintering. As preliminary experiments have shown that the sinterability of the powder is low, the sintering 
temperature was set at 1500 °C to achieve full density. In parallel, the influence of ball milling conditions (rotation speed 
and milling medium) on the reactivity of the recycled powder has been studied in terms of grain size distribution, hardness, 
and fracture toughness. The optimized milling conditions were found to be 6 h wet milling, leading to a hardness of about 
1870  HV30 and a toughness of about 10.5 MPa√m after densification. The recycled powder can thus totally compete with 
conventional powders, opening avenues for the recycling of cemented carbide tools.
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Introduction

In the last 50 years, new issues have appeared regarding 
the supply and demand of natural resources and raw mate-
rials [1–5]. In the field of cemented carbides, the price of 
cobalt has recently increased a lot due to the demand for 
cobalt for the batteries of electric vehicles [6]. Moreo-
ver, only 2% of cobalt comes from primary extraction; 
the other 98% is obtained from by-products of nickel or 
copper mining [7, 8]. A little less than 50 percent of the 
world’s cobalt production is mined in only one country, 
the Democratic Republic of the Congo (DRC), a politically 
unstable country. For example, in 1978, a cobalt supply 
crisis due to military activity in the region of DRC where 
the copper mines are situated has caused a supply shortage 
and an increase of cobalt price on the world market [3].

However, cobalt is the most compatible binder for 
cemented carbides [9–11]: mixed with tungsten carbide 
WC, it creates a eutectic compound which lowers the 
melting temperature and thus the processing temperature 
(more than 2800 °C for pure WC versus 1300–1500 °C 
with adequate Co additions). Also, wettability of the car-
bide phase by cobalt is excellent and WC is easily soluble 
in cobalt. The two last points are crucial for liquid phase 
sintering in vacuum (the usual time–temperature condi-
tions are 1 h at 1400 °C [12] with a relatively low heating 
rate—around 4 °C/min—to ensure thermal equilibrium). 
The use of cobalt in cemented carbides provides excel-
lent hardness to toughness ratio and wear properties [13, 
14]. Alternatives to cobalt exist: nickel, iron, and copper 
[15–17] are nowadays used as binders even if they are less 
efficient than cobalt. Nickel is usually used when corrosion 
resistance is needed [18]. Iron and copper are generally 
not used alone but are coupled with nickel or cobalt. More 
recently, high entropy alloys [19, 20] have been utilized as 
binders for cemented carbides.

Recycling methods for the recovery of tungsten carbide 
tools are divided into three main categories [21–23]: the 
direct methods in which the scraps are transformed into 
powders with the same composition (usually reserved for 
high purity grades); the indirect methods in which the 
scraps are converted into intermediate products, mainly 
into APT—ammonium paratungstate (e.g., electrochemi-
cal processes [23–25], chlorination [26, 27]); and the semi-
indirect methods which involve a selective dissolution of 
one component, generally the binder (e.g., acid leaching 
or selective electro-dissolution [28–31]). Direct methods 
present many advantages (high recovery rates, good qual-
ity of the powders, good grain materials) but some draw-
backs (difficult separation of the binder and need for costly 
materials and equipment). The zinc method [32–35] and 
the Coldstream process [23, 36] are the two main direct 

methods. In the zinc method, molten zinc (900–1050 °C) 
infiltrates the WC–Co scraps, reacts with the binder, and 
forms intermetallic compounds (especially a zinc-cobalt 
alloy). A vacuum distillation (pressure is about 10 Pa) is 
then used to eliminate the Zn–Co alloy. In the Coldstream 
process, the WC–Co scraps are cooled down, accelerated, 
and then projected towards a target plate. Due to the high 
energy involved in the process, the scraps are crushed into 
small particles.

Ball milling is widely used in tungsten carbide prepara-
tion to ensure a good homogenization of the different pow-
ders as well as to induce “mechanical alloying” [37, 38]. 
The influence of ball milling parameters (medium, balls 
diameter, time) has been studied in different papers [39–44].

In 2010, around 25% of the tungsten came from end-of-
life scrap recycling [45]. However, despite lower energy con-
sumption for its processing, the total cost of recycled tung-
sten carbide powders is not cheaper than extracting tungsten 
from concentrates, usually due to the high price of tungsten 
scraps compared to tungsten ores [45]. It will be difficult to 
substitute the primary production of tungsten completely. 
However, the increase in recycling could enhance the sec-
ondary supply of tungsten (the main advantages are the elim-
ination of rock mining operations, the lower energy required, 
and the decrease of carbon emissions) and could lead to 
positive environmental effects. Recycling used cutting tools 
is an interesting option to keep the benefits of cobalt as a 
binder and to limit the issues linked to its production. In 
this work, a recycled WC–Co powder has been sintered by 
conventional processes and subsequently characterized. Ball 
milling experiments have also been carried out to study the 
sinterability of the powder.

Experimental Procedure

The powder has been provided by the Höganäs S.A. Belgium 
company (powder PA2-45). Used cutting tools have been 
crushed and transformed into ready-to-sinter powder by the 
“Coldstream process.” The Coldstream process is based on 
the mechanical comminution of the scraps [36]. The powder 
contains 7.5 wt.% cobalt and some chromium from  Cr3C2 
that is added as a grain-growth inhibitor. The average parti-
cle size is 45 µm. Two different treatments (Fig. 1) have been 
applied to the recycled powder. On one hand (experiment 
A), the powder has been mixed with 1 wt.% zinc stearate 
for 1 h in a 3D shaker mixer (Turbula®, WAB-Group Mut-
tenz, Switzerland) to ensure good forming properties of the 
powder during uniaxial cold pressing. On the other hand 
(experiments B–E), the recycled powder has been ball milled 
for 6 h (effective milling time).

The grinding was carried out in a Fritsch Pulverisette 
7 premium line planetary ball mill (Markt Einersheim, 
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Germany). Tungsten carbide bowls and balls were used 
to avoid contamination of the powder. The milling was 
undertaken with balls of 10 mm in diameter in three sepa-
rate stages of 2 h each. The influence of the rotation speed 
(300 rpm and 600 rpm) and the milling medium (dry or 
wet) has been analyzed (Table 1). Two samples have been 
sintered for every set of powder processing conditions. A 
study by Stanciu et al. [46] has demonstrated that ethanol 
is an adequate wet milling medium to avoid oxidation of 
the cobalt phase during milling. Samples have been dried 
in an oven at 100 °C for 12 h. Zinc stearate was chosen as 
a dry milling medium. Zhang et al. [39] have shown that 

the dry milling conditions allow the obtention of smaller 
grains in agglomerated particles while wet milling pro-
vides better dispersion of the particles [42].

The powders have been cold-pressed under 500 MPa 
with a uniaxial press before sintering in a vacuum fur-
nace. Sintering, achieved in a tubular ThermConcept fur-
nace (Bremen, Germany), has been undertaken at 1500 °C 
under vacuum (pressure lower than  10–3 MPa) with a heat-
ing rate of 4 °C/min. The thermal cycle contains three 
dwelling steps: the first one at 350 °C for dewaxing, the 
second one at 950 °C for the diffusion of grain-growth 
inhibitors, and the last one at 1500 °C for sintering. The 
samples are maintained at the sintering temperature for 
1 h.

The density of the samples is measured by Archimedes’ 
principle and densification D (%) is calculated by Eq. (1) 
in which �

meas
 is the measured density (g/cm3) and �

theo
 is 

the theoretical density (g/cm3).

The samples are mounted into a resin, polished, and 
etched by Murakami reagent (mixture containing 5 g of 
potassium ferricyanide, 5 g of sodium hydroxide, and 
50 ml of deionized water) to reveal their microstructure 
and to characterize the apparent porosity (according to 
the ASTM B276 standard). Type A porosity refers to 
pores with a size inferior to 10 µm. In type B, the pores’ 
size is comprised between 10 and 25 µm while type C 
refers to the pores induced by free carbon. The latter are 
obtained when carbon is in excess within the sample and 
result from uncombined carbon. Hardness measurements 
have been performed with a Vickers indenter under 30 kg 
load (EMCO-Test M4U-025 device, Hallein, Austria) for 
20 s. Ten measurements have been realized per sample. 
The fracture toughness of the samples is deduced from 
macro-hardness [47, 48] as shown by Palmqvist’s Eq. (2).

where K
1c

 is the stress intensity factor (MPa√m), A is a con-
stant, HV

30
 is the Vickers macro-hardness under 30 kg load 

 (HV30), and 
∑

l is the sum of the length of the cracks (mm) 
that appeared at the corners of the print. The lengths of the 
cracks have been measured with a Leica optical microscope 
(Wetzlar, Germany).

Scanning electron microscopy (JEOL-6000Plus Ver-
satile Benchtop SEM—accelerating voltage 10 and 
15 kV—Tokyo, Japan) equipped with energy-dispersive 
X-rays spectrometry (EDX) is carried out to characterize 
the powder and the sintered materials. The samples have 

(1)D =

�
meas

�
theo

× 100

(2)K
1c
= A

�

HV
30

∑

l

Fig. 1  Flowchart of the sample preparation process

Table 1  Ball milling conditions

Experiment Rotation speed (rpm) Milling medium

A Turbula mixed powder
B 300 Dry (zinc stearate)
C 300 Wet (ethanol)
D 600 Dry (zinc stearate)
E 600 Wet (ethanol)
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been metalized with platinum for 20 s before analysis. 
The grain size distribution has been calculated from the 
SEM images using the linear intercept method. The car-
bon and oxygen contents have been characterized using 
LECO devices (Geleen, The Netherlands).

Results and Discussion

Recycled Powder Characterizations

The morphology of the recycled powder, characterized 
by SEM, is shown in Fig. 2. The largest dimension of the 
particle (45 µm) is in good agreement with the powder’s 
average particle size. The particle contains many sub-
micron grains. The EDX analysis confirms the presence 
of tungsten and cobalt in the particle as shown on the 
elemental mapping of Fig. 2b. The grain size distribu-
tion (Fig. 2c) is wide and the powder contains grains up 
to 3.5 µm size, a consequence of the first life of the tool 
(first sintering). The average grain size is 1.1 ± 0.6 µm. 
The grains have a faceted shape due to the presence of a 
liquid phase during the sintering [49, 50].

Physical Properties and Microstructures

Table 2 presents the carbon and oxygen contents in the 
different powders. The stoichiometric carbon content has 
been calculated at 5.67 wt.% C for a cemented carbide con-
taining 7.5 wt.% cobalt. The powders contain more carbon 
than the stoichiometric value, probably due to the use of 
zinc stearate as lubricant or ethanol as milling medium. On 
one hand, zinc stearate is an organic compound with the 
formula  C36H70O4Zn bringing carbon and oxygen atoms 
into the powder. On the other hand, despite the powder’s 
drying at 100 °C, carbon atoms from ethanol could remain 
on the powder and thus increase the carbon content. The 
powders milled in ethanol (experiments C and E) present a 
carbon content lower than that of the dry-milled powders. 

Fig. 2  SEM microstructure of recycled powder particles: a ×500, b ×2000 and EDX analysis, c grain size distribution

Table 2  Carbon and oxygen contents (in the powders)

Experiment Carbon (wt.%) Oxygen (wt.%)

A 6.425 ± 0.035 0.165 ± 0.008
B 6.365 ± 0.035 0.803 ± 0.036
C 5.855 ± 0.015 0.768 ± 0.004
D 6.355 ± 0.005 1.095 ± 0.025
E 5.965 ± 0.005 1.060 ± 0.010
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The wet-milled powders are therefore more prone to the 
formation of the brittle eta-phase. The rotation speed does 
not influence the carbon content. The oxygen content has 
been increased with the ball milling step and is higher in 
the case of higher rotation speed. This is probably due to the 
higher temperatures involved during high-energy millings 
and to the presence of finer particles. The use of ethanol as 
the milling medium has been reported in the literature to 
increase the oxygen content in cemented carbide powders 
[51]: the oxygen atoms can be adsorbed on the powder par-
ticles’ surface or dissolved in the interspace of the powder 
particles. These considerations suggest that the best milling 
parameters for the recycled powder are milling at lower rota-
tion speeds to reduce the oxygen content and milling in dry 
conditions to have a sufficient carbon content that will avoid 
the formation of the eta-phase during sintering. Eta-phase, 
as well as free carbon, is detrimental to mechanical proper-
ties (hardness and toughness) in cemented carbides [52].

In high-energy ball milling, three mechanisms compete: 
fracture of the particles, cold welding of the particles, and 
plastic deformations. The preponderance of those mecha-
nisms essentially depends on the milling speed and time. At 
low milling time, cold welding and plastic deformation are 
predominant. By increasing the milling time, the particles 
become work-hardened, are less prone to deformation, and 

thus fracture into smaller particles [53, 54]. For the same 
rotation speed, the SEM pictures (Fig. 3) show that dry mill-
ing contains more agglomerates. The powder from experi-
ment B (dry milling at a rotation speed of 300 rpm) admits 
a bimodal distribution with an average of 12.2 ± 4.0 µm for 
the biggest particles. An increase of the rotation speed to 
600 rpm reduces the average size of the biggest particles at 
9.1 ± 2.5 µm. No agglomerates over 25 µm were found within 
the dry-milled powders. Higher rotation speed increases the 
impact energy, accelerates the milling efficiency, and thus 
reduces the size of particles. In wet ball milling, the influ-
ence of rotation speed is not clearly observed, the powders 
contained a few large dispersed agglomerates from 30 to 
100 µm. However, the powders are finer than the dry milling 
ones with the biggest particles (agglomerates excepted) of 
5.9 ± 1.5 µm for experiment C (300 rpm) and 7.3 ± 2.4 µm 
for experiment E (600 rpm). These results are in good agree-
ment with the study of Zhang et al. [39].

The densities of the different samples after sintering are 
presented in Fig. 4. Experiment A presents the lowest den-
sity (densification is about 83%). Consequently, without 
any ball milling, the sinterability of the recycled powder is 
low even at 1500 °C. However, every ball milling experi-
ment has led to an average density higher than 95%. The 
density measurements suggest that experiment C gives the 

Fig. 3  SEM pictures of the powders: a 300 rpm-dry-exp B; b 300 rpm-wet-exp C; c 600 rpm-dry-exp D; d 600 rpm-wet-exp E
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highest average density with the lowest standard deviation. 
The porosity characterization (Table 3) is in good agreement 
with the density measurements: sample C, which contains 
the lowest number of pores (0.06 vol.% A-type porosity and 
no B-type), is denser than the others. On the opposite, sam-
ple B contains the highest amount of porosity and presents 
thus a low density: its microstructure shows 0.6 vol.% of 
A-type porosity and 0.02 vol.% of B-type porosity. Samples 
D and E possess, respectively, 0.2 and 0.06 vol.% A-type 
porosity and 0.02 vol.% B-type porosity. No free carbon 
porosity (C-type porosity) was found in the samples.

Figure 5 presents the microstructures of the ball-milled 
samples etched with the Murakami reagent. The finest 
microstructure is found in sample C (Fig. 5b). Samples 
milled in dry conditions show local growths of WC grains 
(Fig. 5a for a rotation speed of 300 rpm and Fig. 5c for a 
rotation speed of 600 rpm). The so-called nest-like growth of 
uniform-sized WC (300 rpm) and the so-called “local giant 
WC growth” (600 rpm) are dispersed within the microstruc-
ture. According to Schubert et al. [10], these local growths 
might have different origins: coarser WC particles already 
present in the green bodies (formed during the processing 
of the powders) or irregularities (localized high carbon 
concentration, extremely fine agglomerates with increased 
reactivity). The samples milled in ethanol do not show local 

growth of WC grains and the grains are better dispersed 
in the microstructure. However, η-phase can be seen (see 
the black area in Fig. 5b and the electronic supplementary 
material).

As shown in Fig. 6, SEM images present the grain size 
distribution of the sintered samples: samples milled in wet 
conditions exhibit smaller grains than the samples milled 
in dry conditions. Moreover, the grain size distributions 
are narrower in the case of milling in ethanol, with 97% 
of the grains having a size smaller than 2 µm. Sample B 
(dry milling—300 rpm) has the largest grains. The average 
grain sizes are 935 and 875 nm for dry milling (300 and 
600 rpm, respectively) and 760 and 765 nm for wet milling 
(300 and 600 rpm, respectively). Wet milling ensures a bet-
ter distribution of the particles in the powders and thus fewer 
local growths as shown in dry milling. The limited diffusion 
processes in dry milling make the powders more prone to 
local growths. As said in Schubert et al. [10], local growths 
appear at around 1250 °C and cannot be eliminated at the 
sintering temperature. The lower grain size in the wet-milled 
samples can be attributed to the formation of η-phase after 
sintering: indeed, Konyashin et al. [55] have shown that the 
limiting step for grain coarsening in WC–Co is linked to the 
carbon self-diffusion in tungsten carbide grains towards the 
interface between liquid cobalt and solid WC grains.

Mechanical Properties

Figure 7 shows the mechanical properties of the differ-
ent samples (hardness and fracture toughness). The sam-
ples milled in ethanol showed higher hardness, between 
1800 and 1900  HV30 (C: 1867 ± 37  HV30 and E: 1821 ± 21 
 HV30). The samples milled in dry conditions exhibit simi-
lar hardness around 1700  HV30 (B: 1695 ± 20  HV30 and D: 
1709 ± 23  HV30). The higher hardness in wet-milled sam-
ples is explained by the smaller grain size and the narrower 
grain size distributions: as the average grain size decreases, 
the hardness is higher according to the Hall–Petch rela-
tionship [56]. The fracture toughness of the samples is 
around 10.50 MPa√m for all samples except for samples 
B which show a slightly higher (11 MPa√m) toughness. 
A hypothesis to explain that higher value comes from the 
local nest-like growths dispersed within the microstructure. 
In cemented tungsten carbides, the crack propagation is pre-
dominant across the binder. Nest-like growths are concentra-
tions of WC grains with a lower amount of binder. The local 
lower amount of binder makes the propagation of the cracks 
more difficult, leading to higher fracture toughness values. 
The fracture toughness of the samples from experiment A 
(Turbula mixed powder) could not be evaluated due to the 
presence of many pores inside the microstructure.

Moreover, the observations agree with Bonache et al. 
[43], who have found that the distribution of the elements 

Fig. 4  Densification of the samples after sintering at 1500 °C for 1 h: 
A turbula mixed power, B dry milling at 300  rpm, C wet milling at 
300 rpm, D dry milling at 600 rpm, E wet milling at 600 rpm

Table 3  Porosity characterization according to the ASTM standard 
B276

Experiment Type A 
(vol.%) 
(≤ 10 µm)

Type B (vol.%) 
(> 10 µm 
and ≤ 25 µm)

Type C 
(vol.%) (free 
carbon)

B 0.60 0.02 No type C
C 0.06 No type B No type C
D 0.20 0.02 No type C
E 0.06 0.02 No type C
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caused by wet milling is better than in dry milling and 
thus enhances the sintering process, which leads to better 
mechanical properties. On the opposite, the influence of 
the rotation speed on hardness and fracture toughness is not 
significant (see experiments B vs. D or experiments C vs. 
E in Fig. 7). The limited influence of the rotation speed on 
mechanical properties could be attributed to the similar grain 
size distributions: for wet milling, the distribution is narrow, 
and few grains are above 2 µm, while in dry milling, more 
grains have a size higher than 2 µm.

Discussion

In 2010, only 25% of the tungsten carbide production came 
from recycled scraps. Within this 25%, around 50% of the 
recycled WC powder was processed by the zinc process 
while the other 50% was chemically transformed into APT 
[45]. As a direct recycling method, the Coldstream process 
has the advantages of a high recovery rate and the produc-
tion of a chemically pure powder (the powder has the same 

composition as the used scraps). Moreover, no further con-
version steps or chemical adjustments are needed.

As shown in this paper, the recycled powder cannot be 
sintered in conventional conditions without a milling step. 
The powder was thus ball milled in different conditions to 
optimize the process. The milling is not an additional step 
because it is already widely used in the industry to mix the 
different powders (WC, Co, inhibitors): no time and energy 
will be lost during the ball milling of the recycled powder.

Figure 8 shows a correlation graph between hardness and 
average grain size (obtained from the grain size distributions 
of Fig. 6). The wet-milled samples (C and E) have signifi-
cantly higher mechanical properties and narrower grain size 
distributions. The best milling conditions were thus found 
to be a rotation speed of 300 rpm in wet medium (ethanol): 
they lead to samples with the narrowest grain size distribu-
tion, the lowest amount of porosity, without local WC grain 
growth, and with the highest mechanical properties. Lower 
rotation speed is preferred to limit the temperature as well 
as the energy consumption during the milling of the powder. 
The formation of the eta-phase is a drawback of wet milling 
and is usually detrimental to mechanical properties [52, 57, 

Fig. 5  Microstructures of the samples after etching by Murakami (×500): a dry milling at 300 rpm, b wet milling at 300 rpm, c dry milling at 
600 rpm, d wet milling at 600 rpm
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Fig. 6  SEM images (×5000) and corresponding grain size distribution: a, b dry milling at 300 rpm, c, d wet milling at 300 rpm, e, f dry milling 
at 600 rpm, g, h wet milling at 600 rpm
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58]. However, in this work, the amount of eta-phase is low 
and thus the mechanical properties are only slightly affected: 
hardness is the highest, and fracture toughness competes 
with dry-milled samples.

In the review of García et al. [57], it is shown that for 7.5 
wt.% cobalt, the Vickers hardness varies between 1400 and 
1800  HV30 depending on the grain size (5–1 µm). Moreo-
ver, the literature shows that non-recycled WC-7.5Co and 
WC-8Co have been sintered by conventional process with 
lower mechanical properties [59–61]. The results found in 
this paper are comprised between 1700 and 1850  HV30. Pro-
cessed with an optimized milling step, the crushed recycled 
powder is thus a cheaper alternative to conventional pow-
ders. An increase in the use of recycled WC–Co powders is 
beneficial to face the numerous issues related to cobalt and 
tungsten extraction, as well as the constant increase of the 
raw materials’ price. As China produces most of the tungsten 

in the world and holds the main producers of cobalt, the use 
of recycled powders could help overcome the dependency 
on Chinese exports.

Conclusion

Ball milling experiments have been undertaken to increase 
the sinterability of a recycled WC–Co powder, which has 
been sintered at 1500 °C by vacuum sintering. The tem-
perature was chosen to ensure full density.

Without ball milling, dense sintered WC–Co parts are 
challenging to obtain by usual sintering conditions. Wet 
milling ensures a narrower grain size distribution and 
allows higher mechanical properties. No local growths 
were found in wet-milled samples, but η-phase was 
observed (a sign of decarburization). The influence of the 
rotation speed is limited (lower rotation speed is slightly 
better).

The best combination of mechanical properties and 
grain size is obtained after wet milling at a rotation speed 
of 300 rpm. The properties of samples milled in those con-
ditions are 1870  HV30, 10.50 MPa√m, and average grain 
size of about 760 nm. Tungsten carbide-cobalt recycled 
powder can be used for the processing of WC–Co parts. 
The main advantage of that powder is its lower price in 
comparison with raw WC and Co powders. Its drawbacks 
are the need for ball milling to improve the sinterability 
of the powder, and the cobalt content which is fixed at 
7.5 wt.%. However, with an optimized ball milling step, 
the recycled powder can fully compete with conventional 
powders.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40831- 021- 00346-2.

Fig. 7  Mechanical properties: a macro-hardness vickers  HV30, b Palmqvist fracture toughness. A turbula mixed power, B dry milling at 300 rpm, 
C wet milling at 300 rpm, D dry milling at 600 rpm, E wet milling at 600 rpm

Fig. 8  Correlation between hardness and average grain size: B 
dry milling at 300 rpm, C wet milling at 300 rpm, D dry milling at 
600 rpm, E wet milling at 600 rpm
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