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A B S T R A C T   

Our work confirms that the addition of Ru to Co-based cemented carbides significantly broadens the carbon 
processing window. Using a WC-10.9 wt% (Co-12.8Ru) alloy, the width of the two-phase window is extended 
from about 0.16 wt% C (Ru-free) to about 0.21 wt% C on addition of Ru. 

According to semi-quantitative EDS analysis, the amount of W dissolved in the Co binder is significantly higher 
in Ru-containing materials at all carbon contents. This higher degree of solubility is also reflected in the lattice 
parameter. When decreasing the carbon content (from precipitation of graphite to the formation of eta carbides), 
the lattice parameter increases steadily from 3.585 Å to 3.609 Å respectively. In contrast, Ru-free materials 
present 3.548 Å in equilibrium with graphite, and 3.576 Å in equilibrium with eta carbides. 

The relative magnetic saturation value of the alloys with Ru was significantly lower when compared to Ru-free 
alloys (from 80.2% at graphite precipitations to 41.4% with dendritic eta phase), which is also in agreement with 
the higher W solubility observed in these alloys. 

DTA measurements of WC-4.4 wt% Ru-30 wt% Co samples (same Ru to Co ratio in the nominal composition) 
demonstrated a similar melting and solidification regime as compared to Ru-free WC-30 wt% Co materials.   

1. Introduction and aim of the work 

The following manuscript is focused on investigating the addition of 
moderate amounts of ruthenium (1.4 wt%) to a WC-9.5 wt% Co 
cemented carbide. The aim of this work is to demonstrate cobalt alloy 
formation in Ru containing alloys depending on carbon activity (carbon 
content), and to elucidate limits in accessible composition without 
forming unwanted additional phases. Furthermore, we discuss pecu
liarities of this system to improve our understanding of cemented car
bides with Ru additions, used for milling and turning of difficult-to- 
machine materials. 

2. Literature review on ruthenium in cemented carbides 

2.1. The early story of ruthenium in cemented carbides until their 
commercialization in the late 1970s 

The early history of ruthenium in cemented carbides starts in the late 
1960s at Inco’s European Research and Development Centre in Bir
mingham, UK [1]. At first considered as an alternative binder to cobalt 

(due to its high melting point) for the use in machining applications 
under especially arduous conditions [1–3], later research and develop
ment focused on the “old established PM route”, adding fine Ru powder 
to the cemented carbide charge. Up to 50% of the cobalt was replaced by 
ruthenium [1]. 

Early on it was understood that ruthenium was forming solid solu
tions with cobalt, stabilizing its hexagonal crystal lattice [4]. It was 
considered that a hexagonal matrix in cemented carbides would impart 
lower friction characteristics (established for other hexagonal metals) 
resulting in less wear of the tools, providing a higher cutting speed and a 
longer tool life [1,5]. The next stage was to involve industry in 
exploiting the invention [5], and the first licensee, Higher Speed Metals 
Ltd., of Sheffield “started the production of many thousands of ruthe
nium alloyed cutting inserts during the 1970s” [6,7]. Further evalua
tions by other interested hardmetal manufacturers (including a second 
licensee, Stellram SA of Nyon, Switzerland) and further market evalu
ations led to the commercial introduction of the materials during June 
1978/July 1979 [1,6,7]. 

At this stage of development, material properties reported in Jour
nals were based on in-house testing and case studies in the related 
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industry, demonstrating the superior performance of Ru-containing 
grades - “solving some of the roughest and most difficult machining prob
lems in the engineering industry”. Most notable results were obtained in 
thread-machining and milling operations. The preliminary indications 
were that the optimum ruthenium content in cobalt should be 20 wt% 
(later reduced towards 15 wt% Ru), and the most notable increases in 
cutting performance were obtained with complex tung
sten‑titanium‑tantalum grades; e.g., 6.8 wt% Co, 1.2 wt% Ru, 6 wt% 
TaC/NbC, 4.4 wt% TiC [1,6,7,9]. Ruthenium was also said to fill some of 
the high-performance gaps to which coatings cannot be applied [7]. It 
was hypothesized that the addition of Ru increases the toughness of the 
metallic binder and forms stronger bonds between the carbide particles 
and the matrix, inhibiting the propagation of cracks [8]. 

Despite the very high cost, ruthenium based cemented carbides have 
since then found their niche in the market, as the higher-priced tools aim 
to save in production costs [8]. 

2.2. Further research since 1980 

Only a limited number of (open) scientific publications are available 
on ruthenium additions since their commercialization. This might be 
due to the niche role within the large market of cemented carbides as 
well as the high price of the metal additive (currently at about 14 € per 
g). Nevertheless, most large cemented carbide manufacturers provide 
such grades in their portfolio. 

The first high temperature investigation on a Ru-containing cemen
ted carbide is reported by Schmid et al. [10], based on the work of 
Bonjour [9], who had demonstrated that cemented carbide tools with 
approximately the same weight percentages of cobalt but with a small 
amount of ruthenium achieve much longer lifetimes. Specimens of WC- 
11 wt% Co-1.65 wt% Ru were tested under three-point bending condi
tions between 20 ◦C and 1000 ◦C. The authors reported a higher bending 
fracture stress of the Ru-containing material (3478 ± 170 MPa vs. 2450 
± 170 MPa for WC-11 wt% Co) at room temperature, and material creep 
is inhibited by the ruthenium additive. Both results were attributed to a 
reinforcement of the WC/WC and most likely also the WC-Co interfaces. 

Lisovskii [11] reported the properties of a WC-15.5 vol% CoRu 
cemented carbide formed by metallic melt impregnation (MMI). The 
resulting compositing of the binder phase was 20.8 wt% Ru, 10.2 wt% W 
and 69.0 wt% Co. The alloying with Ru increased the bend, compressive, 
and yield strength of the cemented carbide. Ruthenium forms a solid 
solution with the binder phase [Co (Ru,W,C)], with a higher micro
hardness and elastic modulus than the solid solution [Co(W,C)]. Ru 
additions reduce the stacking fault energy of the cobalt phase and pro
mote the transformation of the cubic structure of cobalt to the hexago
nal. This results in precipitation hardening of the binder phase. 

T.L. Shing et al. [12] reported on the effect of ruthenium additions on 
the hardness, toughness and grain size of WC-Co. The work compared 
WC-10 wt% Co cemented carbide with WC-Co-Ru alloys with additions 
of 0.4 wt% to 3 wt% Ru (i.e., 3.8 wt% to 23.1 wt% Ru in Co). The 
hardness of the WC-Co-Ru alloys increased with increasing Ru content 
while the toughness decreased. Substantial effects were found only 
when the Ru content was higher than about 15 wt%. The results indi
cated that the optimum Ru content in the binder of WC-Co-Ru alloys is 
approximately 15 and not 20 wt%, as estimated earlier by Tracey and 
Mynard [1]. The WC grain growth was slightly reduced by Ru, which 
supported the earlier observation reported by C. Bonjour [9]. 

In a subsequent manuscript, S. Luyckx [13] reported the hot hardness 
of WC-Co-Ru alloys, prepared and described in [12]. In conclusion, Ru 
additions increased the hot hardness of WC-Co alloys only within the 
temperature range where plastic deformation is controlled by the Co 
binder, since Ru is in solution in the binder and does not affect the 
composition and properties of the WC phase. 

A further contribution of the South African research group described 
the results of a diffusion experiment in which Ru diffused into a WC-Co 
layer [14]. They observed that in this area the formation of eta phase in 

substoichiometric WC-Co was inhibited. The minimum amount of Ru 
required for the total inhibition of eta-phase was found to be ≥30 wt% 
Ru. 

Two manuscripts by C. Bonjour [15,16] report increases in flexural 
strength in K-type and P30- type cemented carbides for a concentration 
of 15 wt% Ru in cobalt, whereas hardness only slightly varied. Ruthe
nium appeared to be an excellent grain growth inhibitor, which was 
explained by the Ru–Co phase diagram. Ruthenium-containing mate
rials with about 13 wt% Ru in the nominal alloy composition (grades 
X11, X22, X33) exhibited a better impact resistance and a higher wear- 
resistance during both, turning and milling. Also, a more complex WC- 
10 wt% CoFeNi- 2 wt% Ru grade was investigated in their study [16]. 

In [17] P.K. Mehrotra and P. B. Trivedi present a contribution on the 
effect of metallic and non-metallic alloying additions to the cobalt 
binder in terms of phase composition, microstructure and selected 
physical and mechanical properties. The effect of binder composition on 
magnetic saturation is correlated with phase type and chemistry. Ru 
additions to WC-(9.5–11.5 wt%) Co alloys slightly increase hardness but 
decrease the transverse rupture strength as well as thermal conduction. 
In a further paper [18] the authors focus on ruthenium addition to 
cemented carbides. Ru additions expand the allowable carbon range of 
WC-Co without formation of undesirable eta-phase or graphite. The 
thermal conductivity is lower than that of WC-Co, and is further reduced 
in low carbon materials. Ru containing alloys depicted increased hot 
hardness compared to unalloyed WC-Co materials, and the effect 
remained intact up to a temperature of 800 ◦C. Ru additions also 
improved the performance of cemented carbide in both milling and 
turning applications. 

Further information can be found in two recent US patents [19]. 
Referred cemented carbide articles exhibit enhanced resistance to wear 
and thermal fatigue, and can tolerate variations in carbon content 
without formation of undesirable phases, including eta phase and/or 
free graphite. In Table V of the patent the authors state an example 
composition, WC-9.5 wt% Co-1.5 wt% Ru. The patent shows, that in this 
material the carbon content could be varied over a large range, without 
the presence of eta phase or graphite. The carbon window of this ma
terial was assessed using measurements of the relative magnetic satu
ration and plotted vs. the carbon content and can be assessed from the 
drawing attached to the patent to be about 0.21 wt% C. Based on these 
patents, cemented carbides containing binder phases alloyed with Ru 
are fabricated on a large scale under the trade name X-GradeTM by 
Kennametal Inc. 

Two different ruthenium-containing alloys (WC-6.5 wt% Co-11 wt% 
(W,Ti,Ta)C-0.5 wt% Ru; WC-6.5 wt% Co-11 wt% (W,Ti,Ta)C-1 wt% Ru) 
were prepared by X. Yang et al. [20] and compared to a Ru-free WC-6.5 
wt% Co-11 wt% (W,Ti,Ta)C cemented carbide. The authors report a 
slightly increased hardness and transverse rupture strength of the Ru- 
containing materials and a more uniform microstructure with regard 
to local WC grain growth. Cutting tests demonstrated less flank wear of 
the ruthenium-containing materials. 

L. Chipise et al. [21] investigated the sliding wear characteristics of 
WC-VC-Co alloys with various Ru additions and found optimal wear 
resistance for an 80 wt% WC-10 wt% VC-10 wt% Co-0.4 wt% Ru alloy. 

Zhang et al. [22] added Ru (0.5 wt% to 2 wt%) to a WC-8 wt% Co 
cemented carbide and measured an increase in hardness and transvers 
rupture strength at 1.5 wt% Ru addition. Meanwhile, cemented carbides 
with 0.5 wt% Ru exhibited the highest toughness. Cemented carbide 
tools with Ru additions showed excellent cutting performance in dry 
cutting Ti6Al4V, and already a small amount of Ru addition was 
favourable for prolonging the lifetime of the tools; in particular, 0.5 wt% 
Ru. Both fcc Co and hcp Co were detected by X-ray diffraction, and the 
hcp fraction increased from 14.4% hcp without Ru to 39.6% with 2 wt% 
Ru addition, demonstrating the promotion of the hcp Co phase with 
increasing amounts of Ru. The lattice constant of the fcc phase increased 
from 3.563 Å (no addition) to 3.58 Å (0.5 wt% Ru), 3.582 Å (1 wt% Ru), 
3.591 Å (1.5 wt% Ru) to 3.595 Å (2 wt% Ru). The existence of residual 
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stresses during cooling is attributed to induce the phase transition to hcp 
Co. 

Recently, a study reported on the influence of carbon content on the 
binder microstructure in WC-15 wt% Co-2 wt% Ru cemented carbides 
[23] The authors describe an increase in coercivity and a decrease in 
magnetic saturation with decreasing carbon content, as a result of a 
higher tungsten content dissolved in the binder phase. The trans
formation from Co (fcc) to Co (hcp), observed by EBSD, was favoured 
with decreasing carbon, in samples subjected to slow cooling after sin
tering (2–3 ◦C/min). However, in materials with high cooling rate 
(15–20 ◦C/min) the carbon content seems to have a negligible influence 
on the formation of Co(hcp). 

2.3. The binary system: cobalt/ruthenium [4] 

Hexagonal cobalt and ruthenium form complete solid solution over 
the entire composition range. The maximum solubility of ruthenium in 
solid fcc cobalt is limited by the increase of the allotropic transformation 
temperature, and reaches a maximum value of about 16 at.% Ru at the 
formation of liquid. At higher Ru additions (25% to 30%) alloys are two- 
phase, with a cobalt-richer cubic phase and a ruthenium-rich hexagonal 
phase. Above 35 at.%, only hexagonal alloys are formed. The authors 
also describe a remarkable temperature hysteresis in the fcc Co → hcp Co 
transformation below 1000 ◦C. 

The Curie temperature of the hcp phase is higher than that of the 
cubic phase, and the limit of the ferromagnetic area was determined as 
34 at.% Ru. 

2.4. Literature resumé 

Besides its widespread use as a cutting material academic work on 
Ru-containing cemented carbides is limited over the last four decades. 
However, there are plenty of patents covering various use cases and 
compositions of this class of materials. 

3. Experimental procedure 

Four WC-9.5 wt% Co-1.4 wt% Ru cemented carbides were prepared 
with varying gross carbon content to provide information on phase 
formation in both low carbon and high carbon variants. This includes a 
sample with precipitations of eta phase, as well as a sample with 
graphite precipitations (see Table 1; alloys 1–4). The selected nominal 
composition of Ru refers to 12.8 wt% Ru of the binder (assuming all Ru 
is dissolved in cobalt). This composition corresponds to Stellram’s 
earlier GX20TM grade and is close to the nominal composition of the 
material described in US Patent 9,725,794 B2 (2017) [19]. 

The individual carbon value of the samples (“weighted-in carbon”) 

was adjusted by additions of C or W to cover the processing window of 
the system. Two Ru-free samples were prepared for comparison (WC- 
10.9 wt% Co; alloys 5 and 6), one with graphite, the other with pre
cipitations of eta phase. 

Standard grade powders of Co, Ru, W and C were used for alloy 
preparation (Fig. 1). A deagglomerated 3 μm FSSS WC powder was 
provided by Wolfram Bergbau und Hütten AG, Austria, exhibiting a 
rounded crystal shape. All powder grades are used in industrial pro
duction of hardmetals. 

For the preparation of powder batches, the respective powders were 
mixed for 2 h in a Turbula mixer without wax. Pressing of the green parts 
was performed at 200 MPa. The parts were sintered in a semi-industrial 
GCA vacuum sintering furnace on yttria supports to prevent uncon
trolled carbon pick up. The heating rate was 10 ◦C/min up to 1250 ◦C, 
and then 3 ◦C/min to the final hold: 1450 ◦C. The samples were placed in 
a graphite box together with WC-Co dummies to minimize carbon and 
cobalt losses during sintering. Soak time at the isothermal hold was 1 h. 
The cooling rate was about 15–20 ◦C/min down to 1200 ◦C. The total 
pressure was <0.01 mbar. Temperature measurement was performed by 
Pt-Pt/Rh thermocouples. 

After sintering, two small pieces of alloy 3 (5x5x15 mm) were cut for 
quenching dilatometer experiments. A Quenching Dilatometer L78 
RITA/Q (Linseis) was used. The first sample (alloy 7; Table 1) was 
heated to 1320 ◦C, kept at this temperature for 10 min, and then cooled 
down at ~100 K/s. The second sample (alloy 8; Table 1) was heated to 
the sintering temperature (1450 ◦C) and immediately cooled down at 
~100 K/s. In both cases the samples were inductively heated under 
nitrogen at a rate of ~200 K/s. 

Differential thermal analysis (DTA) measurements were carried out 
on WC-30 wt% Co-4.4 wt% Ru samples (12.8 wt% Ru in the nominal 
binder composition) to record the start of melting (during heating), as 
well as the start of solidification (during cooling). The compositions used 
considered WC-CoRu alloys containing graphite and eta phase forma
tion, as well as a two-phase high carbon alloy. A carbon-saturated WC- 
30 wt% Co sample was used as an internal standard for comparison. DTA 
experiments were conducted using a Simultaneous Thermal Analyzer 
(STA) Netzsch STA 449C, using a heating and cooling rate of 20 K/min. 

4. Characterization of the alloys 

Sample cross sections were characterized using a Scanning Electron 
Microscope (SEM) FEI QUANTA 200 ESEM. Energy-Dispersive X-ray 
Spectrometry (EDS AMATEK Octane Pro) was used as a semi- 
quantitative method to identify differences in chemical composition. 
The binder composition was analysed in wider binder areas to minimize 
co-detection of the WC. An acceleration voltage of 20 kV was used in all 
measurements. Carbon was excluded from quantification when 

Fig. 1. SEM micrographs of the starting powders WC, Co and Ru.  
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measuring the composition of the binder phase. Point analyses were 
made in the center of large binder pools (5 μm to 10 μm in diameter) 
located in the core part of the samples, as possible surface decarburi
zation/carburization might slightly alter the carbon content and there
fore the solubility of the elements in the binder region located in the 
outer rim part of the samples. At least 5 different binder pools were 
measured on each sample in order to determine the average value with a 
scatter below 1 wt%. However, giving a confidence interval for this data 
is not possible as the values can be affected by the particular composi
tion of the phase, the co-detection of other phases, the instrument used, 
the software and method used for quantification, etc. In any case, the 
values provided should only be taken as semi-quantitative. 

X-Ray diffraction (XRD) was used to identify the phases in stress-free 
polished alloys, as well as for lattice parameter measurements of the fcc 
cobalt binder using a PANanalytical X’Pert PRO diffractometer (CuKα1 
radiation). For the lattice parameter measurements, the WC peaks were 
used as an internal standard. To ensure adequate instrument resolution, 
LaB6 (NIST SRM 660b) was measured in the same setup as the samples. 
Alloys 1–6 were also etched electrochemically in a solution of 125 g 
Na2CO3 + 62.5 g Na-K-tartrate +62.5 g NaOH in 1000 ml H2O at 
approximately +2 V potential and a current density of 50–80 mA/cm2 

for about 12 h to remove the WC prior to XRD measurement. The 
resulting binder networks (although slightly oxidised during etching) 
were also used for a comparative EDS analysis of the alloy binders 1–6. 
Etching is not uniform along the surface, the areas examined have an 
estimated etch depth of ~200 μm. 

Magnetic saturation was measured using a Dr. Förster-Koerzimat 
magnetic analyzer and the coercivity was measured using a Koerzimat 
1.097 HCJ device. 

The hardness of the different alloys was determined on cross sections 
of the samples, following the norm ISO 3878. Indentations were made 
with a hardness tester M4U 025 by Emco (Austria) applying loads of 30 
kgf and 50 kgf, respectively. 

5. Thermodynamic calculations 

A thermodynamic calculation based on the CALPHAD methodology 
was carried out for the comparative WC-10.9 wt% samples, and the 
result is used to discuss the constitution of the Ru-containing samples. 
The software ThermoCalc and the commercially available database 
TCFE9 were used. No calculations were made for the alloys containing 

Ru because Ruthenium does not exist in the TCFE9 database. 

6. Results 

A summary of the results of our investigation is presented in Tables 1 
and 2. 

Table 1 presents the nominal composition of our alloys 1–8, their 
“weighed-in” carbon content, as well as phase formation and solubility, 
determined experimentally by combining the results from our metallo
graphic examinations, SEM-EDS and X-Ray diffraction patterns, ac
cording to the methodology described in previous publications [e.g., 
24]. Alloys 1–4 have Ru-additions according to the nominal composition 
WC-10.9(Co-12.8Ru), alloys 5 and 6 are Ru-free comparative samples 
WC-10.9(Co), containing either graphite or eta phase besides WC and 
binder (Fig. 2). Alloys 7 and 8 are modifications of alloy 3. A small part 
of alloy 3 was cut and reheated to 1320 ◦C (alloy 7) and 1450 ◦C (alloy 
8), and then quenched in a quenching dilatometer. 

Table 2 presents the results of magnetic measurements (magnetic 
saturation, coercivity) on alloys 1–8, the hardness of the composites 
(HV30 and HV50), the mean intercept length of the WC as well as the 
lattice parameter of the fcc binder phase. 

Fig. 3 demonstrates the results of our metallographic study in the 
form of SEM micrographs (alloys 1–6), also showing hardness (HV30) 
and WC mean intercept length values of the individual samples. 

The results of our DTA measurements are presented in Table 3. 
Sample 1 represents a comparative material (internal standard), a 
graphite-saturated WC-30Co cemented carbide; sample 2, 3 and 4 are 
WC-30(Co-12.8Ru) materials, with varying gross carbon content 
covering the whole carbon window from graphite to eta phase forma
tion. An example of a DTA run (sample 3 – two phase) is depicted in 
Fig. 4, indicating the onset of melt formation during heating, and the 
start of solidification during cooling. 

A vertical section of the C-Co-W phase diagram, calculated at 10.9 wt 
% Co is shown in Fig. 5. On the basis of this phase diagram it is clear that 
in a WC-Co material, an alloy with 5.26 wt% C (nominal) would be 
expected to present massive eta carbides. However, this carbon content 
in a Ru-containing alloy (see alloy 4 in Fig. 2) resulted in the presence of 
only small amounts of dendritic eta carbides. 

Table 2 
Properties of the binder and composite material.  

Alloy MS in μTm3/kg coercive field in kA/m HV 30 HV 50 WC intercept length in μm fcc-lattice parameter in Å 

1 15.3 (80.2%) 5.309 1166 1108 2.8 3.585 
2 12.1(63.3%) 5.372 1185 1195 2.8 3.597 
3 9.0 (47.1%) 5.278 1190 1224 2.2 3.604 
4 7.9 (41.4%) 8.252 1335 1280 2.1 3.609 
5 20.6 (94%) 5.078 1063 1044 2.9 3.548 
6 10.9 (49.7%) 6.961 1255 1264 2.2 3.576 
7 – – – – – 3.62 
8 – – – – – 3.622  

Table 1 
Nominal compositions of Alloys 1–8 of this study, as well as results on phase analysis and binder compositions.  

Alloy Nominal C in wt% Phases W in binder Ru in binder 

1 

WC-10.9(Co-12.8Ru) 

5.90 WC, fcc, hcp, graphite 6.0 wt% / 2.1 at.% 10.1 wt% / 6.4 at.% 
2 5.46 WC, fcc, hcp 15.7 wt% / 5.9 at.% 9.2 wt% / 6.3 at.% 
3 5.36 WC, fcc, hcp 18.7 wt% / 7.1 at.% 7.6 wt% / 5.3 at.% 
4 5.26 WC, fcc, hcp, eta 26.0 wt% / 10.5 at.% 8.3 wt% / 6.1 at.% 
5 

WC-10.9(Co) 
5.90 WC, fcc, hcp, graphite 3.6 wt% / 1.2 at.% – 

6 5.31 WC, fcc, hcp*, eta 18.1 wt% / 6.6 at.% – 
7 Alloy 3 + Q-1320 ◦C 5.36 WC, fcc, hcp* 20.8 wt% / 8.1 at.% 8.0 wt% / 5.7 at.% 
8 Alloy 3 + Q-1450 ◦C WC, fcc 24.3 wt% / 9.7 at.% 7.7 wt% / 5.6 at.% 

Q indicates quenching from the respective temperature; *phase fraction close to detection threshold. 
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7. Discussion 

7.1. WC grain growth and grain shape 

Previous investigations on adding Ru to WC-Co cemented carbides 
have described a WC grain growth inhibition effect during sintering, 
which was attributed to the Ru additive [9,12,15,16,21]. However, 
Fig. 3 suggests a different interpretation. From the series it is obvious 
that with decreasing the carbon content of the Ru-containing materials 
(at the same nominal composition; alloy 1 → 2 → 3 → 4), a decrease in 
mean WC grain size occurred. The lower the carbon content (i.e., the 
higher the amount of W in solution – see Table 1) the finer was the 
microstructure (i.e., the stronger the growth inhibition), with increas
ingly round WC grain shape. The strongest growth inhibition was ob
tained in alloy 4, which contained minor amounts of dendritic eta phase 
and depicted a clearly rounded WC grain shape (Fig. 3). 

Alloys 5 and 6 (both Ru-free) also demonstrate a clear WC grain 
refinement with decreasing carbon (Table 1, Fig. 3), however the effect 
is less pronounced. Coercivity, mean WC grain size and HV30 values 
support this finding (Table 2). The strong influence of carbon on the 
growth of WC during liquid phase sintering in cemented carbides is well 
known [25], and was observed even in strongly growth-inhibited sys
tems (e.g., in case of VC additions) [26]. 

These results indicate that it is not the Ru addition directly acting as a 
growth inhibitor. Rather, the measurements indicate that due to Ru 
addition the chemical composition of the binder phase changes. Ru 
addition - as indicated in Table 1 – increases the amount of W dissolved 
in the binder. The addition of Ru to cobalt obviously alters the compo
sition of the growth environment during sintering. The lower the gross 
carbon (carbon activity), the stronger the growth inhibition. 

7.2. Influence of the gross carbon content on cobalt alloy formation and 
composition 

Table 1 summarizes the results of our phase analysis as well as the 
experimentally obtained W and Ru (“frozen-in”) solubilities in the binder 
phase. Note that these measurements are based on a standard-free 
method (EDS), and thus cannot be regarded as quantitative. In addi
tion, a certain degree of co-detection of the WC cannot be ruled out 
although care was taken by measuring in selected binder areas (coarse 
binder pools as described in [24]). Approximately 1 wt% of Ru was found 
in the eta carbides in the cross section of the sample. We expect this to be 
due to secondary X-ray fluorescence from the subjacent/intergrown 
binder. Analysis of the sintering skin of the sample, where large eta phases 
had grown into the free space, did not confirm Ru in the eta phase. 

The results depicted in Fig. 6 show a striking increase in tungsten 
solubility in the Ru-containing alloy binder, from 6 wt% W in solid so
lution (alloy 1) to 26 wt% W in the eta phase containing material (alloy 
4). These concentrations are much higher as commonly obtained in Ru- 
free grades, which is also supported by the results obtained from the Ru- 
free alloys 5 and 6 (3.6 wt% → 18 wt%; Table 1). 

Alloys 7 and 8 (quenched from the solid resp. liquid phase) have a 
higher solubility of W than the comparable alloy 3. Solubility increases 
from 18.7 wt% W (cooling rate: 15–20 ◦C/min) to 20.8 wt% W 
(quenched from 1320 ◦C) and finally to 24.3 wt% W (quenched from 
liquid binder). 

This strong increase in W solubility in cobalt is also supported by the 
strong decrease in magnetic saturation (Table 2), as already described 
by Trivedi and Mehrotra [17–19] as well as Olovsjö and Qvick [23], and 
by the strongly increasing lattice parameter of fcc cobalt (see Fig. 6). The 
solubility values obtained by EDS analysis of the binder refer to the 
binder overall composition, independently of whether fcc-Co and/or 
hcp-Co were present. 

Fig. 2. LOM micrographs of alloy 1 and 5 (presence of graphite) und alloy 4 and 6 (presence of eta-carbides) after etching with Murakami for 3 s. The given carbon 
content presents the nominal C in the alloys. 
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7.3. EDS analysis of the binder networks obtained by electrochemical 
etching 

The increase in W solubility in cobalt can also be observed in alloys 
1–6 after electrochemical etching. As the WC is removed by the etching 
procedure, a binder network remains. The resulting porous network 
(Fig. 7) can be analysed by EDS, although the conditions for measure
ment (porous body, slightly oxidised metal binder during anodic disso
lution) prevent quantification. However, EDS analysis of the networks 
clearly support the tendency in solubilities as obtained in the dense al
loys (Fig. 8). 

7.4. Influence of the gross carbon content on the fcc binder phase lattice 
parameter 

XRD analysis of our alloys 1–6 demonstrates mainly fcc Co in both 
Ru-containing and Ru-free samples (Fig. 9). However, a certain amount 

Fig. 3. SEM microstructures of alloys 1–6 (5000×); mean WC intercept length dWC (μm) and hardness (HV30).  

Table 3 
Critical temperatures in ◦C for defining the melting and solidification regimes in 
DTA experiments. For more details on the calculation of these temperatures, see 
Fig. 4.   

Heating Cooling  

Onset End Onset End 

Sample 1 
WC-30Co-graphite 

1301 1325 1304 1286 

Sample 2 
WC-30(Co-12.8Ru)-graphite 

1307 1335 1314 1293 

Sample 3 
WC-30(Co-12.8Ru)-2 phase 

1329 1371 1351 1317 

Sample 4 
WC-20(Co-12.8Ru)-eta 

1372 1425 1373 1329  
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of hcp cobalt was always detected. In case of alloy 8, which was 
quenched from 1450 ◦C, the binder was fully fcc (Fig. 10), and the lattice 
parameter measured in this alloy (Table 1) was the highest of all of our 
alloys. 

After electrochemical removal of the dominating WC phase in case of 
our alloys 1–6 the diffraction lines of the fcc and hcp Co appeared much 
clearer. The ratio between Co(fcc) and Co(hcp) showed to be similar 
(Fig. 11), with only one exception, alloy 6 which mainly presents fcc. 
Because of the broad diffraction lines a quantification of the fcc/hcp 
phase ratios was not carried out. 

The lattice parameter of the fcc cobalt phase (obtained from non- 
etched alloys containing WC as an internal standard) increased from 
3.585 Å (alloy 1) to 3.597 Å (alloy 2) further to 3.604 Å (alloy 3) to 
finally 3.609 Å (alloy 4). The value for the Ru-free alloys 5 and 6 varied 
between 3.548 Å (+graphite) to 3.576 Å (+eta). Alloys 7 and 8 
(quenched) resulted in values of 3.62 Å, and 3.622 Å, respectively. 

The lattice expansion is due to the formation of a solid solution of Ru, 

W and C in fcc cobalt (i.e., the frozen-in composition [27]). Lattice 
parameter of CoRu-solid solutions were published by Köster and Horn 
[4]. A steady increase was observed with increasing Ru content from 
3.544 Å (pure Co) to 3.58 Å for a (Co20 at.% Ru) solid solution. Taking 
these values and calculating values for a solid solution of 12.8 wt% Ru in 
cobalt (i.e., considering a solution of about 7.8 at.% Ru in cobalt) a 
lattice parameter of about 3.558 Å is obtained. This value is significantly 
lower than the value obtained in our alloy 1 (3.585 Å – precipitations of 
graphite). Thus, increases in lattice parameter are due to the enhanced 
additional solution of W (and likely also C) in the cobalt binder. This 
trend is also seen with the significant increase of the lattice parameter in 
alloys 7 and 8 (quenched) as compared to alloy 3 (furnace cooling). 

The results indicate that the Ru addition increases the amount of W 
in solid solution over the whole carbon range studied, i.e., over the 
existing carbon window, and demonstrate an increase in W-content with 
decreasing C-activity, until eta phase is formed. The results also explain 
the diffusion experiments of Shing et al. [14], who reported Ru to act as 
an”eta-phase inhibitor” in WC-Co. 

The significant increase in lattice parameter of alloy 1 compared to 
alloy 5 (both exhibiting substantial precipitations of free graphite; 
Fig. 6) seems to be a peculiarity of the Ru-system. The data might 
indicate that upon cooling of alloy 1 a tungsten-richer fcc cobalt phase is 
formed together with a Ru-richer hcp phase. In contrast, in alloy 5 the 
measured lattice parameter suggests martensitic transformation of the 
binder. 

Onset
Melting

End
Melting

Onset
SolidificationEnd

Solidification

Fig. 4. DTA curves obtained for sample 3 (see Table 3). The image shows how the relevant temperatures were defined and calculated from the DTA measurement.  

Fig. 5. Isopleth T vs C of the system WC-10.9 wt% Co. The red spheres indicate 
a carbon window of ΔC ≈ 0.16. The red squares below indicate our “weighed- 
in” carbon values of alloys 1–4 (Table 1). Carbon shifts occur during processing, 
which in the current study (no powder milling) can be estimated to be ≤ 0.05 wt% 
carbon. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 6. W-solubility and lattice parameter values of alloys 1–6 in comparison; 
note the strong difference in lattice parameter between alloy 1 and alloy 5 (both 
with massive graphite precipitations). 
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7.5. The carbon window of WC-10.9 wt% (Co-12.8 Ru) cemented 
carbides 

The width of the carbon window of a cemented carbide system is an 
important parameter, in particular for manufacturing. It is determined 
by phase equilibria prevailing in the respective systems, and indicates, 
whether or not a two-phase material (WC + alloy binder) is obtained 
after sintering, or, whether substoichiometric carbides or graphite are 
additionally formed. 

This is demonstrated in Fig. 5 for the calculated WC-10.9 wt% Co 
system. The carbon window is indicated as the area between the two 
limiting red spheres and can be red out as ΔC ≈ 0.16, a value which 

matches practical experience quite well. 
Measuring the width of the carbon window in a new system -as for 

example our WC-10.9(Co-12.8Ru) cemented carbide- represents a 
laborious study. A large number of alloys with varying carbon contents 
are needed, and the carbon content is measured precisely after the sin
tering process. This is mandatory, as during sintering on the laboratory 
scale carbon loss will occur, shifting the intended carbon concentration 
lower. 

In our study, we have sintered four different Ru-containing alloys, a 
number not sufficient for assessing the isopleth in the system. However, 
in our sample set we observe that − 0.20 wt% C difference between alloy 
2 (stoichiometric carbon) and alloy 4 produced a material with only a 

Fig. 7. SEM micrographs of alloys 1–6 after electrochemical etching of the WC with magnetic saturation values (MS) and coercivity values (HC) of the hardmetal 
specimen prior to etching. 

W.D. Schubert et al.                                                                                                                                                                                                                            



International Journal of Refractory Metals and Hard Materials 116 (2023) 106346

9

minor amount of dendritic eta carbides present (see Fig. 2 and Fig. 9), 
although massive eta carbide formation was intended. In contrast, in 
alloy 6 (Ru-free), only − 0.15 wt% C from the stoichiometric carbon (i.e., 
5.46 wt% C) resulted in comparable amounts of eta carbide under the 
same preparation conditions (see Fig. 2 and Fig. 9). This result indicates 
that the Ru-containing carbon window is extended towards lower car
bon values of the system. 

A thorough literature research helped us in further evaluating the 
system. Trivedi and Mehrotra [18,19] have already shown that Ru ad
ditions broaden the carbon window of Ru-containing cemented car
bides, and have demonstrated it for a WC-9.5Co-1.5Ru compositions. 
The window was established by coercivity measurements of samples 
with precisely measured carbon and was demonstrated to be about ΔC 
≈ 0.21. 

As the system described by the authors is very similar to our nominal 
alloy composition (i.e., WC-9.5Co-1.5Ru) we can compare their material 
with our materials, in using a calculated isopleth of their basic system 
(WC-11% Co), Fig. 12. 

Comparing Fig. 5 (our system) and Fig. 12 (their system) one 
immediately sees that the isopleths are nearly identical and the calcu
lated carbon window has not changed significantly (as it was expected 
because the only difference is a change in the amount of WC from 89.1 
wt% C to 89 wt% WC). For both systems the window remains at about 
ΔC ≈ 0.16 for Ru-free alloys. 

In addition, Fig. 12 includes information about the width of the 
carbon window of the Ru-containing materials, in the form of two violet 
chain-dotted lines. This information was taken from the work of Trivedi 
and Mehrotra [19]. One clearly discerns that the change in carbon 
window is significant, and the window of the Ru-containing materials 
(WC-9.5Co-1.5Ru; WC-9.5Co-1.4Ru) is primarily extended towards the 
low carbon side, with a slight increase towards the higher carbon side 
when compared to the plain WC-11 wt% Co and WC-10.9 wt% Co 

materials. 
Based on the work of Trivedi and Mehrotra [19] and in agreement 

with our experimental findings we can therefore conclude that a carbon 
window of ΔC ≈ 0.21 is a reasonable estimate for our WC-10.9(Co- 
12.8Ru) cemented carbide. The confirmation of the broadening of the 
carbon window provided in this work stems not only from the micro
structural examinations, but also from the solubility studies. The 
considerably higher W content measured in Ru-containing low carbon 
samples (alloy 4 with 26 wt%W) as compared to equivalent Ru-free 
materials (alloy 6 with 18 wt% W) indicates that Ru-containing 
binders will require larger sub-stoichiometric compositions in order to 
get saturated in W and thus enable the precipitation of eta-carbides. 

7.6. Structure of the binder phases without and with Ru additions 

7.6.1. WC-Co 
In WC-Co based cemented carbides the cobalt binder phase is present 

as face-centred cubic (fcc) grains but also in the (low temperature) 
hexagonal close-packed form (hcp). One can expect fcc-Co to form 
during solidification of the melt as large grains (commonly in the range 
of several tenths to hundreds of μm), which on further cooling either 
retain a fcc-binder structure, or partly transform into finer, hcp crystal 
units (formed within the larger fcc grains) [23,28]. Mingard et al. [28] 
have shown by EBSD mapping that this transformation almost fully 
occurs with a {111}fcc//{0001}hcp orientation relationship. 

Several parameters influence this fcc/hcp martensitic trans
formation, such as composition, microstructural features (WC grain size, 
binder phase volume), stresses formed during cooling (cooling rate) or 
annealing. Both W and C are considered to stabilize the fcc phase, but 
recent work has shown that the stabilizing effect of W depends on its 
concentration [29]. In addition, Mingard et al. [28] have revealed that 
there is no trend with Co structure in cemented carbides and examples 

Fig. 8. Part of the EDS emission spectra of alloys 1–6; measured on the binder network obtained by alkaline etching (Fig. 7). Although not quantitative, the series 
reflect the significant differences in W solubility both in the Ru-containing and Ru-free alloys. During etching, the metal network passivates and forms a thin oxide 
layer which complicates the measurement. Oxygen is not considered in analysis. 
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were given of similar tungsten concentrations in solid solution but 
structures to be either nearly fully fcc, or, mainly hcp. The authors also 
investigated the influence of sample preparation on fcc/hcp trans
formation (prior to EBSD measurement) and confirmed that the ratio of 
the structures did not alter in samples due to mechanical polishing, as 
one might expect from a strain-induced fcc/hcp martensitic 

transformation, as occurs during binder deformation [30]. 
Despite the importance of cemented carbides as tool materials there 

is still limited knowledge about how the fcc/hcp content (ratio) in
fluences deformation and fracture characteristics (monotonic or cyclic 
loading) [28]. 

Fig. 9. XRD patterns of alloys 1–6 after stress-free polishing.  
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7.6.2. WC-Co(Ru) 
Ruthenium metal exhibits a hexagonal close-packed (hcp) crystal 

structure and additions of Ru to cobalt were shown to stabilize the low- 
temperature hcp cobalt lattice [4]. In addition, a first principles study of 
the stacking fault energies for fcc Co-based binary alloys demonstrated 
that Ru additions promotes the hcp phase formation [29]. 

Whereas it is quite clear that hcp Co will form at higher Ru additions 
(> 45 wt% Ru) [4], a two phase fcc/hcp binder structure is expected at 
lower additions. According to the binary phase diagram Co–Ru [4] fcc 
Co is formed on solidification at compositions <25 wt% Ru but will 
transform partly into hcp cobalt on cooling in the solid state. Köster and 
Horn [4] have revealed that in this case an equilibrium between fcc and 
hcp phase will form until below 1000 ◦C martensitic transformation 
occurs. This indicates that above this temperature two solid binder 
phases will coexist with different concentrations (molar volumes); i.e., a 
more Co-rich fcc phase and a more Ru-rich hcp phase. 

Lisovskii [11] observed a mixed fcc/hcp binder structure in a 
cemented carbide with a Ru content of 20.8 wt%. This binder had a 
significantly higher nano-hardness as the Ru-free WC-Co comparative 
alloy (7.1 GPa instead of 5.8 GPa). He explained this increase by pre
cipitation hardening of the binder phase (in addition to solid-solution 
hardening). Zhang et al. [22] have recently demonstrated that the 
amount of hcp phase increased from 14% (ruthenium-free) to 40% 

Fig. 10. XRD pattern of alloy 8 in a quenched state after stress-free polishing.  

Fig. 11. XRD patterns of alloys 1, 3 and 5 after removal of WC via electrochemical leaching.  
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(Co20 wt% Ru) in their WC-8 wt% CoRu alloys. The authors explained 
this difference by the fact that during cooling Ru promoted the phase 
transition from fcc to hcp. 

Most of the work published on Ru additions to cemented carbides 
refer to Ru additions ≤15 wt% Ru, as machining tests had shown su
perior performances in this composition range. However, only three 
investigations [18,19,23] have considered variations in carbon in the 
investigated system; i.e., the formation of different alloy compositions, 
which not only influences solid solution strengthening but most prob
ably also the fcc/hcp ratio (and probably precipitation hardening) 
during cooling. 

Olovsjö and Qvick [23] reported that in their EBSD investigation on 
carbon variations in a WC-17 wt% (Co11.8 wt% Ru) cemented carbide 
the ratio of hcp/fcc significantly increased from 0.68 in a high carbon 
material to 4.5 in a low carbon material at slow cooling rate (3 ◦C/min). 
This ratio was, however, changed on fast cooling (15–20 ◦C) to 0.22 
(HC) and 0.09 (LC) alloy. This demonstrates a clear impact of the 
thermal history on phase formation in Ru-containing cemented carbides 
(as one might expect from the binary phase diagram Co–Ru). 

In our investigation using WC-10.9 (Co-12.8 wt% Ru) cemented 
carbides we observed roughly the same fcc/hcp phase ratio over the 
carbon range studied. This might be due to the high cooling rate in our 
investigation (15–20 ◦C/min). The majority binder phase structure was 
always fcc. The diffraction lines of hcp Co were strikingly broad, which 
reflects small crystallite sizes, residual stresses and/or compositional 
non-uniformities formed during cooling. 

WC-Co(Ru) hardmetals might be interesting candidates for annealing 
experiments, as one might expect precipitation hardening on forcing the 
fcc/hcp transition at elevated temperatures. 

7.7. Magnetic saturation 

The values of magnetic saturation of our Ru-containing samples 
(Table 2) strongly decreased from 15.3 μTm3/kg (+graphite) to 7.9 
μTm3/kg (+eta). In addition, the individual values were significantly 
lower as one would expect from comparison to Ru-free samples at the 
same C and Co content. Related to the magnetic saturation of pure cobalt 
for our composition this results in % values of 80.2% (+graphite), 63.3% 
(two phase; MC), 47.1% (two phase; LC) and 41.4% (+eta). Obviously, 
the low values are due to the very high solubility of W and Ru in solid 
solution. 

Olovsjö and Qvick [23] reported similar results in their investigation 
on WC-17 wt% (Co-11.8Ru) cemented carbides. They also demonstrated 
that a higher cooling rate further reduced the values, and explained this 
with a higher amount of W in solid solution. 

A strong decrease in magnetic saturation by additions of Ru is also 
mentioned in [19], in which the percentages of magnetic saturation (MS, 
%) were related to the individual (measured) carbon content of WC-9.5 
(Co13.6Ru) cemented carbides. The values varied between roughly 82% 
at the occurrence of graphite, and about 47% at formation of eta 
carbides. 

In practice, the values of magnetic saturation depend on several 
factors, such as microstructural and compositional parameter, cooling 
rate and also on the presence of hexagonal Co, i.e., the ratio of fcc/hcp 
binder structures. It is known, that Curie temperature of fcc and hcp Co 
(Ru) are not the same [4]. 

According to B. Cole [7] the low magnetic saturation of Ru-bearing 
materials was already known in the early time of alloy development, 
and was seen as a peculiarity of the materials. 

Fig. 12. Isopleth T vs wt% C of the system WC-11 wt 
% Co. The red spheres indicate a carbon window of 
ΔC ≈ 0.16 (see also Fig. 5). The chain-dotted violet 
lines demonstrate the results of the work of Trivedi 
and Mehrotra on a WC-9.5 wt% Co-1.5 wt% Ru 
cemented carbide [19]. Within these lines the authors 
observed WC and Co binder, only. A clearly extended 
carbon window can be derived from this presentation 
(ΔC ≈ 0.21). The red arrows below show the indi
vidual carbon values of our alloys 1–4 (“weighed in”), 
and their probable shift in carbon during sintering 
(burn-off). (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   
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7.8. Formation of liquid phase in Ru-containing cemented carbides 

Eutectic melt formation in Ru-containing carbides is not discussed in 
the literature. Reference [12] indicates that a sintering temperature of 
1410 ◦C was too low to provide dense samples containing 16.7 wt% Ru 
in Co. Based on this information 1450 ◦C was used in our sintering study. 

To gain a better insight into the formation of liquid phase during 
sintering, DTA measurements were carried out on WC-30 wt% (Co- 
12.8Ru) materials with differing gross carbon (Table 3; samples [2–4]). 
As an internal standard, a Ru-free, carbon saturated WC-30 wt% Co 
sample was used (sample 1). This sample was used as standard since the 
temperature of the four-phase equilibrium (fcc + WC + graph. + L) in 
the C-Co-W system is well known (1298 ◦C [31]). 

The results demonstrate that in Co-12.8Ru cemented carbides the 
melting and solidification behaviour is about the same as in Ru-free WC- 
Co cemented carbides, both at high and low carbon concentrations. 
There is a shift of a few degrees only (~6 ◦C), between our internal 
standard and the Ru-containing, carbon-saturated sample 2 in terms of 
melt formation on heating. Also, the start of melting on heating and the 
start of solidification on cooling of sample 4 (containing eta) are shifted 
only a few degrees above the temperature of the four-phase equilibrium 
(fcc + WC + M6C + L); i.e., 1368 ◦C [31]. These temperatures are well 
below our selected sintering temperature of 1450 ◦C. 

8. Conclusions 

The experiments presented in this manuscript support the following 
conclusions:  

• Microstructural examinations and W solubility measurements 
confirm that larger sub-stoichiometric compositions are necessary in 
Ru-containing binders to promote the precipitation of eta carbides. 
This, in turn, means that the addition of 1.4 wt% Ru to a WC-9.5 wt% 
Co cemented carbide significantly widens the carbon window of the 
materials. The results are in excellent agreement with those of 
Trivedi & Mehrotra [19] who reported an expansion from about ΔC 
≈ 0.16 wt% in Ru-free alloys to about ΔC ≈ 0.21 wt% in Ru- 
containing alloys.  

• The addition of Ru increases the binder solubility of tungsten in solid 
solution over the carbon range studied (from about 6 wt% W at 
presence of graphite to 26 wt% W at presence of eta phase).  

• The increasing degree of W-alloying is reflected by a steady increase 
of the lattice parameter of fcc cobalt from 3.585 Å (presence of 
graphite) to 3.609 Å (presence of eta phase).  

• The magnetic saturation of the Ru grades is significantly decreased 
from about 80% (+graphite) to 41% (+eta); related to pure cobalt. 
This again reflects the high amount of Ru and W in solid solution.  

• The coercivity of the Ru-containing alloys increased with decreasing 
carbon, indicating a decrease of WC grain size of the cemented car
bide. This is in accordance with a significantly finer WC micro
structure, a smaller WC mean intercept length, and a higher hardness 
of the substoichiometric materials. The growth inhibition is mainly 
governed by the carbon content, and only indirectly by the Ru 
addition.  

• The binder structure consisted of mainly Co(fcc), but Co(hcp) was 
present in all our samples. The diffraction lines of the hcp crystals 
were broad, indicating small crystallite sizes, stresses and/or 
compositional non-uniformities, formed on cooling.  

• The solidus and liquidus temperatures of the Ru-containing materials 
are only slightly increased in comparison to Ru-free WC-Co cemented 
carbides. 
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