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Effect of Binder-Phase Modification and Cr3C2 Addition 
on Properties of WC-10Co Cemented Carbide 

D. Banerjee, G.K. Lal, and G.S. Upadhyaya 

For production of fine-grained and corrosion-resistant tungsten carbide (WC) based cemented carbides, 
addition of chromium carbide (Cr3C2) in small amounts is s tandard practice. No systematic study, how- 
ever, has been made of the effects of large additions (maximum 6 wt %) of Cr3C2 as a substitute for tung- 
sten carbide. This study focuses on the effect of hard-phase substitution by Cr3C2 in WC-10Co cemented 
carbide. An attempt is also made to modify the binder metal cobalt by partial or complete substitution of 
nickel. Specimens were prepared using the standard liquid-phase sintering process and were tested for 
sintered porosity, mechanical properties, corrosion resistance, and microstructural  parameters. Results 
confirm the findings of earlier workers regarding grain refinement and improvement of mechanical 
properties upon the addition of small amounts (<2 wt %) of Cr3Cz. Modification of the binder phase im- 
proves indentation fracture toughness and corrosion resistance. Addition of Cr3Cz independent of the 
binder type improves corrosion resistance. 
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1. Introduction 

THEexceptional wear/abrasion resistance, high hardness, good 
fracture toughness, and good compressive strength of tungsten 
carbide/cobalt (WC-Co) hard metals have led to their extensive 
use for cutting tools, metaiforming tools, mining tools, and 
wear-resistant parts. Chromium carbide (Cr3C2) has been used 
in small amounts in WC-Co cemented carbides as a grain 
growth inhibitor. At the same time, Cr3C 2 has been found to af- 
fect other properties (Ref 1-9). Nickel, which is less expensive 
and more readily available than cobalt, has been tried as a pos- 
sible substitute for cobalt binder either alone or in combination 
with iron (Ref 1, 10-16). However, simultaneous substitution 
of WC and cobalt by Cr3C 2 and nickel, respectively, has not 
been tried in a systematic manner. In the present work on WC- 
10Co cemented carbides, Cr3C 2 is substituted for WC and the 
binder cobalt is modified by nickel. The effects of these substi- 
tutions on various properties are reported. 

2. Experimental Procedure 

2.1 Raw Materials and Their Characterization 

The characteristics of the raw materials used in the present 
study can be summarized as: 

D. Banerjee, G.K. Lal, and G.S. Upadhyaya, Indian Institute of 
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Tungsten carbide powder 
Source 
Average particle size, ~tm 
Total carbon, % 
Free carbon, % 

Chromium carbide powder 
Source 
Purity, % 
Particle size 

WIDIA Ltd., India 
3.2 
6.12 
0.10 

Morton Thiokol Inc., USA 
99.5 
0.3 wt% above 17 lam 
50 wt% above 7 I.tm 
90 wt% above 2 p.m 
100 wt% above 1.5 lam 

Ultrafine cobalt powder 
Source Sherritt Gordon Ltd., Canada 
Chemical analysis (typical), % 

Nickel 0.2 
Silver 0.3 
Iron 0.005 
Copper 0.001 
Carbon O. 18 
Sulfur 0.008 
Oxygen 0.7 

Fisher subsieve size (FSSS) 0.8 
Apparent density, g/cm 3 1.3 
Tap density, g/cm 3 2.5 
Surface area, m2/g 2.0-3.0 
Particle shape Spherical loose agglomerates 
Oxygen per unit area, g/m 2 2.3 • 10 3 to 3.5 • 10 -3 

Nickel powder 
Source INCO, U.K. (type 123) 
Average particle size, lain 3.7 
Chemical analysis (typical), % 

Carbon 0.06 
Iron 0.005 
Oxygen 0.05 
Calcium 0.0003 
Nitrogen 0.003 
Sulfur 0.003 
Other 0.001 

2,2 Specimen Preparation 

The premixes of carbides and binder metals were prepared 
by conventional ball milling. Wet milling of the powders in ace- 
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tone was performed for 36 h in a centrifugal-type ball mill. The 
additive hard phase (i.e., Cr3C2) was initially milled with the 
binder powder for 8 h, followed by WC addition and an addi- 
tional 28 h of  wet milling. Four hours before the completion of  
milling, 2 wt% micronized wax powder was added to the 
charge to improve green strength. 

The starting composition of  the cemented carbide (WC- 
10Co) corresponded to approximately 16.5 vol% binder phase. 
All subsequent compositions were tailored so that the volume 
fractions of  hard phase and binder remained in the same pro- 
portions as those of  the initial WC-10Co cemented carbide (Ta- 
ble 1). 

Rectangular green compacts approximately 25 by 8 by 5 
mm 3 in size were pressed from the ball-milled powder premix. 
A green density of  55 to 60% of theoretical was obtained for all 
compositions. 

The green compacts were dewaxed in a tubular furnace at 
400 ~ for 2 h in a dry hydrogen atmosphere (-35 ~ dew 
point). The heating rate was maintained at a relatively low 
value of  about 2 ~ to ensure that the green compacts did 
not distort during dewaxing. 

The dewaxed compacts were subsequently sintered in hy- 
drogen in the same tubular furnace for 1 h at 1420 ~ for the 
grade containing cobalt and at 1470 ~ for the other grades con- 
taining cobalt/nickel and nickel as binders. The heating rate 
was approximately 8 ~ during this stage. 

2.3 Testing and Evaluat ion 

2.3.1 Sintered Density 

The sintered density was measured according to the follow- 
ing formula by using the displacement method (Ref 17): 

Sintered density (g/cm 3) = a 
b - c  

where a is the weight of the compact in air, b is the weight of the 
xylene-impregnated compact in air, and c is the weight of the 
xylene-impregnated compact in water (all in grams). The theoreti- 
cal density of each composition was calculated from the simple 
role of mixture, taking the theoretical density of various elements 
and compounds from the literature (WC = 15.77 g/cm 3, Cr3C 2 = 
6.74 g/cm 3, Co = 8.85 g/cm 3, and Ni = 8.90 g/cm3). 

2.3.2 Microstructural Studies 

Selected sintered compacts were wet polished primarily on 
a cast iron wheel using 7 lam diamond paste, followed by finer 
polishing with diamond pastes of  decreasing grit size (4.5 and 
2.5 ~tm). The polished specimens were electroetched using 5% 
HCI solution at a potential difference of 3 V for 20 to 30 s. They 
were then placed under a scanning electron microscope (SEM) 
in secondary electron mode at an operating voltage of 20 kV. 
About four photomicrographs of  each sample were taken arbi- 
trarily from different specimen locations (magnification, 
5000x) for subsequent quantitative metallographic study. 

Different microstructural parameters--mean linear inter- 
cept grain size, contiguity, and binder mean free path--were 

measured in accordance with the method suggested by Gurland 
(Ref 18) using the following formulas: 

�9 Carbide mean linear intercept grain size 

La = 2(Vv)c~ 
2(NL),~,~ + (NL),~I~ 

where (Vv)tx is the volume fraction of  the carbide phase, and 
(NL)ac ~ and (NL)c~l~ are the average number of  intercepts per unit 
length of  test lines with the traces of  the carbide/carbide grain 
boundary and carbide/binder interface, respectively. 

�9 Contiguity of the carbide phase 

2(NL)c~a 
Cec = 

2(NL)ct(~ + (NL)oq 3 

�9 Binder mean free path 

[1  - ( V v ) l ~ ] [ ]  - ( c ~ ) ]  

where (Vv)l~ is the volume fraction of  the binder phase. 

2.3.3 Magnetic Coercivity 

To investigate the distribution of  metal phase and the mi- 
crostructural features outlined in section 2.3.2, the magnetic 
coercivity of  the sintered specimens was measured. 

2.3.4 Mechanical Properties 

2.3.4.1 Transverse Rupture Strength 

The transverse rupture strength (TRS) of as-sintered speci- 
mens was determined under three-point loading according to 
ASTM specification B406-76 (Ref 19). The maximum rapture 
load at the failure point of the test piece was used to calculate TRS: 

3PL 
TRS ( M P a ) = -  

2 WT 2 

where P is breaking load (MN), L is length (m), Wis width (m), 
and T is thickness (m). For each set of  specimens, four tests 
were performed and the average value reported. 

2.3.4.2 Hardness 

Hardness of the sintered compacts was measured on a Vick- 
ers hardness testing machine (load, 30 kg) (Ref 20). About five 
indentations were taken on each polished specimen and the av- 
erage value reported. 

2.3.4.3 Indentation Fracture Toughness 

Indentation fracture toughness (Kc) was measured accord- 
ing to the method suggested by Shetty et al. (Ref 21), based on 
Palmqvist crack geometry: 
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Kc(MPa~/m) = 0.0319 P/al b'2 The  cor ros ion  rate was  ca lcula ted  us ing  the formula :  

where  P is inden ta t ion  load (MN) ,  a is ha l f  inden ta t ion  diagonal  
(m), and  l is Pa lmqvis t  c rack  leng th  (m).  

Test ing was carr ied out  at  a load o f  60 kg for  grades  conta in-  
ing coba l t  and  cobal t /n ickel  b inders  and  at a load o f  100 kg for  
grades  con ta in ing  nickel  binder.  A Vickers  ha rdness  tes t ing ma- 
ch ine  was used to m a k e  the  indenta t ions .  Crack  length  was 
measu red  us ing  a precis ion m e a s u r i n g  mic roscope  ( least  count  
= 0.001 mm) .  Remo va l  of  subsur face  d a m a g e  or any  surface 
layer  tha t  m igh t  have  come  unde r  c o m p r e s s i o n  dur ing  posts in-  
ter ing coo l ing  (Ref  21) was ensu red  by  doub l ing  the durat ion of  
each  l app ing /po l i sh ing  s tage d i scussed  earlier. A b o u t  f ive in- 
den ta t ions  were taken on  each  sample  and  the ave rage  value  re- 
ported.  

2.3.5 Corrosion Resistance 

M e a s u r e m e n t s  for  eva lua t ing  cor ros ion  res i s tance  were car- 
ried out  fo l lowing  A S T M  spec i f ica t ion  G31-72  (Re f  22). The  
m i n i m u m  exposure  t ime was f ixed  per  the A S T M - a p p r o v e d  re- 
lation: 

Hours - 
2000 

Corrosion rate in mils per  year (mpy) 

Corrosion rate (mpy) = 3.45 x 106 - -  
W 

A • 2 1 5  

where  W is the mass  loss in  g rams  to the neares t  1 mg,  A is the 
area of  the spec imen  in square  cen t imete rs  to the neares t  0.01 
c m  2, T i s  the t ime of  exposu re  in hours  to the neares t  0.01 h, and 
D is the dens i ty  of  the spec imen  (g/cm3). 

3. Results and Discussion 

3.1 Sintered  Porosity 

The  dens i f ica t ion  b e h a v i o r  of  the var ious  c e m e n t e d  carbide  
grades  tes ted is s h o w n  in Fig. 1. Nickel  as a b i n d e r  wi th  W C  ap- 
pears  to adverse ly  affect  densi f ica t ion.  Smal l  a m o u n t s  of  Cr3C 2 
when  subs t i tu ted  in con junc t ion  with n ickel  ra ises  the porosi ty  
level.  Never the less ,  compara t ive ly  grea ter  Cr3C 2 subs t i tu t ion  
levels  aga in  improve  dens i f ica t ion .  

Bo th  W C  and Cr3C 2 have  poor  wettabi l i ty  by  n icke l  mel ted  
in a h y d r o g e n  a tmosphe re  (Ref  23, 24). This  accoun t s  for  the 
decrease  in dens i f ica t ion  at lower  levels  of  Cr3C 2 in the a l loys 
wi th  n icke l  binder.  Subs t i tu t ion  of  Cr3C 2 for  W C  causes  an in- 

Table 1 Compositions of  tested grades of cemented carbides 

Hard phase, vol % Binder, vol % Hard phase, wt % Binder, wt % 
WC Cr3C 2 Cobalt Nickel WC Cr3C 2 Cobalt Nickel 

83.5 0 16.5 ... 
81.5 2 16.5 ... 
79.5 4 16.5 ... 
77.5 6 16.5 ... 
71.5 12 16.5 ... 
83.5 0 8.25 8.25 
81.5 2 8.25 8.25 
79.5 4 8.25 8.25 
77.5 6 8.25 8.25 
71.5 12 8.25 8.25 
83.5 0 ... 16.5 
81.5 2 ... 16.5 
79.5 4 ... 16.5 
77.5 6 ... 16.5 
71.5 12 ... 16.5 

90.00 10.00 ... 
88.95 0.93 10.12 ... 
87 .85  1 9 0  10.25 . .  

86.73 2.87 10.40 ... 
83.23 5.97 10.80 _. 
9 0 . 0 0  . . .  5 .00  5 .00  
88.92 0.93 5.06 5.09 
87.83 1.90 5.12 5.15 
86.73 2.87 5.18 5.22 
83.22 5.97 5.39 5.42 
90.00 . . . . . .  10.00 
88.90 0.93 .... 10.17 
87.80 1.90 ... 10.30 
86.70 2.87 ... 10.43 
83.20 5.97 ... 10.83 
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Fig. 1 Effect of Cr3C2 addition and binder-phase substitution on the sintered porosity of WC- 10Co cemented carbide 
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creased carbon level in the system, as the former contains 13.33 
wt% C--almost  double the content in WC (6.13 wt%). In- 
creased carbon content causes a greater amount of liquid to 
form during liquid-phase sintering (Ref 25), and the tempera- 
ture at which liquid starts to form during sintering is lowered. 
This is due to the lowering of  the solidus temperature within the 
two-phase range, which in the case of nickel binders may be as 
large as 70 to 80 ~ (Fig. 2) (Ref 10). These two factors im- 
prove densification with higher levels of Cr3C 2 substitution. 

3.2 Microstructure and Quantitative Metallography 

The microstructures of the cemented carbides (Fig. 3) con- 
sist of prismatic grains of  WC embedded in the binder matrix. 
Ideally, a WC grain should be shaped like a truncated, flat, tri- 
angular prism. Any deviation from this shape, including round 
corners of the grains, is indicative of  the existence of solution- 
reprecipitation and coalescence stages during sintering and a 
nonequilibrium condition while cooling down from the sinter- 
ing temperature. The most discernible effect of  Cr3C 2 addition 
is refinement of  the WC grains, evidenced by the microstruc- 
tures as well as by quantitative metallographic study (Fig. 4, 
Table 2). The refining effect of Cr3C 2 is more prominent in the 
compositions where nickel is substituted for cobalt. Any ten- 
dency toward discontinuous grain growth after nickel substitu- 
tion is eliminated by Cr3C 2 addition. 

Quantitative metallographic study shows that Cr3C 2 refines 
the WC grains regardless of binder type. Although in some 
compositions with high Cr3C 2 substitution levels the average 
grain size increased, it is always smaller than that in the starting 
composition. Contiguity exhibited no regular trend. Binder 
mean free path increased after small additions of Cr3C 2 in all 
three binder types, but after further additions exhibited no regu- 
larity in its variation. 

3.3 Magnetic Coercivity 

Substitution of  a small amount of  Cr3C 2 (2 vol%) raises the 
magnetic coercivity value regardless of binder type; this is sugges- 
tive of  hard-phase groin refinement (Fig. 5). In the cobalt-bonded 
alloys, 12 vol% Cr3C 2 substitution causes the coercivity to rise 
appreciably, a phenomenon not observed in the alloys contain- 
ing nickel. This rise may be due to the precipitation of  a fine, 
nonmagnetic phase such as Co3W within the binder. This 
proposition is supported by various work (Ref 26, 27). 

3.4 Mechanical Properties 

3.4.1 Transverse Rupture Strength 
Addition of  relatively little Cr3C 2 (2 vol%) improves the 

TRS of WC-10Co cemented carbide, but this property drops al- 
most linearly with increased Cr3C 2 substitution (Fig. 6). This 
initial increase in TRS occurs because of grain refinement and 
an increase in binder mean free path (Fig. 4). The subsequent 
drop in TRS can be explained as follows. 

The chief cause of  strengthening in WC-Co alloys is the 
solid-solution strengthening of the binder cobalt by tungsten. 
Tungsten, having a greater atomic radius (1.37/~) than cobalt 
(1.25 ,~), puts the cobalt lattice under compression. Chromium, 

with an atomic radius identical to that of  cobalt, cannot 
strengthen the cobalt lattice through a solid-solution mecha- 
nism. Chromium carbide is not soluble in WC (Ref 28); an x- 
ray diffraction study by Oakes (Ref 2) established that 
chromium stays entirely in the binder phase. Because cobalt 
does not have an unlimited solubility for carbides, the dissolu- 
tion of Cr3C 2 in the former should be accompanied by a rejec- 
tion of WC from the binder. This is also evidenced by the fact 
that the free energy of formation for WC (39.9 KJ/mol at 1200 
K) is lower than that for Cr3C 2 (103.14 KJ/mol) (Ref 6). It can 
thus be concluded that the removal of  dissolved tungsten from 
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the binder phase as WC is the cause of  loss in strength at higher 
levels of  Cr3C 2 substitution. 

Substitution of  nickel for cobalt  results in higher porosity, 
thereby negating the beneficial effect of the initial Cr3C 2 addi- 

tion (Fig. 6). It is interesting to note that in the case of  cemented 
carbides containing 12 vol% Cr3C 2, the sintered porosity level 
is almost the same, but the TRS drops in the following order: 
nickel, cobalt/nickel, cobalt. This is because tungsten is more 

(a) (b) 

(c) (d) 

(e) (f) 
Fig. 3 SEM microstructures of some typical cemented carbides with or without Cr3C 2 addition. (a) WC-10Co. (b) WC-2Cr3C 2-10Co. (c) 
WC- 10Co/Ni. (d) WC-2Cr3C 2-10Co/Ni. (e) WC- 10Ni. (f) WC-2Cr3C 2-10Ni 
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soluble in nickel (14 to 30%) than in cobalt (4 to 19%) (Ref 10). 
Even after the removal of some dissolved tungsten from the 
binder following Cr3C 2 addition, nickel would have a higher 
tungsten content and thus give better strengthening than cobalt. 

3.4.2 Hardness 

The Vickers hardness of WC- 10Co cemented carbides re- 
mains almost unaltered by Cr3C 2 substitution (Fig. 7). Substi- 
tution of cobalt by nickel, however, lowers the hardness, which 
can be attributed to the lower flow stress of nickel compared to 
cobalt. The inhomogeneity in the microstructure resulting from 
the incompatibility between Cr3C 2 and nickel is reflected in the 
hardness variations in the nickel-bonded grades. 

3.4.3 Indentation Fracture Toughness 

The indentation fracture toughness value obtained for WC- 
10Co in the present study is slightly higher than those reported 
in the literature (Ref 17). This could be due to the loose, spheri- 
cal, agglomerate morphology of the cobalt powder selected, 
which is different from the angular, chainlike morphology of 
cobalt powders conventionally used in the cemented carbide 
industry. 

With Cr3C 2 substitution, variation in toughness follows a 
pattern similar to that in TRS (Fig. 8). Partial or complete sub- 
stitution of cobalt by nickel improves the toughness of WC- 
10Co alloy. The appearance of pores after small Cr3C 2 
substitutions in these grains negates the beneficial effect ob- 
served in cobalt-bonded alloys. Hardness of cemented carbides 
is known to bear an inverse relationship to crack resistance and 
thus to fracture toughness (Ref 29). The improvement of tough- 
ness after nickel substitution and its variation with Cr3C 2 addi- 
tions can be explained along these lines. 

3.5 Corrosion Resistance 

Results of corrosion experiments (Fig. 9) show that 
Cr3C 2 substitution improves the corrosion resistance of co- 
bait-bonded alloys. Substitution of nickel for cobalt with 
concurrent Cr3C 2 substitution produces even better corro- 

sionresistance. The present study, in contrast to the findings of 
Kny and Schmid (Ref 30), shows that 6 N HNO 3 is a stronger 
corroding medium than 2N H2SO 4. 
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Fig. 4 Variation of mean linear intercept grain size (a), contigu- 
ity (b), and binder mean free path (c) in hard- and binder-phase- 
modified WC- 10Co cemented carbides 

Table 2 Results of  quantitative metallography of tested grades of cemented carbides 

Binder Cr3C2 Lcx, S.D. S.D. LI~, 
type content, vol % llm (cO(a) C a (if) (a) llm 

Cobalt 0 1.099 0.149 0.412 0.187 0.138 
2 0.920 0.158 0.158 0.163 0.480 
4 1.049 0.131 0.508 0.140 0.171 
6 0.871 0.074 0.496 0.188 0.516 

12 1.040 0.195 0.523 0.151 0.190 
Cobalt/nickel 0 1.416 0.161 0.566 0.171 0.149 

2 1.091 0.120 0.480 0.083 0.238 
4 0.975 0.119 0.423 0.138 0.368 
6 1.286 0.206 0.538 0.194 0.218 

12 0.973 0.146 0.636 0.216 0.222 
Nickel 0 1.400 0.246 0.582 0.189 0.220 

2 0.950 0.099 0.660 0.120 0.466 
4 1.096 0.171 0.460 0.138 0.327 
6 0.860 0.087 0.440 0.108 0.322 

12 1.000 0.073 0.558 0.130 0.400 

(a) S.D. (o) = population standard deviation = [(Ex 2 - nx 2) hz]l,r 
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Fig. 10 Typical SEM microstructures of corroded cemented carbide specimens. (a) WC-10Co (HNO3), (b) WC-10Co (H2SO4). (c) WC- 
12Cr3C2-10Ni (HNO3). (d) WC-12Cr3C2-10Ni (H2SO4) 
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Scanning electron micrographs (Fig. 10) of  the corroded 
samples reveal that attack by sulfuric acid is more prominent in 
the binder phase, whereas nitric acid attacks both hard phases 
and binder phases. The presence of  chromium in nickel binder 
and the passivation response of  these metals accounts for the 
higher corrosion resistance of  the modified grades of  cemented 
carbides. 

4. Conclusions 

Based on the foregoing results and discussion, a number of 
conclusions can be drawn: 

�9 Chromium carbide does not affect the densification of WC- 
10Co cemented carbides. Substitution of cobalt by nickel, 
at least with low Cr3C2 additions, is not favorable for den- 
sification. 

�9 Chromium carbide refines the carbide grains in WC-base 
cemented carbides, regardless of  binder type, thus eliminat- 
ing any tendency toward discontinuous grain growth. 

�9 Magnetic coercivity variation suggests a grain refinement 
in the hard phase upon Cr3C2 addition. Precipitation of a 
fine, nonmagnetic phase in the binder in the case of cobalt- 
bonded alloy upon a large volume fraction of  Cr3C2 substi- 
tution is also possible. 

�9 Addition of up to 2 vol% Cr3C2 in WC- 10Co cemented car- 
bides increases TRS and Kc values. However, large 
amounts of such additions have the reverse effect. Cobalt 
binder modification lowers TRS values but substantially 
improves Kc values. 

�9 The Vickers hardness of WC- 10Co cemented carbide is not 
much altered by Cr3C2 addition. Binder modification has a 
negative effect on hardness. 

�9 The addition of Cr3C2 greatly improves the corrosion resis- 
tance of WC-10Co hard metals. For any cobalt-bonded ce- 
mented carbide, the partial or complete substitution of 
cobalt by nickel enhances corrosion resistance. 
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