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Abstract: The morphologies and formation process of Ni-pool defects in WC−8Ni cemented carbides were studied. The SEM 
images show that Ni-pool generally has two kinds of morphologies: “island” in isolation and “ring” around a new phase. In the 
obtained samples with “ring-like Ni-pool”, WC, Ni and Ni2W4C (η phase) phases were detected in XRD patterns. Combined with 
SEM, EDX and XRD results, it is found that the phase in the center of the “ring-like Ni-pool” is Ni2W4C (η phase) and the main 
chemical components of Ni-pool are Ni, W and C. In addition, the relationships among large size Ni (agglomerated) particles, 
volatile impurities, pores and carbon content vs forming process of the Ni-pool defects for WC−8Ni cemented carbides are also 
presented and discussed. 
Key words: cemented carbide; WC-Ni alloy; microstructure; formation; defect 
                                                                                                             
 
 
1 Introduction 
 

Cemented carbides are used in many industrial 
applications including cutting tools, drilling hard rock 
and wear parts due to their unique and exceptional 
properties, for instance, high hardness, high elastic 
modulus, high strength and good wear resistance [1,2]. 
Cemented carbide wear machine parts such as sealing 
rings are typically applied to the petroleum exploitation 
and water treatment field, which are very demanding 
applications as wear parts may be subjected to high 
stresses and temperatures, normally in corrosive 
environments. Therefore, apart from an adequate 
combination of hardness and strength, the cemented 
carbides used under these conditions also require good 
oxidation and corrosion resistance [3]. Among all the 
new bonding phases investigated for cemented carbides, 
WC−Ni alloy becomes an exciting and promising 
candidate because Ni is considered a constructive 
intermediate material with excellent plasticity and 
satisfactory corrosion resistance at high temperatures [4]. 
Compared with traditional WC−Co alloys, WC−Ni 
alloys showed better oxidation and corrosion   
resistance [5,6]. LIN et al [7] reported that in the 

immersion corrosion and electrochemical tests, the 
corrosion resistance of the WC−Ni−Cr cemented carbide 
under acidic conditions (HNO3, H2SO4, HCl) was 
significantly superior to that of the traditional WC−Co 
grades. SHI et al [8] reported in the preliminary work 
that WC−9Ni cemented carbides with different methods 
of adding Cr exhibited different immersion corrosion 
resistances in neutral tap water. 

However, it is acknowledged that the hardness and 
strength of cemented carbide with Ni binder are lower 
than those with Co binder [9,10]. Therefore, most of the 
researches were focused on the performance 
improvement of WC−Ni-based cemented carbides 
[11−13]. SHATOV et al [14] analyzed the effects of 
flatter shape of WC crystals on the hardness of WC−Ni 
cemented carbides by modeling method, revealing that 
the change of WC crystal shape to a flatter triangular 
prism increased the hardness of WC−Ni cemented 
carbides by 8%−15%. CORREA et al [15] studied the 
influence of the Ni binder metal and silicon as an 
additional alloying element on the mechanical properties 
of WC-based cemented carbides. It was found that the 
cemented carbide WC−10%(Ni−Si) (mass fraction) 
presented bulk hardness similar to the conventional 
WC−Co cemented carbides and superior flexure strength 
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and fracture toughness. On the contrary, little attention 
has been paid to the defects, especially the Ni-pool 
defect in WC−Ni-based cemented carbides. 

In this work, WC−8Ni cemented carbides were 
taken as the research object. The microstructure and 
composition of the Ni-pool defect in WC−Ni cemented 
carbides were presented. The formation process of 
Ni-pool defect with different morphologies was also 
discussed. 
 
2 Experimental 
 

WC and nickel powders were weighed to form 
initial powder mixture of investigated specimens. The 
compositions and SEM micrographs of WC and Ni 
powders are shown in Table 1 and Figs. 1(a) and (b), 
respectively. The chemical compositions of investigated 
specimens are given in Table 2. The carbon content and 
milling time were designed carefully to obtain cemented 
carbides with and without Ni-pool defect in this work. 
After ball milling, the slurry was dried in an oven at   
60 °C for 60 min. With adding 2.0% (mass fraction) 
paraffin as the pressing aid, the mixed powders were 
granulated through a 0.25 mm screen and pressed into 
green parts of 15 mm in diameter under a pressure of 
 
Table 1 Characteristics of raw powders 

Mass fraction/% 
Powder 

Ni Fe S C Free C O 
FSSS/
μm 

WC − 0.020 − 6.000 0.03 0.09 0.8 

Ni 99.70 0.005 0.001 0.055 − 0.12 1.0 

 

 

Fig. 1 SEM images of WC (a) and Ni (b) powders 

Table 2 Nominal compositions of cemented carbides  

Mass fraction/% Specimen  
No. Ni C WC 

Milling 
 time/h 

A 8.00 0.50 Bal. 24 

B 8.00 0.50 Bal. 36 

C 8.00 0.50 Bal. 48 

D 8.00 0.20 Bal. 24 

E 8.00 0.20 Bal. 36 

F 8.00 0.20 Bal. 48 

G 8.00 − Bal. 24 

H 8.00 − Bal. 36 

I 8.00 − Bal. 48 

 
200 MPa. All the specimens were placed on a graphite 
tray and sintered spontaneously in an industrial scale HIP 
furnace (VKPgr50/50/180, ALD) at the highest sintering 
temperature of 1450 °C for a dwell time of 90 min. 
During the last 15 min at 1450 °C, an isostatic pressure 
of 5 MPa was applied to the samples using argon as the 
pressing fluid. 

Phase identification was carried out by X-ray 
diffraction (XRD) (with Ni-filtered Cu Kα radiation) 
using a D/max-ultima IV X-ray diffractometer. 
Microstructural studies as well as the compositional 
analysis of some certain phases were conducted on 
polished specimens using a Hitachi−S−3000N scanning 
electron microscope equipped with an EDAX−320 X-ray 
energy dispersive spectroscopy (EDX) system. 
 
3 Results and discussion 
 
3.1 Morphology and compositions of Ni-pool 

Figure 2 shows the typical SEM micrographs of the 
polished surfaces of WC−8Ni cemented carbides 
obtained in the present work. As shown in Fig. 2(a) 
(Specimens C, E and F are similar to Specimen B), the 
WC grains and Ni binder phase were evenly-distributed, 
and no Ni-pool defect was observed. In Fig. 2(b) 
(Specimen D is similar to Specimen A), Figs. 2(c) and  
(d) (Specimen I is similar to Specimen H), Ni-pool 
defects with different morphologies were identified. The 
shape of the Ni-pool in Fig. 2(b) was like a small island, 
while those in Figs. 2(c) and (d) existed as “ring-like 
rivers”, encompassing a region with a new phase which 
was different from WC and Ni. Meanwhile, “island” 
shape Ni-pools were also found in Fig. 2(d). In addition, 
the sizes of the Ni-pools in Figs. 2(b)−(d) were quite 
different from each other. In Fig. 2(b), the Ni-pool was 
approximately 6.47 μm in length, while in Figs. 2(c) and 
(d), the lengths of the Ni-pools were about 38.98 and 
128.50 μm, respectively. 
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Fig. 2 SEM images of Specimens A (a), B (b), E (c) and F (d) 
 
3.2 Compositions of Ni-pool 

The phase compositions of the sintered specimens 
were derived by XRD. Figure 3 presents the XRD 
patterns of the as-prepared WC−8Ni cemented carbide 
specimens A (Specimens B and C are similar to 
Specimen A), D (Specimens E and F are similar to 
Specimen D) and G (Specimens H and I are similar to 
Specimen G). It reveals that the main phases of the 
cemented carbides are WC and Ni. Furthermore, the 
XRD results also indicate that the η phase, which could 
be Ni2W4C (M6C), formed in cemented carbides G, H 
and I other than in alloys A−F. This carbide, denoted by 
“region A” in Fig. 2(c), has a large lattice parameter and 
an extended homogeneity range due to a variable mole 
ratio of Ni to W [16]. 
 

 
Fig. 3 XRD patterns of as-prepared WC−8Ni cemented carbides 

The EDX analysis results of the three regions A, B 
and C in Fig. 2(c) are shown in Fig. 4 and Table 3. The 
results of region A indicate that the mole ratio of Ni to W 
to C is close to 2: 4: 1, which means that the composition 
of the η phase is most likely Ni2W4C (M6C), with little 
chromium content as impurity. This is consistent with the 
XRD results of Specimen C in Fig. 3. Furthermore, 
according to the results of region B, the composition of 
Ni-pool mainly includes Ni, W and C, and the contents 
(mass fraction) of Ni and C are 34.38% and 13.88%, 
respectively, which are much higher than those in regions 
A and C. 
 
3.3 Discussion 

Ni-pool, as a kind of common defect in the 
microstructure, has a significant influence on the 
application properties of WC−Ni-based cemented 
carbides. However, the underlying reasons for its 
formation are hard to be found in current literatures. 
Figures 2(b)−(d) show two kinds of morphologies of 
Ni-pool in WC−8Ni cemented carbides after sintering at 
1450 °C for 90 min. The morphology of Ni-pool in   
Fig. 2(b) is common, and there are many reasons may 
contribute to its formation, such as relatively large Ni 
granular and impurity elements exist in the matrix, big 
pores generated during the press process. The formation 
process schematic diagram of this kind of Ni-pool in  
Fig. 2(b) is shown in Fig. 5. 

In the sintering process of cemented carbides, with 
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Fig. 4 EDX results of microstructures corresponding to     
Fig. 2(c): (a) Region A; (b) Region B; (c) Region C 
 
Table 3 EDX results of microstructures of Specimen C 

Mass fraction/% Region 
in Fig. 2(c) C Cr Ni W 

A 1.45 1.13 13.85 83.57 

B 13.88 0.85 34.38 49.39 

C 9.14 0.71 6.99 83.16 

 
the increase of the sintering temperature, the sintering 
stage transfers from solid state sintering (Fig. 5(a))    
to liquid state sintering (Fig. 5(b)). Meanwhile, the   
WC particles grow up gradually and the binder phase 

 

 
Fig. 5 Formation schematic diagram of “island” Ni-pool:    
(a) Solid phase sintering stage; (b) Liquid phase sintering stage 
 
(Ni) turns to liquid state when the temperature reaches 
the eutectic point. Consequently, the large-grained Ni 
granular or pore becomes a “pool”, and finally forms the 
Ni-pool defect due to the gather of too much Ni in this 
region. 

The morphologies of Ni-pool in Figs. 2(c) and (d) 
are infrequent. In the pictures, we can clearly see that the 
Ni-pools exist along with η phases and form a “ring-like 
river”. According to the SEM, XRD and EDX results 
presented above, it can be speculated that the formation 
of these Ni-pools is directly related to the carbon content 
in the cemented carbides. From the equilibrium phase 
diagram of W−C−8%Ni shown in Fig. 6 [17], we can 
know that when the carbon content ranges from 5.30% to 
5.57% (right dotted line area), the liquid state 
temperature firstly remains constant and then decreases 
as the carbon content increases. The temperature gap is 
approximately 100 °C between the minimum (1343 °C) 
and the maximum (1429 °C). That is conductive to the 
subsequent discussion about why the Ni-pools distribute 
around the η phase (Ni2W4C, M6C). 
 

 
Fig. 6 Vertical section of W−C−Ni system (8% Ni) under 
atmospheric pressure 
 

Figure 7 shows the schematic diagrams of the 
formation process of “ring-like Ni-pool”. It is supposed 
that the broken circle is a carbon-deficient area and   
the three temperature sections are solid phase sintering, 
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Fig. 7 Formation schematic diagrams of “ring-like Ni-pool”: (a) Solid phase sintering stage; (b) At eutectic point; (c) Liquid phase 
sintering stage 

 
eutectic temperature and liquid phase sintering stage 
from Fig. 7(a) to (c). In solid phase sintering stage   
(Fig. 7(a)), the variation of carbon-deficient area is 
similar to other parts in cemented carbide. When the 
temperature rises to the eutectic point (Fig. 7(b)), liquid 
phase begins to appear in the cemented carbide except in 
the broken circle (carbon-deficient) area due to the 
higher eutectic temperature according to the principles 
discussed above in Fig. 6. Therefore, by the capillary 
force, the liquid phase which forms in the surrounding 
regions flows to the broken circle (carbon-deficient) area 
and results in the enrichment of Ni. Since the 
temperature continues to rise, the η phase with much 
larger size than that of WC particle will form in the 
broken circle (carbon-deficient) area at certain 
temperature (Fig. 7(c)), which is much lower than the 
maximum sintering temperature. The η phase generally 
has a high melting point [18], thus it will not convert into 
liquid phase even at the maximum sintering temperature. 
Consequently, a Ni-pool with “ring-like river” 
morphology eventually forms around the η phase as 
shown in Figs. 2(c) and (d). Furthermore, in the cooling 
process of Specimens E and F above  1429 °C on the 
basis of the top left corner (left dotted line area) of Fig. 6, 
carbon element migrates and gathers in the Ni-pool 
around the η phase as a result of the growth of the η 
phase, thus leading to the result that the content of 
carbon element in Ni-pool is much higher than that in 
regions A and C in Fig. 2(c) (see EDX results in Table 3). 
 
4 Conclusions 
 

1) WC−8Ni cemented carbides with different 
chemical compositions and ball milling time were 
designed and prepared. The morphologies and 
composition of Ni-pools in the specimens were observed 
and investigated. Furthermore, the forming process of 
various Ni-pools was also discussed. 

2) Commonly, the morphology of Ni-pool in 

WC−8Ni cemented carbides likes a several microns long 
“island” which exists independently. However, a 
relatively large size (Dozens or even hundreds of 
microns length) Ni-pool with “ring-like river” 
morphology will form along with the η phase (Ni2W4C, 
M6C) in the local carbon-deficient area of WC−8Ni 
cemented carbides. 

3) For the formation of Ni-pool with “island” 
morphology, large size Ni (agglomerated) particles, 
volatile impurities or pores may be the most likely 
reasons because of the gather of Ni in the region during 
liquid sintering state. While for the relatively rare 
“ring-like river” Ni-pool, the reason for its formation is 
directly related to the carbon content. It is considered 
that the higher eutectic temperature caused by the local 
carbon deficiency is the main reason for the formation of 
“ring-like river” Ni-pool in WC-8Ni cemented carbides, 
and the growth of the η phase in the cooling process can 
result in the migration and gather of carbon element in 
the Ni-pool around the η phase. 
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摘  要：研究 WC−8Ni 合金中 Ni 池缺陷的形貌与形成过程。SEM 观察结果显示，合金中 Ni 池的形貌主要有两

种：“孤岛状”和“环装”。XRD 检测结果表明，在“环装”Ni 池缺陷中，存在 WC、Ni 和 Ni2W4C (η相)3 种物相。

综合 SEM、EDX 及 XRD 结果分析发现：“环装”Ni 池缺陷中心为 Ni2W4C 相，而 Ni 池的主要成分为 Ni、W 和

C。另外，对 Ni 池缺陷的形成与团聚大尺寸 Ni 颗粒、可挥发性杂质、孔隙及碳量之间的关系进行讨论。 

关键词：硬质合金；WC−Ni 合金；显微结构；形成；缺陷 
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