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ABSTRACT 
WC cemented carbides are composites consisting of WC and a binder phase. WC/Co is widely used as 
cutting tools due to its excellent combination of hardness and toughness. This thesis work was 
performed at the R&D department of Sandvik Coromant and aimed to find the alternative binder phase 
to substitute cobalt. Several compositions of Fe-Ni and Fe-Ni-Co binder have been investigated in this 
study. The WC/Co reference samples were also prepared. The initial compositions were decided by the 
CALPHAD method. The samples were then produced by the means of powder metallurgy. The 
producing conditions, especially the sintering conditions, were manipulated to achieve full dense and 
uniform samples. The samples were analyzed by XRD, LOM, SEM, and EDS. Mechanical properties test 
has also been performed. 

The results showed that adjustment on carbon content is necessary to attain desirable structure. 
Increasing Fe content in the binder tends to make the materials harder. For Fe-Ni and Fe-Ni-Co, the 
martensitic transformation is essential to the mechanical performance. The induced “transformation 
toughening” in 72Fe28Ni and 82Fe18Ni binders significantly promoted the toughness. Furthermore, 
the grain growth inhibition by Fe was confirmed. The relations between sintering temperature, grain 
size and mechanical properties have been discussed. Compared with the WC/Co references, several 
compositions showed close and even superior mechanical performance which might provide solutions 
for the future alternative binder phase. 
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CHAPTER 1 

AIM AND OBJECTIVES 
 

An important goal for Sandvik is to find the solution to fully or partially substitute cobalt as the binder 
phase in cemented carbides. In this master thesis work, some promising Fe-Ni and Fe-Ni-Co 
combinations have been studied as alternative binder phases. Cemented carbides with 6 different 
binder phase compositions (included cobalt as reference) have been investigated.  

The work has the following objectives: 

1) To investigate the possibility to replace cobalt by Fe-Ni or Fe-Ni-Co alloys. 
2) To investigate the accuracy of the TCFE7 database for predicting the crystal structure of Fe-

based alternative binder phase composites. 
3) To investigate the influence of different sintering conditions and to find the optimal sintering 

setting to achieve uniform structure. 
4) To investigate the differences of mechanical performance by different Fe/Ni ratios. 
5) To investigate the effect of binder contents on mechanical properties. 
6) To investigate the relation between WC grain size and mechanical properties. 

The results of the thesis will be saved in Sandvik database and used as the starting data or the 
reference for future investigation on alternative binder phases. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 
 

2.1 CEMENTED CARBIDES (WC-CO) BACKGROUND 

Cemented carbide is one of the most successful composite engineering materials ever produced. It is 
a composite material that mainly consists of tungsten carbide bonded with cobalt. The term 
“cemented” is due to the fact that cobalt is acting as “cement” between the hard carbide grains [1]. Its 
unique combination of strength, hardness and toughness satisfies the most demanding applications 
(see Figure 2.1). In addition, the wide variety of shapes and sizes that can be produced using modern 
powder metallurgical processing offers tremendous scope to design cost effective products [2]. 

 

Figure 2.1: Ashby diagrams for materials. Left: Young’s modulus v.s. strength, right: wear-rate constant 
v.s. hardness. The red arrows point to WC cemented carbides. Reprinted by the permission of Michael 
F. Ashby. [3] 

The first cemented carbide (WC-Co) was invented in 1923 by Schröter for use in wire-drawing [4] [5]. 
Due to its good mechanical properties, cemented carbide was then developed to cutting tools. The 
importance of the invention is confirmed by noting that today, ninety years later, the same 
compositions, made by essentially the same process, are still a very significant product of tool materials 
industry [6].  
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Figure 2.2: History of cemented carbide cutting tools [7]. 

The most important break-through in cutting tool technology since the development of WC-Co was 
the application of coatings on hardmetal tools (see Figure 2.3). Coatings like TiC, TiN, TiCN and Al2O3 
are extremely hard, thus very abrasion resistant and improve the inserts tool life in machining [9]. It is 
estimated that 80-90% of hardmetal tools sold today are coated [5]. 

 

Figure 2.3: uncoated cemented carbides. Right: coated cemented carbides [8] 
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2.2 OPTIMIZATIONS OF WC CEMENTED CARBIDES 
 

2.1.1 Grain size and binder content 

Grain size effects on mechanical properties have been investigated in many different grades (see Figure 
2.4 and Figure 2.5) [10] [11] [12] [13] [14] [15] [5]. Generally speaking, a decrease in WC grain size 
corresponds to an increase in hardness, compressive strength, and also bending strength, but gives 
decrease in impact strength, rupture strength, and fracture toughness. These are due to finer WC 
grains and Co binder strengthening from increased W dissolution [15] [13] [16].  

An increase in cobalt content yields lower hardness, lower modulus of elasticity (Young’s Modulus), 
and compressive strength, but it increases bending strength and fracture toughness [15] [13] [17]. This 
is due to the increased fraction of the more ductile phase. 

 

Figure 2.4: Designation of each grades based on the WC grain size [2].  

5 
 



   

 

Figure 2.5: Mechanical performances of different graded cemented carbides. Left: hardness v.s. 
wt%Co; right: fracture toughness v.s. wt%Co [2] 

2.1.2 Additives 

To improve the hardness, many grades of WC cemented carbides contain TiC, TaC, NbC, Mo2C, Cr2C3 
and VC [18] [19] [20] [21] [22]. These carbides, denoted as gamma phase, can form solid solution with 
WC that inhibit WC-grain growth and prevent deformation, where VC was proved to be the most 
effective grain growth inhibitor to WC-Co and WC-Ni alloys [19]. However, despite of the beneficial 
effects on the mechanical properties, the additives lower the strength of the cemented carbides 
resulting in lower toughness [12]. 

2.1.3 Alternative binder phase to Co 

Co is the most widely used metal binder in cemented carbides due its excellent wetting, adhesion and 
adequate mechanical properties. However for the developments in the field of hardmetal, finding 
alternative materials for substituting Co as the binder phase is necessary due to three main reasons:  

• The scarcity of Co makes it a high-priced commodity and the main ore areas are less accessible 
to the “industrial world”. 

• The low corrosion and wear resistance of WC/Co cannot meet the increasing demand on 
performance under severe working conditions. 

• As being classified genotoxic and carcinogenic, Co dust released during production process is 
largely responsible for occupational diseases of plant maintenance personnel [24] [23] [25] [6] 
[26] [27]. Recent researches claimed that the interaction between Co and WC results in even 
higher toxicity that may cause a parenchymal lung disease [28]. 

Ni 

Among the disadvantages of cobalt, nickel has received the most attention as an alternative binder 
due to its similarity in structure and properties, besides its good corrosion resistance [29]. 
Furthermore, its more ductile fcc structure also leads to the improvement of wear resistance [30]. The 
principal difference between them is the higher stacking fault energy of Ni that results in lower 
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hardening rates. Thus, hardness and strength of WC-Co grades tend to be superior to those exhibited 
by WC-Ni composites [27]. 

Fe 

Previous research has been shown that WC-Fe composite was comparable to WC-Co by proper carbon 
control [31]. Iron as a binder results in WC grain growth inhibition due to its high affinity for carbon 
during sintering, promoting increased hardness [30] [19]. However, the high affinity for carbon also 
results in difficulties to avoid the formation of ɳ phase (M6C) [30] [19]. The poor corrosion resistance 
of Fe in the atmosphere limits its applications as a binder [19]  

Fe-Ni and Fe-Ni-Co 

The Fe-Ni and Fe-Ni-Co alloys are being currently investigated for the substitution of the conventional 
Co binder, showing highly promising results in terms of the technological properties (comparable or 
even superior properties can be obtained in these systems if the initial composition and processing 
conditions are well established [31] [32] [33] [34] [6]. 

Furthermore, by careful control of the Fe/Ni ratio, carbon content and thermodynamic treatments, 
the desired degree of metastability of the binder phase can be achieved, thus, leads to the 
transformation-toughening that provides much higher toughness than the conventional WC-Co 
without significant difference in hardness [35] [36] [37] [38]. 

Intermetallic 

Nickel aluminides (Ni3Al and NiAl) and iron aluminides (Fe3Al and FeAl) are being also considered as 
alternative binder materials for WC composites in high-temperature applications and extremely 
corrosive environments. They are superior in hardness, wear resistance, corrosion resistance, and 
possess reasonable fracture toughness. [39] [40] [41] [42] [43]. 

Other compositions 

Other compositions such as Ni-Cr [26] [44], Ni-Si [25], Ni-Fe-Cr [45], Fe-Mn [38], Ni-Cr-Mo, Ni-Cr-Mo-
Al [16], high entropy alloys [46] may also provide comparable or even superior solutions to substitution 
of Co binder.  
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CHAPTER 3 

EXPERIMENTAL METHOD 
 

3.1 PRODUCTION 
 

3.1.1 Consolidation of the powders 

Mixing 

To achieve the specific composition and physical properties of the composites, the raw materials must 
be carefully selected on the base of pre-alloyed composition, particle size, and carbon content etc. 
Carefully weighing these raw materials together with a certain amount of pressing agent (PG) and 
milling liquid result in a wet slurry ready for milling. 

Milling 

Milling is done to achieve good mixing and to break down powder agglomerates which prevent uniform 
distribution of powders. Wet milling is a specific process where ethanol is used as a milling liquid to 
prevent oxidation [47]. The aim of the milling process in not only to achieve the homogeneous mixing 
of WC particles and the binder particles, but also to reduce the particle size which is related to the final 
grain size. Grinding balls made of WC-Co are used in milling to attain a high milling efficiency. The ball 
size depends on the mill, it should neither be densely packed which reduces the balls motion or loosely 
packed which lowers the collision frequency. The ball-to-powder weight ratio can be adjusted to 
achieve the desired particle size after milling, where higher ratios increase the milling energy. High 
milling energy can also be attained by increasing the milling speed.  

Milling time is another very important factor that affects the particle size and homogeneity of the 
powders. Long milling time results in a reduction of particle size and a homogeneous distribution of 
the binder which leads to the decrease of porosity of the sintered product.  

Drying 

After wet milling the powder is dried to remove the milling liquid. Oven drying is most commonly used 
for the small scale experiments. The drying temperature must not be higher than the boiling point of 
the milling liquid to avoid oxidation of the powders. The dried powders are then pestled to break up 
the large bulks of powder formed during drying. 

Pressing 

Pressing is done to consolidate the loose powders to a compacted body with a specific shape. The 
pressing process for standard cemented carbide grades occurs at ambient temperature and requires a 
high specific pressure of 100-250 MPa. The compact will have the final shape but not the final volume 
of the sample because the compact porosity is about 30-40 vol.%.  
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3.1.2 Liquid state sintering 

Sintering is a solidification process that transforms the porous bodies into solid and pore free products. 
The transformation is normally achieved by use of high temperature without exceeding the melting 
temperature of the tungsten carbide. 

With the correct sintering process the porosity will be eliminated and the desired properties, 
microstructure, composition and shape will be achieved. The selection of sintering parameters, such 
as temperature, pressure, holding time etc., depends on the chemical composition and size of the 
components. The chemical reactions which occur during sintering will lead to the composition change 
of each component which in turn leads to the new mechanical properties with appearance of new 
phases. For example, the lack of carbon will lead to the formation of a brittle ɳ phase which directly 
influences the hardness and toughness of the product. 

 

Figure 3.1: Typical sintering cycle in terms of time, temperature, pressure and gas flow. Number 
corresponds to each step. 

The typical vacuum sintering cycle can be seen in Figure 3.1. The sintering process for cemented 
carbide is divided into four steps:  

• De-binding 
The de-binding is the process to remove the pressing agent (PG) which is used during the cold 
pressing process to provide a compacted body with structural strength. This can be done by 
raising the temperature slowly up to 300 to 450 °C in flowing hydrogen gas. With the aid of 
hydrogen, the PG decomposes to gaseous products such as CO, H2O, CO2, CH4 and hydrocarbon 
compounds, e.g. alcohol.  

• Vacuum heating  
The vacuum heating starts by evacuating the furnace to vacuum. The vacuum state is 
maintained when the temperature is increased up to about 1400°C. Oxides which are mainly 
formed during the powder production will be reduced in higher temperature to avoid structure 
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defects like porosity. The formed carbon monoxide (CO) is pumped away. The solid state 
sintering will occur in this stage, resulting in a large shrinkage of the compact.  

• Liquid state sintering 
The liquid state sintering occurs at the highest temperature, which is specific for each 
composite. During the liquid state sintering the binder melts at temperatures around 1300-
1420 C depending on the chemical composition of the composite, mainly the C and Ni content 
(high C and/or low Ni content lower the melting point). The remained porosity from previous 
step will be eliminated by the binder during the liquid state sintering. Mind that if too low 
sintering temperature is used, the “binder lakes” may remain. Besides, a too high sintering 
temperature may result in the faster grain growth leading to the so called “abnormal grain 
growth”. 

• Cooling 
In the cooling step, the temperature decreases with the cooling rate of 3-5 °C/minute and the 
binder solidifies. The solidification temperature of the binder is different for different binder 
compositions and is mainly determined by C and Ni content (high C and low Ni content gives 
low solidification temperature).  

Gas pressing sintering is slightly different from vacuum sintering, a high pressure gas is added from the 
middle of the normal sinter hold-time. The extra pressure during sintering helps to eliminate the pores 
and to achieve better homogeneity.  

 

3.2 CHARACTERIZATION METHOD 
 

3.2.1 CALPHAD method 

Calculation of phase diagram (CALPHAD) method is the technique of selecting models that describe 
the equilibrium state of material system using thermodynamic functions that depend on temperature, 
pressure, and composition [48]. Built on numerous experimental and theoretical data, a CALPHAD 
thermodynamic database allows calculation of the equilibrium state of “real” engineering materials 
[49].  

Using the CALPHAD method, a consistent thermodynamic description of W-C-Co systems has been put 
together. The ternary diagram for W-C-Co at 1425 °C was reported by Åkesson (see Figure 3.2) [50]. 
According to the diagram, ɳ phase (M6C) can be formed in contact with liquid phase and WC at lower 
carbon content. By increasing the carbon content, a narrow two-phase area can be reached where the 
desired (binder + WC) structure forms. However, further increase of carbon content results in graphite 
formation. 

For WC cemented carbides with various binder contents, the effect of carbon content can be studied 
by sectioning the W-C-Co system with the fixed binder contents, e.g. the red lines in Figure 3.2 
represent WC-20 vol.% Co, WC-15 vol.% Co and WC-10 vol.% Co respectively. The phase diagram 
obtained from the sectioning provides the information of equilibria in the temperature range that 
covers from the liquid phases to the solid phases, e.g. Figure 3.3 represents the phase diagram of WC-
20 vol.% Co. From Figure 3.3, carbon content should be kept in the range of the (fcc + WC) area to 
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avoid any ɳ phase or graphite formation. However, the desired area is roofed by the (liquid + M6C + 
WC) area in lower carbon content, which consequently narrows the (fcc + WC) area for practical 
purposes. Thus, the real carbon “window” for fcc + WC structure is from the right boundary of (liquid 
+ M6C + WC) area to the right boundary of (fcc + WC) area as indicated by red circles in Figure 3.3. 

 

 

Figure 3.2: W-C-Co system at 1425°C [50]. 

 

Figure 3.3: Phase diagram of WC-20vol.%Co. 

C rich 

W rich 
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3.2.2 Martensite starting temperature 

The transformation from austenite to martensite in the binder phase has been proved to have vital 
effect for cemented carbides’ mechanical properties [35] [37] [38]. The knowledge of martensite start 
(Ms) temperature is critical to predict the martensite transformation. Obviously, chemical composition 
of the binder is the main factor affecting its Ms temperature although the austenitising state, external 
stresses and stored deformation energy may sometimes play an important role as well [72]. By using 
the neural network analysis on the database of Fe-based alloys, Capdevila et al. established an 
empirical model that is possible to estimate the Ms temperature as a function of the chemical 
compositions [72]: 

𝑀𝑀𝑀𝑀(𝐾𝐾) = 764.2− 302.6𝑤𝑤𝐶𝐶 − 16.6𝑤𝑤𝑁𝑁𝑁𝑁 + 8.58𝑤𝑤𝐶𝐶𝐶𝐶 + 7.4𝑤𝑤𝑊𝑊 

 

 
3.2.3 X-ray diffraction 

X-ray diffraction (XRD) is a phenomenon in which the atoms of a crystal, by virtue of their uniform 
spacing, cause an interference pattern of the waves present in an incident beam of X rays. The atomic 
planes of the crystal act on the X rays in exactly the same manner as does a uniformly ruled grating on 
a beam of light [51]. By measuring the intensity and angles of the outgoing, diffracted beams, a 
mapping over the different crystalline elements and lattice structure in the sample can be created. In 
the study of cemented carbides, the XRD analysis is mostly used for identifying the binder’s crystal 
structure. 

3.2.4 Morphology 

Light optical microscopy (LOM) and scanning electron microscopy (SEM) 

Light optical microscopy (LOM) and scanning electron microscopy (SEM) are actually complementary 
[52]. LOM is most commonly used for primary analysis of a sample surface because it is cheap, fast and 
easy to use. For analysis on WC cemented carbides, LOM technique is also applied in porosity 
measurement, hardness measurement, fracture toughness measurement, and imaging of etched 
surfaces. However, the limitation on magnification is only up to around ~2000x, because resolving the 
smallest visible details is limited to Rayleigh criterion i.e. limited to diffraction.   

For analysis on higher magnifications, SEM is needed. SEM provides much higher magnification (up to 
~20000x in this study) and resolution (~5 nm) than LOM by using electrons instead of photons. 
Therefore, SEM is usually performed using both a secondary electron (SE) detector for investigating 
the pores, crack propagations and a backscattered electron (BSE) detector to examine grain size, 
homogeneity, distribution, and contiguity. 
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Linear intercepts method 

There is not a standard method for the measurement of the WC grain size (dWC). And the results of 
measured grain sizes frequently depend on the method of preparation and examination of samples. 
To measure the grain size, one shall be careful especially the case for very fine-grained materials. 

The use of linear intercept distributions (Heyn method) is a common method by which the grain size 
and distribution of the WC grain size in cemented carbides is measured. The distribution is obtained 
by counting individual intercept lengths (at least 100 intercepts) on a randomly placed line laid across 
a polished and etched microstructure image as shown in Figure 3.4 [53] [54] [55]. The measurement is 
performed using SEM. Recent research indicates that orientation imaging techniques based on 
electron backscatter diffraction (EBSD) and the use of standardized methods will soon provide a more 
accurate method [56]. 
 

 

Figure 3.4: Linear intercepts method for grain size measurement (Sample D20G1). 

The linear intercepts method on SEM micrographs can also be used for measuring contiguity (i.e. the 
fraction of the total surface area of a phase that is shared by particles of the same phase [57]) and 
binder mean free path (i.e. the thickness of binder phase [58]). Luycks found that contiguity depends 
on Co binder content but is independent to WC grain size [59] whilst the binder mean free path is a 
function of grain size, binder content, and contiguity [58]. These two properties represent the 
homogeneity and the binder distribution of the samples showing strong relationship with materials’ 
mechanical performance. 

3.2.5 Density and densification 

The density of the samples can be determined by Archimedes’ principle as ASTM B311-93 [60]. The 
real density 𝜌𝜌𝑟𝑟 can then be calculated by using equation: 

𝜌𝜌𝑟𝑟 =
𝑚𝑚1𝜌𝜌𝑤𝑤

𝑚𝑚1 −𝑚𝑚2
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Where 𝜌𝜌𝑤𝑤 is the density of distilled water and should be adjusted according to the water temperature; 
𝑚𝑚1 is the sample weight in air; 𝑚𝑚2 is the sample weight in the distilled water. 

The theoretical density depends on the density and mass content of the alloying constituents in the 
samples composition. The densities of the alloying constituents used in this study were listed in Table 
3.1. 

Table 3.1: Density of the constituents in this study. 

Constituent WC Co Fe Ni W C 

Density, 
g/cm3 

15.7 8.9 7.9 8.9 19.3 2.3 

 

Therefore the theoretical density shall be calculated by equation: 

𝜌𝜌𝑡𝑡 = 100𝑤𝑤𝑤𝑤% ∗ ��
𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀𝑤𝑤𝐶𝐶𝑤𝑤𝐶𝐶𝐶𝐶𝐶𝐶𝑤𝑤 𝑤𝑤𝐶𝐶𝐶𝐶𝑤𝑤ℎ𝑤𝑤 𝑝𝑝𝐶𝐶𝑝𝑝𝑝𝑝𝐶𝐶𝐶𝐶𝑤𝑤

𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀𝑤𝑤𝐶𝐶𝑤𝑤𝐶𝐶𝐶𝐶𝐶𝐶𝑤𝑤 𝑑𝑑𝐶𝐶𝐶𝐶𝑀𝑀𝐶𝐶𝑤𝑤𝑑𝑑
�
−1

 

The densification is then calculated by equation: 

𝑝𝑝𝑑𝑑 = 100% ∗  
𝜌𝜌𝑟𝑟
𝜌𝜌𝑡𝑡

 

3.2.6 Porosity 

Apparent porosity was captured by scanning the surface of the sample section with LOM at a 
magnification of 100x. According to ISO 4505 [61], an area fully representative of the sample section 
shall be compared with the range of standard photomicrographs. For pores up to 10 µm, the porosity 
level shall be designated as A02, A04, A06 or A08. For pores within the range 10 to 25 µm, the porosity 
level shall be designated as B02, B04, B06 or B08. The porosity values that correspond to the porosity 
level are listed in Table 3.2. If A or B type porosity is not detected, it shall be reported as A00 or B00.  

Table 3.2: Designation of porosity in ISO 4505. 

Porosity 
level 

A02 A04 A06 A08 B02 B04 B06 B08 

Porosity 
/vol.% 

0.02 0.06 0.2 0.6 0.02 0.06 0.2 0.6 

 

3.2.7 Hardness 

Hardness is the resistance of a material to plastic deformation. It is one of the most critical properties 
for cemented carbides applications. There is a general link between hardness and the nature of the 
composition and microstructure of the WC cemented carbides varying with binder content and 
distribution, WC grain size. Lee applied the concept of plastic limit analysis to evaluate the effect of 
the continuous carbide phase on the hardness of idealized WC-Co alloys, and then proposed the 
following equation for the theoretical hardness of WC cemented carbide [58]: 
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𝐻𝐻𝑊𝑊𝐶𝐶−𝑏𝑏 = 𝐻𝐻𝑊𝑊𝐶𝐶𝑉𝑉𝑊𝑊𝐶𝐶𝐶𝐶 + 𝐻𝐻𝑏𝑏(1− 𝑉𝑉𝑊𝑊𝐶𝐶𝐶𝐶) 

Where 𝐻𝐻𝑊𝑊𝐶𝐶−𝑏𝑏 is the theoretical hardness of the cemented carbide, 𝐻𝐻𝑊𝑊𝐶𝐶 is the hardness of WC phase, 
𝑉𝑉𝑊𝑊𝐶𝐶 is the volume fraction of the WC phase, 𝐶𝐶 is the contiguity, and  𝐻𝐻𝑏𝑏 is the hardness of the binder 
phase.  

The hardness of WC phase and the hardness of binder phase (cobalt) are functions of WC grain size, 𝑑𝑑, 
and binder mean free path, 𝜆𝜆, respectively [58]: 

𝐻𝐻𝑊𝑊𝐶𝐶 = 1382 + 23.1 ∗ 𝑑𝑑−1 2⁄  

𝐻𝐻𝑏𝑏 = 304 + 12.1 ∗ 𝜆𝜆−1 2⁄  

By the foundation of Hall-Petch expression [63] [64], Roebuck applied regression analysis on a wide 
range of hardness data against the inverse of the square root of the arithmetic mean linear intercept 
grain size, 𝑑𝑑−1/2, from an extensive set of Co contents. The hardness equation for 6<Co<25 wt% was 
written as [13]: 

𝐻𝐻 = (888− 9.9𝑊𝑊𝐶𝐶𝐶𝐶) + (229 + 532 exp(−(𝑊𝑊𝐶𝐶𝐶𝐶 − 6) 6.7⁄ ))𝑑𝑑−1/2 

Where WCo is the weight percent of Co binder. Equation was plotted as a property map based on the 
binder contents in this study in Figure 3.5. 

 

Figure 3.5: Hardness v.s. grain size property map according to Roebuck’s equation. 

In this study, the hardness is determined by Vickers hardness test [62]. With a pyramid diamond 
indenter, a load of 30 kg (HV30) is applied on the surface of the sample for 10 seconds. Indentation is 
then created see Figure 3.6. Hardness value is calculated from the length of the indention diagonals by 
equation:  

𝐻𝐻𝐻𝐻𝑝𝑝𝑑𝑑𝐶𝐶𝐶𝐶𝑀𝑀𝑀𝑀 =
0.1891 ∗ 𝑀𝑀 ∗ 𝑤𝑤0
(𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎/1000)2
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Where the hardness is in Vickers Pyramid Number (HV30), 𝑀𝑀 is the applied load, 𝑤𝑤0 is the standard 
gravity, 9.81 m/s2, and the 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎  is the average length of the diagonals (µm). Commonly 3 to 5 
indentations are performed for each test and the average value is calculated as the final hardness value 
of the sample. 

 

Figure 3.6 Vickers hardness indentation on the surface of a sample. 

The hardness of cemented carbide can be varied between 1000 HV and 2000 HV by changing cobalt 
content and WC grain size. The flexibility allows designing specific hardness values by changing 
composition. As hard at the higher end as most hard ceramic materials, cemented carbides are much 
tougher [13]. 

3.2.8 Fracture toughness 

Fracture toughness represents the resistance of the sample to crack propagation, and is an important 
property of cemented carbide application. The fracture toughness of materials is determined from the 
stress intensity factor (KC) at which a crack tip begins to grow. As the critical value of stress intensity 
factor, the term K1C, in Mpa*m1/2, is used to describe the value of fracture toughness. 

The fracture toughness can be measured using the Vickers hardness indentation data. The idea is to 
attain the fracture toughness of materials using the total lengths of cracks emanating from the four 
corners of a Vickers hardness indentation [66]. Figure 3.6 shows a typical measurement on an 
indentation. 

G. D. Quinn [67] indicates that there won’t be a general Vickers indentation fracture toughness 
equation that works for all brittle materials. A standardized test for particular material is important, 
and fracture toughness equation can only be used for the material that has been used for the 
calibration. Shetty et al. proposed the equation based on the studies of WC/Co cemented carbide [68] 
[69]: 
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𝐾𝐾1𝐶𝐶 = 0.0028 ∗ (1000 ∗ 𝐻𝐻 ∗ 𝑤𝑤02 ∗ 𝑀𝑀/𝐿𝐿𝑡𝑡𝐶𝐶𝑡𝑡)1 2⁄  

Where 𝐻𝐻 is the hardness (HV30 / HV50), and 𝐿𝐿𝑡𝑡𝐶𝐶𝑡𝑡 is the sum of the crack lengths (µm). The fracture 
toughness was attained in MPa*m1/2 units. 

The range of values for typical WC/Co hardmetals is from 7 to 25 Mpa*m1/2. There is a general inverse 
trend of hardness against fracture toughness [65]. 

The way of the crack propagation also has effect on the toughness. The crack deflection releases the 
material’s strain energy. Toughening via crack deflection results in increased toughness [70]. 
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CHAPTER 4 

EXPERIMENTAL DETAILS 
 

4.1 COMPOSITIONS AND RAW MATERIALS 

Figure 4.1 shows our chosen compositions in this study, the compositions 70Fe12Co18Ni, 
50Fe25Co25Ni, 82Fe18Ni, and 72Fe28Ni were chosen because of the increased hardness close to the 
martensitic transformation line. The composition 15Fe85Ni was chosen because of the larger carbon 
“window”.  

 

Figure 4.1 Fe-Co-Ni system with the martensitic boundaries at ~ 800°C. Red circle symbols identify the 
alternative binder compositions in this study [71].  

In Table 4.1, it is listed the different binder contents of each composition that has been investigated in 
this study as calculated by Thermo-calc (database: TCFE7). The carbon content without intermixing 
between WC and binder phase is listed in column 3 as stoichiometric carbon content. The lower and 
upper limits of the carbon “window” are listed in column 4 and 5 and the resulting width is shown in 
column 6. The melting temperature is defined as the right-lower corner of (liquid + WC + M6C) area, 
whilst the solidification temperature is defined as the left-upper corner of (fcc + graphite + WC) area, 
see Figure 3.3. 

15Fe85Ni 

50Fe25Co25Ni 

70Fe12Co18Ni 

82Fe18Ni 72Fe28Ni 

ϒ 
α+ϒ 
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Table 4.1: Binder contents and calculated thermodynamic data of all the different composites. The 
carbon contents in the 4th column labeled lower limit of carbon “window” are the intended carbon levels 
of the samples. 

Binder 
compositio
ns 

Binder 
content, 
vol.% 

Stoichiom
etric 
carbon 
content, 
wt% 

Lower limit 
of carbon 
"window", 
wt% 

Upper 
limit of 
carbon 
"window", 
wt% 

C window 
width, wt% 

Melting T, 
°C 

Solidific
ation T, 
°C 

Co 20 5.422 5.288 5.448 0.160 1368 1298 
15 5.639 5.549 5.660 0.111 1368 1298 
10 5.810 5.756 5.828 0.072 1368 1298 

15Fe85Ni 20 5.464 5.327 5.456 0.129 1405 1330 
15 5.637 5.537 5.634 0.097 1405 1330 
10 5.807 5.747 5.808 0.061 1405 1330 

72Fe28Ni 20 5.374 5.442 5.480 0.038 1311 1176 
15 5.581 5.635 5.663 0.028 1311 1176 
10 5.769 5.810 5.828 0.018 1311 1176 

82Fe18Ni 20 5.449 5.553 5.587 0.034 1292 1159 
15 5.637 5.715 5.740 0.025 1293 1159 
10 5.807 5.861 5.877 0.016 1293 1159 

70Fe18Ni1
2Co 

20 5.449 5.541 5.571 0.030 1288 1171 
15 5.639 5.709 5.731 0.022 1288 1171 
10 5.810 5.849 5.864 0.015 1288 1171 

50Fe25Ni2
5Co 

20 5.449 5.482 5.538 0.056 1294 1208 

 

In Table 4.2, the raw materials that were used are listed together with their elemental compositions 
and impurity levels. 

Table 4.2: The information of the raw materials. 

Name FSSS 
(µm) 

Al, wt% Co, wt% Fe, wt% Ni, wt% W, wt% C-tot, 
wt% 

O-tot, 
wt% 

Cobalt 5.00 0.000 99.084 0.002 0.005 0.000 0.190 0.720 
Iron 10.00 0.000 0.000 99.900 0.000 0.000 0.000 0.000 
50Fe50Ni 1.95 0.000 0.000 50.000 50.000 0.000 0.000 0.000 
85Fe15Ni 1.95 0.000 0.000 83.620 14.750 0.000 0.579 0.469 
15Fe85Ni 2.50 0.000 0.000 14.900 84.400 0.000 0.250 0.250 
Nickel ? 0.000 0.000 0.000 99.740 0.000 0.190 0.070 
Carbon ? 0.000 0.000 0.000 0.000 0.000 99.530 0.000 
WC 4.05 0.000 0.000 0.002 0.000 93.857 6.117 0.019 
Tungsten  0.64 0.000 0.000 0.000 0.000 99.777 0.000 0.200 
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4.2 PRODUCTION 

In order to refer the samples in the results and discussion, the samples are named according to Table 
4.3, the first letter correspond to the composition of the binder and followed by a number 
corresponding to the volume fraction of the binder phase. Since the samples are sintered under 
different sintering conditions, each sample name includes a code for the actual sintering process.  The 
sintering conditions are given in Table 4.4, where the first letter correspond to the atmosphere and is 
followed by a number corresponding to the temperature. 

Table 4.3: Abbreviation of binder information 

Abbreviation Binder information 

R10 10 vol.% Co 

R15 15 vol.% Co 

R20 20 vol.% Co 

A10 10 vol.% 15Fe85Ni 

A15 15 vol.% 15Fe85Ni 

A20 20 vol.% 15Fe85Ni 

B10 10 vol.% 72Fe28Ni 

B15 15 vol.% 72Fe28Ni 

B20 20 vol.% 72Fe28Ni 

C10 10 vol.% 82Fe18Ni 

C15 15 vol.% 82Fe18Ni 

C20 20 vol.% 82Fe18Ni 

D10 10 vol.% 70Fe12Co18Ni 

D15 15 vol.% 70Fe12Co18Ni 

D20 20 vol.% 70Fe12Co18Ni 

E20 20 vol.% 50Fe25Co25Ni 

I20 20 vol.% Ni3Al 

IB20 20 vol.% Ni3Al-B(5ppm) 
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Table 4.4: Abbreviation of sintering conditions 

Abbreviation Sintering Conditions 

V1 Vacuum Sintering at 1410°C 

V2 Vacuum Sintering at 1450°C 

V3 Vacuum Sintering at 1500°C 

V4 Vacuum Sintering at 1520°C 

G1 Gas Pressure Sintering at 1410°C 

G4 Gas Pressure Sintering at 1520°C 

 

Milling 

All samples were produced according to the same route with a batch size of 100 g, including ball milling 
in ethanol for 9 hours using a ball-to-powder ratio 12 : 1. The mill volume was 0.25 L and the rotation 
speed was 150 rpm. The milling balls of diameter 7 mm were cylinders made of WC/Co to minimize 
the contamination during ball milling. In addition, an organic pressing agent (paraffin wax) was added 
to the powders in order to give some green strength to the body after pressing. 

Drying and pressing 

After the milling, the powders were sieved by a 400 µm mesh and dried for 5-8 hours in a Heraeus 
oven with nitrogen atmosphere at 80 C, depending on batch size. The dried powders were cold isostatic 
pressed to a compacted body with ISO-120408 SNUN geometry. To achieve a shrinkage of 18-19 vol.%, 
different amount of powders were added based on different density of different compositions. The 
pressure was in a range of 150 MPa to 250 MPa. 

Sintering 

Sintering was performed in furnaces for the compacted bodies. The process followed the very similar 
sintering steps described in Figure 3.1. After de-binding, the samples were vacuum heated to the 
sintering temperatures given in Table 4.4. Isothermal dwell time at the sintering temperature was 1 
hour. During this period, the gas pressure was added for sintering conditions of G1 and G4 in Table 4.4. 
After that, the samples were finally cooled in an Ar flow. 

The estimated melting and solidification temperatures for each binder phase composition are given in 
Table 4.1.  
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CHAPTER 5 

RESULTS 
 

5.1 15FE85NI 

Raw materials 

For 15Fe85Ni binder phase, five different batches were prepared for three different binder contents, 
20 vol.%, 15 vol.%, and 10 vol.%. The 15Fe85Ni powder is a mix of Fe and Ni powders with the right 
total Fe/Ni content whilst the powder named WC consists of crystalline grains of WC. The W powder 
and C powder were added for carbon content adjustments in order to reach the desired carbon 
content where the formation of ɳ phase or graphite is avoided. Moreover, extra carbon is included to 
compensate for the metal oxidation during milling. This carbon will react with the oxide during 
sintering and leave the sample as CO and CO2.  

Table 5.1: Weighted-in of raw materials for each batch. The powder 15Fe85Ni is a pre-mixed powder 
with 15 wt% Fe and 85 wt% Ni, for a detailed specification see Table 4.2. The amount of carbon was 
adjusted for loss during milling by 2.7 wt% corresponding to 9-hour milling. 

Vol.% 
binder 

Batch 
number 

WC (g) 15Fe85Ni 
(g) 

W (g) C (g) Sample 
name 

20 GFP254_0     A20_0 
20 GFP254_1 86.935 10.820 2.316 0.027 A20_1 
20 GFP254_2 86.944 10.825 2.314 0.027 A20_2 
15 GFP355 90.360 7.982 1.294 0 A15 
10 GFP356 93.791 5.185 0.646 0 A10 

The ingoing weight for batch GFP254_0 was unfortunately not recorded 

By using the weights in Table 5.1, the elemental weights in Table 5.2 were obtained.  In this table it can 
be seen that the elemental ratios are very close to the intended values. For example, in the case of 
GFP254_1, the Ni/Fe ratio is 5.66 which should be compared to the ideal ratio 85/15 = 5.67. 

Table 5.2: Weight of each element for each batch including the adjusted carbon. 

Vol.% 
binder 

Batch 
number 

Wt% 
binder 

W (g) C (g) Fe (g) Ni (g) Sample 
name 

20 GFP254_0      A20_0 
20 GFP254_1 10.74 83.91 5.34 1.61 9.13 A20_1 
20 GFP254_2 10.75 83.91 5.35 1.61 9.14 A20_2 
15 GFP355 7.93 86.09 5.56 1.19 6.74 A15 
10 GFP356 5.15 88.66 5.77 0.77 4.38 A10 

 

Sintering 
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In Table 5.3, the different sintering conditions that were used are listed together with the sample 
abbreviation for each case. For the 20 vol.% samples, several different sinterings were used in order 
to minimize porosity and binder lake formations.  

Table 5.3: Sintering conditions of each sample. The sample abbreviations defined in Table 4.3 and Table 
4.4 have been used.  

Alloy 
composition 

Vol% Sintering 
(vacuum/Ar 
pressure) 

Sample 
abbreviation 

WC/15Fe85Ni 20 1410 vac A20_0V1 
1450 vac A20_1V2 
1500 vac A20_1V3 
1410 Ar A20_2G1 
1520 Ar A20_2G4 

15 1410 Ar A15G1 
1520 Ar A15G4 

10 1410 Ar A10G1 
1520 Ar A10G4 

 

Morphologies 

In Figure 5.1, the morphologies of 20 vol.% samples are shown. On the top row, the temperature is 
increased from 1410°C to 1450°C in vacuum sintering. It can be seen that, in the low temperature case, 
there are many binder lakes whilst some of them with pores inside. From the LOM analysis, the 
porosity of this sample was identified as B06. When the temperature was increased to 1450°C, the 
number of binder lakes was reduced and no pores inside binder lakes could be seen. The porosity was 
identified as B02A04. On the bottom row, the temperature is increased from 1410°C to 1520 °C in gas 
pressure sintering with Ar. According to the micrograph, in the lower temperature case, binder lakes 
remain but no pores inside binder lakes could be seen. The porosity of this sample was identified as 
A00. When the temperature was increased to 1520°C, the existence of both binder lakes and pores 
could hardly be seen from SEM analysis. The porosity of this sample was identified as A02. 
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Figure 5.1: SEM micrographs of 20 vol.% samples at different sintering conditions. The magnification is 
x500. Top left: Sample A20_0, 1410 vacuum. Top right: Sample A20_1, 1450 vacuum. Bottom left: 
Sample A20_2, 1410 Ar. Bottom right: Sample A20_2, 1520 Ar. Note that the top left image was 
obtained with a different microscope. 

1410 va 
B06 

1520 Ar 
A02 

1410 Ar 
A00 

1450 va 
B02A04 
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Figure 5.2: x4000 magnification SEM micrograph of the samples in Figure 5.1. Top left: Sample A20_0, 
1410 vacuum. Top right: Sample A20_1, 1450 vacuum. Bottom left: Sample A20_2, 1410 Ar. Bottom 
right: Sample A20_2, 1520 Ar. Note that the top left image was obtained with a different microscope. 

XRD 

In Figure 5.3, the XRD pattern of sample A20_0V1 is shown. In the range from 42° to 46°, the peak 
close to 44° refers the fcc crystal structure in binder phase. The complete XRD patterns for other 
samples can be found in appendix xrd. 
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Figure 5.3: Detail of the XRD pattern of sample A20_0V1 showing the characteristic fcc peak close to 
44°.  

Physical properties 

The samples were subjected to physical properties tests after sintering.  The results of each test were 
listed in Table 5.4. Other imperfections were mentioned as comments. The hardness was measured by 
Vickers hardness testing, whilst the fracture toughness was measured by means of the Palmqvist 
method on the Vickers hardness indents. Hc is the measurement of coercivity that reflects the general 
grain size. Com test is one type of the magnetic saturation measurement that corresponds to the 
carbon activity in cobalt based binder phases and was recorded although the values cannot be 
interpreted as carbon activity due to the very different magnetic properties of the alternative binder 
phases. In the densification ratio column, the measured density was compared to the theoretical 
density. The grain size of each sample was measured by linear intercept method on a SEM micrograph 
with x4000 magnification. For each sample, a set of more than 100 intercepts was measured. For the 
sample A20_1V3, no further testing was made due to the very high porosity together with macro pores 
and unknown black particles found by LOM analysis. 

  

  

Austenite (111) 
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Table 5.4: The physical properties of the samples after sintering. Measurements of the first three samples were not continued due to the high porosities. Note 
that the Com values cannot be interpreted in the normal way for alternative binder phases. 

Sample Porosity Hardness 
(HV30) 

K1c (Mpa*m1/2) Hc 
(kA/m) 

Com (%) Density 
(g/cm3) 

Theoretic
al density 
(g/cm3) 

Densification 
ratio 

Grain Size                      
(linear 
intercept)(µm) 

A20_0V1 B06 1180 25.5      0.980 

A20_1V2 B02A04 CRACKS 1207 19.5      1.110 

A20_1V3 BLACK PARTICLES AND 
CRACKS 

        

A20_2G1 A00 1221 15.6 1.223 3.424 14.5 14.5 100.00% 1.168 

A20_2G4 A02 CRACKS 1189 18.6 1.766 3.795 14.5 14.5 100.00% 1.180 

A15G1 A00 Pores near surface 1362 12.1 1.833 2.84 14.7 14.8 99.32% 1.065 

A15G4 A02 1339 12.0 2.474 2.902 14.7 14.8 99.32% 1.074 

A10G1 A02 1358 12.3 1.476 2.463 14.8 15.1 98.01% 1.102 

A10G4 A02 1332 13.4 1.99 2.452 14.8 15.1 98.01% 1.19 
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In Figure 5.4, the hardness and fracture toughness (K1C) of each sample are plotted. It is obvious that 
the harder samples have generally lower fracture toughness whilst the softer samples have higher 
fracture toughness. The fracture toughness of sample A20_0V1 is 25.5 Mpa*m1/2 which is very high 
compared to the other samples with the same amount of binder. The sample has the highest porosity 
and binder lakes that the fracture toughness measurement may not be reliable. The samples that were 
sintered at lower temperature (diamond symbols) generally have higher hardness compared with the 
samples that were sintered at higher temperature (circle symbols). The samples with highest binder 
content (blue symbols) show lower hardness and higher fracture toughness. The difference between 
15 vol.% and 10 vol.% is very small compared to the difference between 20 vol.% and 15 vol.%. 

 

Figure 5.4: Fracture toughness v.s. hardness for WC/15Fe85Ni samples. The blue points correspond to 
20 vol.% binder, the red points correspond to 15 vol.%, the green points correspond to 10 vol.%. The 
squares, triangles, diamonds, and circles correspond to 1410 vacuum, 1450 vacuum, 1410 Ar, and 1520 
Ar sintering processes, respectively. The open symbols correspond to K1C values where the scatter of 
the crack length is exceeding 20% of average length. 

The data from Figure 5.4 is resolved as function of binder content in Figure 5.5 in order to clearly see 
the effect of the binder content on the hardness and fracture toughness. The hardness is similar 
between 10 vol.% and 15 vol.% and dramatically decreases when binder content is 20 vol.%. The trend 
of lower temperature sintering shows generally higher hardness. Meanwhile, the fracture toughness 
presents inverse tendency compared with hardness and the trend of lower temperature sintering 
shows lower fracture toughness. 

10.0

12.0

14.0

16.0

18.0

20.0

22.0

24.0

26.0

28.0

1150 1200 1250 1300 1350 1400

Fr
ac

tu
re

 T
ou

gn
es

s,
 M

pa
*m

1/
2 

Hardness, HV30

29 
 



   

 

Figure 5.5: The hardness and fracture toughness as function of binder content for the different sintering 
conditions. The open symbols correspond to K1C values where the scatter of the crack length is 
exceeding 20% of average length. 

In Figure 5.6, the measured mean linear intercept grain sizes of the WC/15Fe85Ni samples are plotted 
based on the data in column 10 of Table 5.4. The data is compared to the WC/Co references. It is clear 
that the grain size is larger at higher sintering temperature for the references. In the case of the 
15Fe85Ni binders, the effect is still visible but much smaller. For all samples, the grain size is larger in 
the 1520 Ar sintering compared to the 1410 Ar sintering. In general, a larger WC grain size results in 
lower hardness and higher fracture toughness of cemented carbides. This correlates well with the 
decrease in hardness and increase in fracture toughness for the 1520 Ar sintering WC/15Fe85Ni 
samples in Figure 5.5.   
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Figure 5.6: Grain size comparison between WC/15Fe85Ni and WC/Co for different sintering 
temperatures and binder contents 

Discussion 

5 different sintering processes were applied on the WC-20 vol.% 15Fe85Ni composites. Many binder 
lakes and high porosity were found in sample A20_0V1 (see Figure 5.1) which was sintered by 1410 
vacuum process. During the sintering process, solid state sintering leads to a rather coarse pore 
structure which later is filled by binder when the melting temperature is reached, and thus, binder 
lakes appear. When the temperature is further increased to the sintering temperature, the binder is 
gradually redistributed to the final sintered structure. However, the sintering temperature of 1410°C 
may not be high enough to eliminate the binder lakes of WC/15Fe85Ni composites because it is too 
close to the melting temperature of the 15Fe85Ni binder which is 1405°C as calculated by Thermo-
calc.  

Thus, to eliminate the binder lakes problem, higher sintering temperature was tried. By rising the 
sintering temperature to 1450°C, the amount of binder lakes in sample A20V2 significantly decreased 
(see Figure 5.1) and the porosity was also lowered. However, when the sintering temperature was 
increased to 1500°C, the sample was filled by the unknown black particles which might be high porosity 
or/and graphite. This failure might have been caused by an uneven distribution of the raw materials in 
the miller powder mixture.  

In gas pressure sintering, the closing of pores was achieved by the 1410 Ar process, but the binder 
lakes still remained. When the temperature was increased to 1520°C, the sample A20G4 turned out to 
be a uniform sample with nearly no pores or binder lakes. 

The XRD pattern shown in Figure 5.3 indicates austenitic structure of the binder phase. Martensitic 
transformation was not attained due to the high Ni content in 15Fe85Ni which results in very low 
martensitic starting temperature.  
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For WC/15Fe85Ni composites, no obvious difference is found in grain shapes (see Figure 5.2) compared 
to reference samples (see Figure A3). 

The hardness and fracture toughness data in Table 5.4 is plotted in Figure 5.4. In this figure, the general 
trend of decreased fracture toughness with the increase of hardness is observed. In the condition of 
the same binder phase composition, the differences in hardness and fracture toughness are mostly 
due to the different binder contents. However in the 15Fe85Ni case, 10 vol.% and 15 vol.% showed 
very similar mechanical properties. The sintering temperature effect can also be observed from Figure 
5.4, that samples sintered in lower temperature tend to have higher hardness but lower fracture 
toughness. 

The trends of hardness and toughness against binder content is opposite as shown in Figure 5.5. The 
hardness increases a little when binder content is increased from 10 vol.% to 15 vol.% and then sharply 
decreases when increase binder is increased content to 20 vol.%. The fracture toughness shows the 
inverse trend. The dramatic changes on both hardness and fracture toughness trends at 15 vol.% might 
be due to that the samples were produced at slightly different positions in the carbon “window”. The 
15 vol.% samples are in the middle whilst the others are at the lower limit of the carbon “window”. 
However, further investigations are required to confirm the trend and to find the possible reasons 
behind. 

The effect of sintering temperature can also be read from the figure: samples sintered at higher 
temperature result in lower hardness and higher fracture toughness at almost all given binder 
contents. Meanwhile, Figure 5.6 indicates that higher sintering temperature leads to larger WC grains. 
It is well known that WC grains grow faster at higher sintering temperature due to the increased 
solubility and higher diffusion rate. It is then plausible that the decreasing hardness and increasing 
fracture toughness are due to the increase of WC grain sizes, in agreement with previous studies [10] 
[11] [12]. However, the grain size difference is small, the different properties of different temperatures 
might also depend on the differences of binder distributions. 

Comparing with the WC/Co reference samples, the grain size difference between the low and high 
sintering temperatures is much smaller in WC/15Fe85Ni. By comparing Figure 5.1 and Figure A3, the 
WC grains of WC/Co and WC/15Fe85Ni are similar at 1410°C but when the temperature increases to 
1520°C, some very large grains appear on WC/Co samples (abnormal grain growth). The abnormal 
grain growth does not appear in WC/15Fe85Ni case. It must then be concluded that either Fe or Ni 
acts as a grain growth inhibitor. Actually, strong indications on Fe induced inhibition were found by 
Wittman et al. [19] 
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5.2 72FE28NI 

Raw materials 

For 72Fe28Ni binder phase, four different batches were prepared for three different binder contents, 
20 vol.%, 15 vol.%, and 10 vol.%. The 85Fe15Ni powder is a mix of Fe and Ni powders. The right total 
Fe/Ni ratio was attained by the mix of the 85Fe15Ni and the Ni powder. The C powder was added for 
carbon content adjustments in order to reach the desired carbon content where the formation of ɳ 
phase or graphite is avoided. In addition, extra carbon is needed to compensate for the metal oxidation 
during milling.  

Table 5.5: Weighted-in of raw materials for each batch. The powder 85Fe15Ni is a pre-mixed powder 
with 84 wt% Fe and 15 wt% Ni, for a detailed specification see Table 4.2. The amount of carbon was 
adjusted for loss during milling by 2.7 wt% corresponding to 9-hour milling. 

Vol.% 
binder 

Batch 
number 

WC (g) 85Fe15Ni 
(g) 

Ni (g) C (g) Sample 
name 

20 GFP268_1     B20_1 
20 GFP268_2 88.889 10.788 1.815 0.077 B20_2 
15 GFP353 91.992 7.775 1.306 0.106 B15 
10 GFP354 94.796 5.053 0.849 0.079 B10 

The ingoing weight for batch GFP268_1 was unfortunately not recorded 

By using the weights in Table 5.5, the elemental weights in Table 5.6 were obtained. In this table it can 
be seen that the elemental ratios are very close to the intended values. For example, in the case of 
GFP268_2, the Ni/Fe ratio is 0.38 which should be compared to the ideal ratio 28/72 = 0.39. 

Table 5.6: Weight of each element for each batch including the adjusted carbon. 

Vol.% 
binder 

Batch 
number 

Wt% 
binder 

W (g) C (g) Fe (g) Ni (g) Sample 
name 

20 GFP268_1      B20_1 
20 GFP268_2 12.42 83.42 5.60 9.02 3.40 B20_2 
15 GFP353 8.95 86.33 5.80 6.50 2.45 B15 
10 GFP354 5.82 88.96 5.93 4.23 1.59 B10 
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Sintering 

In Table 5.7, the different sintering conditions that were used are listed together with the sample 
abbreviation for each case. The gas pressure sinterings were applied to achieve dense and uniform 
samples. 

Table 5.7: Sintering conditions of each sample. The sample abbreviations defined in Table 4.3 and 
Table 4.4 have been used.  

Alloy 
compositions 

Binder volume 
fraction, Vol% 

Sintering Sample 
abbreviation 

WC/72Fe28Ni 20 1410 vac B20_1V1 
1410 Ar B20_2G1 
1520 Ar B20_2G4 

15 1410 Ar B15G1 
1520 Ar B15G4 

10 1410 Ar B10G1 
1520 Ar B10G4 

 

XRD 

From the XRD pattern of as-sintered sample B20_2G1 (see Figure 5.7 left), the only peak (111) at 43.8° 
refers the fcc crystal structure of the 72Fe28Ni binder phase. The sample was then treated by a 
cryogenic treatment with liquid nitrogen. The right image in Figure 5.7 shows the XRD pattern after 
cryogenic treatment. The fcc peak (111) at 43.8° and the bcc peak (110) at 44.7° proves the existence 
of both fcc and bcc crystal structures in the quenched binder phase. 
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Figure 5.7: Detail of the XRD patterns of the WC/72Fe28Ni sample showing the characteristic fcc peak 
(111) close to 43.8° and the bcc peak (110) close to 44.7°. Left: XRD pattern before cryogenic 
treatment. Right: XRD pattern after cryogenic treatment for 80 min. 

 

Physical properties 

The samples were subjected to physical properties tests after sintering.  The results of each test were 
listed in Table 5.8. Similar description for the physical properties table can be found in section 5.1. For 
all the 20 vol.% samples, the binders are too soft that the load 30 kg – 50 kg is not enough to control 
the scatter of the crack length within 20% of average length. 
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Table 5.8: The physical properties of the samples after sintering. Measurements of the first sample were not continued due to the high porosities. Note that 
the Com values cannot be interpreted in the normal way for alternative binder phases. 

Sample Porosity Hardnes
s (HV30) 

K1c (Mpa*m1/2) Hc 
(kA/m) 

Com 
(%) 

Density 
(g/cm3) 

Theoretica
l density 
(g/cm3) 

Densification 
ratio 

Grain Size                      
(linear 
intercept)(µm) 

B20_1V1 B02A02 1172 26.5       

B20_2G1 A00 1196 23.0 3.228 8.531 14.0 14.0 100.00% 1.107 

B20_2G4 A02 1170 47.4 2.952 8.379 14.0 14.0 100.00% 1.150 

B15G1 A00 1354 15.2 4.125 6.443 14.4 14.4 100.00% 1.015 

B15G4 A00 1324 15.7 3.777 5.937 14.4 14.4 100.00% 1.070 

B10G1 A02 1510 10.4 5.146 3.991 14.8 14.8 100.00% 0.935 

B10G4 A02 1491 10.7 4.989 3.648 14.9 14.8 100.68% 0.983 
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Figure 5.8 shows the microstructures of 20 vol.%, 15 vol.%, and 10 vol.% samples in 2 sintering 
temperatures, 1410°C and 1520°C. The binder phase area is smaller with the decrease of binder 
content, thus, the amount of WC/binder interfaces also decreases. Moreover, no binder lake or 
abnormal large grain is found from the SEM analysis on WC/72Fe28Ni samples in both of 1410 Ar 
process and 1520 Ar process.  

 

Figure 5.8: x4000 magnification SEM micrographs of the WC/72Fe28Ni samples sintered by the 1410 
Ar process (left) 1520 Ar process (right). Top: 20 vol.%. Middle: 15 vol.%. Bottom: 10 vol.%. 

 

1520 Ar 1410 Ar 
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In Figure 5.9, the hardness and fracture toughness (K1C) of each sample are plotted. It is obvious that 
the harder samples have generally lower fracture toughness whilst the softer samples have higher 
fracture toughness. The fracture toughness of sample B20_2G4 is 47.4 Mpa*m1/2 which is very high 
compared to the other samples with the same amount of binder. The crack length of this sample is too 
short that the fracture toughness measurement may not be reliable. The samples that were sintered 
at lower temperature (diamond symbols) all have higher hardness compared with the samples that 
were sintered at higher temperature (circle symbols). The samples with highest binder content (blue 
symbols) show lower hardness and higher fracture toughness. The hardness increases evenly 
corresponding to the decrease of binder content.  

 

Figure 5.9: Fracture toughness v.s. hardness for WC/72Fe28Ni samples. The blue points correspond to 
20 vol.% binder, the red points correspond to 15 vol.%, the green points correspond to 10 vol.%. The 
squares, diamonds, and circles correspond to 1410 vacuum, 1410 Ar, and 1520 Ar sintering processes, 
correspondingly. The open symbols correspond to K1C values where the scatter of the crack length is 
exceeding 20% of average length. 

The data from Figure 5.9 is resolved as function of binder content in Figure 5.10 in order to clearly see 
the effect of the binder content on the hardness and fracture toughness. In both the 1410 Ar process 
and 1520 process, the hardness decreases equally in between 10 vol.% to 15 vol.% and 15 vol.% to 20 
vol.%. The trend of lower temperature sintering shows generally higher hardness. Meanwhile, the 
fracture toughness presents inverse tendency compared with hardness and the trend of lower 
temperature sintering shows lower fracture toughness 
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Figure 5.10: The hardness and fracture toughness as function of binder content for the different 
sintering conditions. The open symbols correspond to K1C values where the scatter of the crack length 
is exceeding 20% of average length. 

In Figure 5.11, the measured mean linear intercept grain sizes of the WC/72Fe28Ni samples are plotted 
based on the data in column 10 of Table 5.8. The data is compared to the WC/Co references. Though 
it is not pronounced, there is a general trend that the mean grain size is smaller with the decrease of 
binder content. It is clear that the grain size is larger at higher sintering temperature for the references. 
In the case of the 72Fe28Ni binders, the effect is still visible but much smaller. For all samples, the grain 
size is larger in the 1520 Ar sintering compared to the 1410 Ar sintering. In general, a larger WC grain 
size results in lower hardness and higher fracture toughness of cemented carbides. This correlates well 
with the decrease in hardness and increase in fracture toughness for the 1520 Ar sintering 
WC/72Fe28Ni samples in Figure 5.10. 

 

8.0

13.0

18.0

23.0

28.0

33.0

38.0

43.0

48.0

1100

1150

1200

1250

1300

1350

1400

1450

1500

1550

5 10 15 20 25

Fr
ac

tu
re

 T
ou

gn
es

s,
 M

pa
*m

1/
2 

Ha
rd

ne
ss

, H
V3

0

Binder content, vol.%

HV30 1410 Ar

HV30 1520 Ar

K1C 1410 Ar

K1C 1520 Ar

39 
 



   

 

Figure 5.11: Grain size comparison between WC/72Fe28Ni and WC/Co for different sintering 
temperatures and binder contents 

Discussion 

Among all the three sintering process that applied on the WC/72Fe28Ni samples, no binder lake was 
found even in the lower temperature sinterings. This may be due to the lower melting temperature of 
the 72Fe28Ni binder which is 1311°C, thus the sintering temperature 1410°C is enough to redistribute 
the binder after being melted. Meanwhile, relatively higher porosity still existed in vacuum sintered 
samples, but then significantly decreased in gas pressure sintered samples. It can be concluded that 
the extra gas pressure helps to close the pores during sintering. 

The XRD pattern in the left image of Figure 5.7 shows that the desired WC + fcc structure is achieved 
after sintering. The fcc peak at around 43.8° indicates the binder phase is fully austenitic. The 
estimation of martensitic start (MS) temperature of the binder phase by Capdevila’s model [72] [73] is 
made based on the calculated compositions from Thermo-calc. According to the calculated MS 
temperature -141.52 ± 20°C, the normal cooling process that cools the sample to room temperature 
is not low enough to start martensitic formation. 

However, with a Fe content of 72 wt% in the binder, the austenitic binder is metastable, thus, the 
martensitic transformation should be achieved by a cryogenic treatment with liquid nitrogen since the 
temperature of liquid nitrogen is lower than the MS temperature. After quenching the sample for 80 
min with liquid nitrogen, the XRD pattern (see Figure 5.7 right) confirmed the martensitic 
transformation by the appearance of the bcc peak at around 44.5°. 

The general contiguity change against binder contents can be seen from Figure 5.8 which are x4000 
SEM micrographs of 20 vol.%, 15 vol.%, and 10 vol.% samples. It is clear that with the decrease of 
binder content, both the binder phase area and the amount of WC/binder interfaces decrease 
correspondingly. This indicates that when there is less binder in the sample, the influence of the binder 
on mechanical properties will be weaker whilst WC grain will be the predominant factor. 
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The hardness and fracture toughness data in Table 5.8 is plotted in Figure 5.9. This figure shows a 
general trend of decreased fracture toughness with the increase of hardness. The differences in 
hardness and fracture toughness are mostly due to the different binder contents. Less binder leads to 
higher hardness and lower fracture toughness. The sintering temperature effect can also be observed 
from Figure 5.9, that samples sintered in lower temperature tend to have higher hardness but lower 
fracture toughness. 

From Figure 5.10, the hardness decreases with the increase of binder content whilst the fracture 
toughness shows the inverse trend. The hardness seems to have a linear relationship with the binder 
content in the range of 10 vol.% to 20 vol.% binder phase. Meanwhile, in spite of the huge fracture 
toughness difference in 20 vol.% which might due to the too soft binder phase, the fracture toughness 
trend against binder content is more likely to be an exponential relationship. It can be indicated that 
with a further decrease of the binder content, the toughness may approach an asymptotic value 
equivalent to the WC/WC interface toughness of about 6-7 Mpa*m-1 [74]. 

The sintering temperature effect on mechanical properties of WC/72Fe28Ni composites can also be 
found from Figure 5.10. The sample sintered at higher temperature (1520 Ar) has slightly lower 
hardness and a little higher fracture toughness. This might be caused by the extra grain growth in 
higher sintering temperature as shown in Figure 5.11. In the condition of the similar 
homogeneity/contiguity, larger grain size leads to a softer but tougher material.  

But as explained previously, the temperature effect on WC grain growth in Fe-binder is less obvious 
than in Co binder due to the strong grain growth inhibition of Fe (see Figure 5.11). Therefore, the 
effects of difference sintering temperatures on hardness and fracture toughness are much smaller than 
that of WC/Co. 
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5.3 82FE18NI 

Raw materials 

For 82Fe18Ni binder phase, three different batches were prepared for three different binder contents, 
20 vol.%, 15 vol.%, and 10 vol.%. The 85Fe15Ni powder is a mix of Fe and Ni powders. The right total 
Fe/Ni ratio was attained by the mix of the 85Fe15Ni and the Ni powder. The C powder was added for 
carbon content adjustments in order to reach the desired carbon content where the formation of ɳ 
phase  or graphite is avoided. In addition, extra carbon in needed to compensate for the metal 
oxidation during milling.  

Table 5.9: Weighted-in of raw materials for each batch. The powder 85Fe15Ni is a pre-mixed powder 
with 84 wt% Fe and 15 wt% Ni, for a detailed specification see Table 4.2. The amount of carbon was 
adjusted for loss during milling by 2.7 wt% corresponding to 9-hour milling. 

Vol.% 
binder 

Batch 
number 

WC 85Fe15Ni Ni C Sample 
name 

20 GFP414 88.886 10.789 0.386 0.136 C20 
15 GFP415 91.992 7.776 0.280 0.108 C15 
10 GFP416 94.798 5.050 0.183 0.082 C10 

 

By using the weights in Table 5.9, the elemental weights in Table 5.10 were obtained. In this table it 
can be seen that the elemental ratios are very close to the intended values. For example, in the case 
of GFP414, the Ni/Fe ratio is 0.22 which should be compared to the ideal ratio 18/82 = 0.22. 

Table 5.10: Weight of each element for each batch including the adjusted carbon. 

Vol.% 
binder 

Batch 
number 

Wt% 
binder 

W C Fe Ni Sample 
name 

20 GFP414 11.0 83.42 5.65 9.02 1.98 C20 
15 GFP415 7.93 86.34 5.78 6.50 1.43 C15 
10 GFP416 5.15 88.97 5.91 4.22 0.93 C10 
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Sintering 

In Table 5.11, the different sintering conditions that were used are listed together with the sample 
abbreviation for each case. All the WC/82Fe18Ni samples were sintered by gas pressure sintering to 
achieve the uniform and dense structure. 

Table 5.11: Sintering conditions of each sample. The sample abbreviations defined in Table 4.3 and 
Table 4.4 have been used.  

Alloy compositions Binder volume 
fraction, Vol% 

Sintering Sample abbreviation 

WC/82Fe18Ni 20 1410 Ar C20G1 

1520 Ar C20G4 

15 1410 Ar C15G1 

1520 Ar C15G4 

10 1410 Ar C10G1 

1520 Ar C10G4 

 

XRD 

XRD analysis has been done for each sample. The peak (111) at around 43.4° can be found in all the 
patterns that refers the existence of fcc crystal structure in all the 82Fe18Ni binders. Meanwhile, the 
bcc peak (110) at around 44.7° appears in 10 vol.% and 15 vol.% but not in 20 vol.% samples. Thus, 
both fcc and bcc crystal structures exist in 10 vol.% and 20 vol.% samples but binder phase in 20 vol.% 
is full fcc. Additionally, the bcc peaks in 10 vol.% is much more obvious than in 15 vol.% samples. 
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Figure 5.12: Detail of the XRD patterns of the WC/82Fe18Ni samples showing the characteristic fcc 
peak (111) close to 43.4° and the bcc peak (110) close to 44.7°. 
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Physical properties 

The samples were subjected to physical properties tests after sintering.  The results of each test were 
listed in Table 5.12. Similar description for the physical properties table can be found in section 5.1. To 
measure the fracture toughness of sample C20G4, a load of 50 kg was used to initiate sufficiently long 
cracks, whilst other fracture toughness data are measured from 30kg. 
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Table 5.12: The physical properties of the samples after sintering. Note that the Com values cannot be interpreted in the normal way for alternative binder 
phases. The densifications of sample C20G1 and C20G4 are over 100% might due to the deviations of both measured density and calculated density. 

Sample Porosity Hardness 
(HV30) 

K1c (Mpa*m1/2) Hc 
(kA/m) 

Com (%) Density 
(g/cm3) 

Theoretic
al density 
(g/cm3) 

Densification 
ratio 

Grain Size                      
(linear 
intercept)(µm) 

C20G1 A00 1369 19.0 14.36 3.201 14.2 14.1 100.71% 0.938 

C20G4 A00 1349 20.3 (HV50) 14.03 2.779 14.2 14.1 100.71% 0.993 

C15G1 A00 1557 10.1 16.22 4.696 14.5 14.5 100.00% 0.900 

C15G4 A00 1521 11.0 15.27 4.003 14.5 14.5 100.00% 1.016 

C10G1 A00 E 1690 8.7 14.86 5.7 14.9 14.9 100.00% 0.838 

C10G4 A00 1674 9.1 12.39 4.801 14.9 14.9 100.00% 0.919 
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Figure 5.13 shows the microstructures of 20 vol.%, 15 vol.%, and 10 vol.% samples by 2 sintering 
temperatures, 1410°C and 1520°C. The binder distributions in WC/82Fe18Ni samples are 
homogeneous without binder lakes. With the decrease of binder content the binder phase area is 
smaller and the amount of WC/binder interfaces also decreases in both 1410 Ar process and 1520 Ar 
process.  

 

Figure 5.13: x4000 magnification SEM micrographs of the WC/82Fe18Ni samples sintered by the 1410 
Ar process (left) and 1520 Ar process (right). Top: 20 vol.%. Middle: 15 vol.%. Bottom: 10 vol.%. 

ɳ phase was found in sample C10G1, whilst sample C10G4, from the same batch, did not show any sign 
of ɳ phase.  

1520 Ar 1410 Ar 
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Figure 5.14: ɳ phase in sample C10G1 

In Figure 5.15, the hardness and fracture toughness (K1C) of each sample are plotted. It is obvious that 
the harder samples have generally lower fracture toughness whilst the softer samples have higher 
fracture toughness. The fracture toughness of sample C10G1 came from a load of 50 kg whilst other 
data are from HV30 testing. The samples that were sintered at lower temperature (diamond symbols) 
all have higher hardness compared with the samples that were sintered at higher temperature (circle 
symbols). The samples with highest binder content (blue symbols) show lower hardness and higher 
fracture toughness. The hardness increases evenly corresponding to the decrease of binder content.  

 

Figure 5.15: Fracture toughness v.s. hardness for WC/82Fe18Ni samples. The blue points correspond to 
20 vol.% binder, the red points correspond to 15 vol.%, the green points correspond to 10 vol.%. The 
diamonds, and circles correspond to 1410 Ar, and 1520 Ar sintering processes, correspondingly.  

The data from Figure 5.15 is resolved as function of binder content in Figure 5.16 in order to clearly 
see the effect of the binder content on the hardness and fracture toughness. In both the 1410 Ar 
process and 1520 process, the hardness decreases linearly from 10% to 20%. The trend of lower 
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temperature sintering shows higher hardness. Meanwhile, the fracture toughness presents generally 
inverse tendency compared with hardness but not linear. The trend of lower temperature sintering 
shows lower fracture toughness. 

 

Figure 5.16: The hardness and fracture toughness as function of binder content for the different 
sintering conditions. 

In Figure 5.17, the measured mean linear intercept grain sizes of the WC/82Fe18Ni samples are plotted 
based on the grain size data in Table 5.12. The data is compared to the WC/Co references. It is clear 
that the grain size is larger at higher sintering temperature for the references. In the case of the 
82Fe18Ni binders, the effect is still visible but much smaller. For all samples, the grain size is larger in 
the 1520 Ar sintering compared to the 1410 Ar sintering. In general, a larger WC grain size results in 
lower hardness and higher fracture toughness of cemented carbides. This correlates well with the 
decrease in hardness and increase in fracture toughness for the 1520 Ar sintering WC/82Fe18Ni 
samples in Figure 5.16. 

8.0

10.0

12.0

14.0

16.0

18.0

20.0

22.0

1250

1300

1350

1400

1450

1500

1550

1600

1650

1700

1750

5 10 15 20 25

Fr
ac

tu
re

 T
ou

gn
es

s,
 M

pa
*m

1/
2 

Ha
rd

ne
ss

, H
V3

0

Binder content, vol.%

HV30 1410 Ar

HV30 1520 Ar

K1C 1410 Ar

K1C 1520 Ar

49 
 



   

 

Figure 5.17: Grain size comparison between WC/82Fe18Ni and WC/Co for different sintering 
temperatures and binder contents 

Discussion 

For WC/82Fe18Ni samples, only gas pressure sinterings were used and resulted in A00 porosity in all 
the samples. Meanwhile, binder lakes were not found at any sintering temperature probably due to 
the lower melting point of the 82Fe18Ni binder, 1292°C. Therefore, for 82Fe18Ni binder, sintering 
temperatures higher than 1410°C may be enough to eliminate binder lakes. And hence the possibility 
to use normal vacuum sintering cannot be ruled out. 

By using Capdevila’s model [72] [73] on the calculated binder phase compositions (by Thermo-calc, W 
and C concentrations are concerned), the MS temperature in the WC/82Fe18Ni composites was 
calculated to be -89.78 ± 20 °C. This indicates that the normal production of WC/82Fe18Ni should not 
form martensite because the process temperature is always higher than the MS temperature. 

Martensitic transformation in each WC/82Fe18Ni sample has been analyzed by XRD (see Figure 5.12). 
Sample C20G1 and C20G4 (see Figure 5.12 C20G1 and C20G4) agree well with Capdevila’s model that 
the only fcc peak (111) corresponds to a full austenitic binder phase. However, in samples C10G1, 
C10G4, C15G1 and C15G4, the appearances of both fcc peak (111) and bcc peak (110) indicate the 
existence of martensitic transformation, which disagree with Capdevila’s model. 

Capdevila’s model is designed for steel, but not for cemented carbide. Thus, effect of WC grains on MS 
temperature has not been considered in this model. For WC/82Fe18Ni alloys, with the decrease of 
binder contents (20 vol.% → 15 vol.% → 10 vo.%), the bcc peak (110) becomes more obvious (no 
existence → weak → strong). One might be able to conclude that WC grains have a positive effect on 
martensitic transformation. In cemented carbide, the martensitic transformation can only happens in 
binder area where the space is much smaller than in steel. With more WC grains, the space is even 
smaller (see Figure 5.13) that might result in a more positive driving force for martensitic 
transformation. 

0.000

0.200

0.400

0.600

0.800

1.000

1.200

1.400

1.600

1.800

GPS1410 GPS1520 GPS1410 GPS1520 GPS1410 GPS1520

20 15 10

82Fe18Ni

Co

50 
 



   

The formation of ɳ phase was found in sample C10G1 but not in sample C10G4. The two samples were 
made from the same batch of raw materials but were sintered by different sintering processes. 
Existence of ɳ phase indicates lower carbon content in the final product. Since the starting carbon 
contents were the same, the more carbon loss in C10G1 might be due to the waiting time for sintering, 
the position in the sintering furnace, or other small deviations during sintering process. Thus, in the 10 
vol.% level, the control of carbon content must be made very carefully. 

The hardness and fracture toughness data in Table 5.12 is plotted in Figure 5.15. The figure shows a 
general trend of decreasing fracture toughness with the increase of hardness. In the condition of the 
same binder phase composition, the differences in hardness and fracture toughness are mostly due to 
the different binder contents. The less binder, the higher hardness and lower fracture toughness of 
the composites. This is because that the binder is softer but tougher than WC grains. The sintering 
temperature effect can also be observed from Figure 5.15, that samples sintered in lower temperature 
tend to have higher hardness but lower fracture toughness. 

As shown in Figure 5.16, the hardness and toughness have generally opposite tendencies against 
binder content. In the range of 10 vol.% to 20 vol.%, the hardness decreases linearly with the increase 
of binder content. Meanwhile, the fracture toughness increases when the binder content increases 
but the trend is more likely showing an exponential relationship. The lower binder content leads to a 
bigger amount of WC/WC interfaces in the material (see Figure 5.13). When the percentage of WC/WC 
interfaces is very high, the toughness will approach an asymptotic value equivalent to the WC/WC 
interface toughness of about 6-7 Mpa*m-1 [74]. 

The difference in sintering temperatures has the similar effect on mechanical properties of 
WC/82Fe18Ni (see Figure 5.16) as it has on WC/72Fe28Ni composites. The sample sintered at higher 
temperature (1520 Ar) has slightly lower hardness and a little higher fracture toughness. The the extra 
grain growth in higher sintering temperature (see Figure 5.17) might make the sample softer but 
tougher.  

The strong grain growth inhibition of Fe can also be found in 82Fe18Ni binder. From Figure 5.17, the 
WC grain size difference in 82Fe18Ni binder is less obvious than in Co binder. It also reflects on the 
mechanical property differences that the different sintering temperatures have less obvious effects on 
hardness and fracture toughness of the WC/82Fe18Ni than that of the WC/Co. 
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5.4 70FE12CO18NI 

Raw materials 

For 70Fe12Co18Ni binder phase, six different batches were prepared for three different binder 
contents, 20 vol.%, 15 vol.%, and 10 vol.%. The 50Fe50Ni powder is a mix of Fe and Ni powders. The 
right total Fe/Co/Ni ratio was attained by the mix of the 50Fe50Ni, the Fe powder, and the Co powder. 
The C powder and W powder was added for carbon content adjustments in order to reach the desired 
carbon content where the formation of ɳ phase or graphite is avoided. In addition, extra carbon in 
needed to compensate for the metal oxidation during milling.  

Table 5.13: Weighted-in of raw materials for each batch. The powder 50Fe50Ni is a pre-mixed powder 
with 50 wt% Fe and 50 wt% Ni, for a detailed specification see Table 4.2. The amount of carbon was 
adjusted for loss during milling by 2.7 wt% corresponding to 9-hour milling. 

Vol.% 
binder 

Batch 
number 

WC 50Fe50Ni Fe Co C W Sample 
name 

20 GFP255_1 88.906 3.964 5.726 1.320 0.116 0.000 D20_1 
20 GFP255_2 88.907 3.960 5.726 1.320 1.120 0.000 D20_2 
15 GFP337 92.031 2.848 4.117 0.949 0.098 0.000 D15_1 
15 GFP375 92.029 2.845 4.113 0.949 0.097 0.000 D15_2 
10 GFP336 91.147 1.905 2.752 0.636 0.025 3.574 D10_1 
10 GFP376 94.671 1.901 2.753 0.638 0.077 0.000 D10_2 

 

By using the weights in Table 5.13, the elemental weights in Table 5.14 were obtained. In this table it 
can be seen that the elemental ratios are very close to the intended values. For example, in the case 
of GFP255_1, the Fe/Ni ratio is 3.89 and the Fe/Co ratio is 5.83 which should be compared to the ideal 
ratio 70/18 = 3.89 and 70/12 = 5.83. However, due to the miscalculation on 10 vol.% level, the batch 
GFP336 has a too low carbon content. The carbon content was then adjusted in batch GFP376. 

Table 5.14: Weight of each element for each batch including the adjusted carbon. 

Vol.% 
binder 

Batch 
number 

Wt% 
binder 

W C Fe Co Ni Sample 
name 

20 GFP255_1 11.00 83.44 5.55 7.70 1.32 1.98 D20_1 
20 GFP255_2 11.00 83.45 5.56 7.70 1.32 1.98 D20_2 
15 GFP337 7.91 86.37 5.75 5.54 0.95 1.42 D15_1 
15 GFP375 7.90 86.38 5.73 5.53 0.95 1.42 D15_2 
10 GFP336 5.29 89.11 5.60 3.70 0.64 0.95 D10_1 
10 GFP376 5.29 88.86 5.87 3.70 0.64 0.95 D10_2 
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Sintering 

In Table 5.15, the different sintering conditions that were used are listed together with the sample 
abbreviation for each case. Pressure sinterings were applied to achieve dense and uniform samples. 

Table 5.15: Sintering conditions of each sample. The sample abbreviations defined in Table 4.3 and 
Table 4.4 have been used.  

Alloy compositions Binder 
volume 
fraction, Vol% 

Sintering Sample abbreviation 

70Fe12Co18Ni 20 1410 vac D20_1V1 
1410 Ar D20_2G1 
1520 Ar D20_2G4 

15 1410 vac D15_1V1 
1410 Ar D15_2G1 
1520 Ar D15_2G4 

10 1410 vac D10_1V1 
1410 Ar D10_2G1 
1520 Ar D10_2G4 

 

XRD 

XRD analysis has been done for each gas pressure sintered sample. The peak (110) at around 44.6° is 
very obvious in all the patterns that refers the existence of bcc crystal structure in all the 70Fe12Co18Ni 
binders. Meanwhile, the fcc peak (111) at around 43.5° is very weak but still appears in all the samples. 
Thus, the main crystal structure for 70Fe12Co18Ni binder is bcc whilst fcc is minority. 
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Figure 5.18: Detail of the XRD patterns of the WC/70Fe12Co18Ni samples showing a trace of the 
characteristic fcc peak (111) close to 43.5° and the a clear but broad bcc peak (110) close to 44.6°. 
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Physical properties 

The samples were subjected to physical properties tests after sintering.  The results of each test were 
listed in Table 5.16. Similar description for the physical properties table can be found in section 5.1. 
For the sample D10_1V1, no further testing was made due to the very high porosity together with 
macro pores and unknown black particles found by LOM analysis. Note that the carbon content for 
sample D10_1V1 in the raw materials is also too low. 
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Table 5.16: The physical properties of the samples after sintering. Measurements of the vacuum sintered samples were not continued due to the high porosities. 
Note that the Com values cannot be interpreted in the normal way for alternative binder phases. 

Sample Porosity Hardnes
s (HV30) 

K1c (Mpa*m1/2) Hc 
(kA/m) 

Com 
(%) 

Density 
(g/cm3) 

Theoretica
l density 
(g/cm3) 

Densification 
ratio 

Grain Size                      
(linear 
intercept)(µm) 

D20V1 B02A02 
CRACKS 

1423 17.6      1.060 

D20G1 A00 1453 12.9 14.38 11.53 14.2 14.2 100.00% 1.116 

D20G4 A00 1438 12.9 13.33 11.88 14.2 14.2 100.00% 1.079 

D15V1 B06 CRACKS 1528 11.0      0.970 

D15G1 A00 1537 10.3 14.3 8.847 14.6 14.6 100.00% 0.900 

D15G4 A00 1530 10.5 13.95 8.824 14.6 14.6 100.00% 0.941 

D10V1 B08E CRACKS         

D10G1 A00 1601 8.7 13.36 6.361 14.9 14.9 100.00% 0.935 

D10G4 A00 1626 9.2 14.71 6.225 14.9 14.9 100.00% 0.946 
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Figure 5.18 shows the microstructures of 20 vol.%, 15 vol.%, and 10 vol.% samples by 2 sintering 
temperatures, 1410°C and 1520°C. The binder phase area is smaller with the decrease of binder 
content, thus, the amount of WC/binder interfaces also decreases. Moreover, no binder lake or 
abnormal large grain is found from the SEM analysis on WC/70Fe12Co18Ni samples in both 1410 Ar 
process and 1520 Ar process.  

 

Figure 5.18: x4000 magnification SEM micrographs of the WC/70Fe12Co18Ni samples sintered by the 
1410 Ar process (left) and 1520 Ar process (right). Top: 20 vol.%. Middle: 15 vol.%. Bottom: 10 vol.%. 
Note that the images were obtained with 2 different microscopes. 

 

1520 Ar 1410 Ar 
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In Figure 5.20, the hardness and fracture toughness (K1C) of each sample are plotted. It is obvious that 
the harder samples have generally lower fracture toughness whilst the softer samples have higher 
fracture toughness. In 20 vol.% and 15 vol.% levels, samples that were sintered at lower temperature 
(diamond symbols) all have higher hardness compared with the samples that were sintered at higher 
temperature (circle symbols), whilst it is opposite in 10 vol.% level. The samples with highest binder 
content (blue symbols) show lower hardness and higher fracture toughness. The hardness increases 
evenly corresponding to the decrease of binder content.  

 

Figure 5.20: Fracture toughness v.s. hardness for WC/70Fe12Co18Ni samples. The blue points 
correspond to 20 vol.% binder, the red points correspond to 15 vol.%, the green points correspond to 
10 vol.%. The squares, diamonds, and circles correspond to 1410 vacuum, 1410 Ar, and 1520 Ar 
sintering processes, respectively. 

The data from Figure 5.20 is resolved as function of binder content in Figure 5.21 in order to clearly 
see the effect of the binder content on the hardness and fracture toughness. In both the 1410 Ar and 
1520 Ar processes, the hardness decreases equally in between ranges of 10 vol.% to 15 vol.% and 15 
vol.% to 20 vol.%. Meanwhile, the fracture toughness presents generally inverse tendency compared 
with hardness. The trend of lower temperature sintering shows lower fracture toughness. 
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Figure 5.21: The hardness and fracture toughness as function of binder content for the different 
sintering conditions. 

In Figure 5.22, the measured mean linear intercept grain sizes of the WC/70Fe12Co18Ni samples are 
plotted based on the grain size data in Table 5.12. The data is compared to the WC/Co references. It is 
clear that the grain size is larger at higher sintering temperature for the references. In the case of the 
70Fe12Co18Ni binders, the effect is not that obvious. The grain size variations are very small in all the 
binder content levels and have different trends. This correlates to the very similar hardness and 
fracture toughness in Figure 5.21. 

 

Figure 5.22: Grain size comparison between WC/70Fe12Co18Ni and WC/Co for different sintering 
temperatures and binder contents 
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Discussion 

Both vacuum and gas pressure sinterings were used for the WC/70Fe12Co18Ni samples. Relatively 
higher porosity still existed in vacuum sintered samples but gas pressure sinterings resulted in nearly 
zero porosity in all the samples. The extra gas pressure helps to close the pores during sintering. 
Meanwhile, no binder lake was found in either the lower or the higher sintering temperatures due to 
the lower melting point of the 70Fe12Co18Ni binder, 1288°C. Thus, for 70Fe12Co18Ni binder, sintering 
temperature higher than 1410°C should be enough to eliminate binder lakes. 

Compared with 82Fe18Ni binder, 70Fe12Co18Ni, Co is replacing 12 wt% Fe in the binder phase. Co has 
a positive effect on martensitic formation in the sense that it increases the MS temperature. By using 
Capdevila’s model [72] [73] on the calculated binder phase compositions (by Thermo-calc), the MS 
temperature in the WC/70Fe12Co18Ni composite is 44.42 ± 20°C. This indicates that the martensitic 
transformation might have happened when the samples were cooled to room temperature. 

The indication has been confirmed by the XRD analysis on these samples. From Figure 5.18, the bcc 
peak (110) can be clearly seen for every sample. Meanwhile, the fcc peak (111) can also be found but 
it is very weak. This indicates that nearly all the austenitic crystallines that formed during sintering has 
transformed into a mainly martensitic structure in 70Fe12Co18Ni binder.  

However, to achieve the mainly martensitic structure, the calculated MS temperature, 44.42 ± 20°C, is 
a little bit too low. The real MS temperature for WC/70fe12Co18Ni might be higher than the 
temperature calculated by Capdevila’s model. As discussed in section 5.4, WC grains might have a 
positive effect on martensitic transformation which increases the MS temperature. But Capdevila’s 
model is designed for steel, the effect of WC grains on MS temperature has not been considered in 
this model. Therefore, it might be inappropriate to use Capdevila’s model to estimate the exact MS 
temperature of cemented carbides. 

The hardness and fracture toughness data in Table 5.16 is plotted in Figure 5.20. The figure shows a 
general trend of decreased fracture toughness with the increase of hardness. In the condition of the 
same binder phase composition, the differences in hardness and fracture toughness are mostly due to 
the different binder contents that the less binder, the higher hardness and lower fracture toughness. 
This is because that the binder is softer but tougher than WC grains.  

As shown in Figure 5.21, the hardness and toughness have generally opposite tendencies against 
binder content. In the range of 10 vol.% to 20 vol.%, the hardness decreases linearly with the increase 
of binder content. Meanwhile, the fracture toughness increases when the binder content increases 
but the trend is more likely showing an exponential relationship. As discussed previously, the 
toughness will approach an asymptotic value equivalent to the WC/WC interface toughness of about 
6-7 Mpa*m-1 with the decrease of binder content [74]. 

From Figure 5.17, the WC grain size difference in 70Fe12Co18Ni binder is less obvious than in Co 
binder. This might be caused by the strong Fe induced inhibition. For each binder content level, the 
grain size is too close that the statistical deviations lead to different trends against sintering conditions. 
It also reflects on the mechanical property differences that the different sintering temperatures have 
much less obvious effects on hardness and fracture toughness of the WC/70Fe12Co18Ni than that of 
the WC/Co.  

60 
 



   

CHAPTER 6 

DISCUSSION AND COMPARISON 
 

6.1 HARDNESS V.S. FRACTURE TOUGHNESS 

All the experimental data has been plotted in Figure 6.1 and shows the general inverse trend of 
decreasing toughness with increasing hardness. As can be seen from Figure 6.1, the data points are 
dispersed in lower hardness region but then more concentrated when the hardness is higher. This 
indicates that in the region of low hardness (in this study, lower than 1400 HV30) different binder 
compositions has affected differently on hardness and fracture toughness of the cemented carbides; 
whilst in the region of high hardness, the relationship of hardness and fracture toughness follows a 
more clear and universal trend regardless of the alloy compositions (binder compositions and binder 
contents) and sintering conditions (temperature and pressure). It is clear that at high hardness range, 
the cemented carbide usually has less binder phase and/or harder binder phase (e.g. martensitic 
binder), therefore, the WC grains play the dominant role on determining mechanical properties. In the 
lower hardness range, the difference of binder phases has more pronounced effect than in higher 
hardness range.  

There is no data at higher hardness (above 1700 Hv30) in this study. Therefore, it is difficult to firmly 
conclude whether fracture toughness will continue to decrease with increasing hardness or if it will 
reach an asymptotic value equivalent to the WC/WC interface toughness of about 6-7 Mpa m-1 [74]. 
But from the general trend of all the experimental points, one may predict that with the increase of 
hardness, the decreasing rate of fracture toughness will be less obvious. 
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Figure 6.1: Hardness vs. fracture toughness of all the compositions under different binder contents and 
sintering conditions. 
 

20 vol.% 

Since 20 vol.% is the highest binder content in this study, comparison in this content level should be 
the easiest way to value the effects of different binder compositions. In Figure 6.2, for the same binder 
content, the distribution of the points is caused by the different sintering processes which has be 
discussed above respectively. Clustered to the left and upper area of the diagram, WC-20(15Fe85Ni) 
and WC-20(72Fe28Ni) show lower hardness but higher fracture toughness than WC-20 Co, indicating 
15Fe85Ni and 72Fe28Ni is softer but tougher than Co binder. Furthermore, close in hardness, WC-
20(72Fe28Ni) has relatively higher fracture toughness than WC-20(15Fe85Ni), indicating higher Fe 
content (till 72%) might increase the binder’s toughness without loss in hardness.  

On the other hand, WC-20(82Fe18Ni) and WC-20(70Fe12Co18Ni) present higher hardness than WC-
20Co, which indicates harder binder phase. WC-20(70Fe12Co18Ni) has the highest hardness is due to 
its mainly martensitic binder structure, which however, reduces the toughness. WC-20(82Fe18Ni) has 
better combination of hardness and fracture toughness whose hardness is in between WC-20Co and 
WC-20(70Fe12Co18Ni) and toughness is higher than these two composites. It indicates that 82Fe18Ni 
is both harder and tougher than Co binder, which might be because of its metastable austenitic binder 
structure. Among all the composites, WC-20(50Fe25Co25Ni) appears in the left lower area which 
indicates the worst combination of hardness and fracture toughness. 
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15 vol.% and 10 vol.% 

In the level of 15 vol.% and 10 vol.%, the data points are tend to follow a general trend rather than 
dispersed as in 20 vol.% described previously. However, even within the similar trend, there are still 
differences between each binder. The red points signifying 15Fe85Ni, show lower toughness and 
appear below to the general trend. The Co reference points spread in a longer range which is due to 
the more obvious grain size differences in different sintering conditions. The points for 72Fe28Ni 
cluster in the upper part of the trend and indicate tougher but less hard properties. Both of 82Fe18Ni 
and 70Fe12Co18Ni points show very high hardness and relatively low toughness whilst 82Fe18Ni is 
harder at lower binder level. 
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Figure 6.2: Hardness v.s. fracture toughness plot of each binder content level. Upper: 20 vol.%. 
Middle: 15 vol.%. Bottom: 10 vol.%. 
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By plotting the exponential regression the results for each binder composition separately (see Figure 
6.3) it is easier to compare the effects of different binder compositions. Among the trends of binder 
compositions, the purple line, signifying the WC/82Fe18Ni samples, appears above the other lines, 
which indicates that under all the binder contents and sintering conditions the WC/82Fe18Ni samples 
present the best hardness/fracture toughness combinations on average. This might be due to the 
metastable austenitic structure in the binder that maintains the ductility, that the martensitic 
transformation at lower binder content levels provides higher hardness. 

In contrast, WC/50Fe25Co25Ni sample’s data point is below the general trend of other samples, which 
indicates the worst combination of hardness and fracture toughness, thus no further investigation was 
done with 50Fe25Co25Ni binder phase.  

Meanwhile, the red line, signifying the 15Fe85Ni binder phase, appears below other compositions, 
indicating a significantly softer material. The toughness measurements on the WC/15Fe85Ni samples 
resulted in a very high fracture toughness of ~26 Mpa*m1/2. This may indicate that this composition 
has better fracture toughness if the need of hardness is low. With the high Ni content, the 15Fe85Ni 
binder is full austenitic (fcc) which is soft and ductile, and this results in a composite with high 
toughness but low hardness. 

For the compositions of WC/72Fe28Ni and WC/70Fe12Co18Ni, these two lines are more close to the 
deep blue line, signifying WC/Co reference samples. It indicates that the compositions 72Fe28Ni and 
70Fe12Co18Ni have similar properties to Co as binder phase. The 70Fe12Co18Ni binder is slightly 
better than Co and 72Fe28Ni in general hardness/fracture toughness combinations whilst the 
72Fe28Ni binder may have better performance where low hardness but high fracture toughness is 
required. The difference between these two composites is that 72Fe18Ni is a full austenitic binder 
whilst 70Fe12Co18Ni is an almost full martensitic binder. Thus, 72Fe18Ni shows very high toughness 
but tends to be softer than 70Fe12Co18Ni.  

Though the 15Fe85Ni and the 72Fe28Ni binder are full austenitic, 72Fe28Ni shows better hardness and 
fracture toughness combination. Note that Fe content is higher than 70% in 72Fe28Ni. This might result 
in a metastable austenitic structure in the 72Fe28Ni binder and leads to a “transformation toughening” 
that gives a superior hardness/toughness combination by deformation induced martensite formation. 
[31] [35] [38]. Thus this binder might undergo a martensitic transformation on indentation 
(deformation). 
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 Figure 6.3: The exponential regressions for each composition. 

 

6.2 COMPARISON WITH REFERENCE DATA 

Figure 6.4 compares the hardness and fracture toughness of the samples from this study with the data 
from a set of WC/Co references from the handbook of hardmetals [10]. It is clear that the reference 
data exhibits a general trend of a decreased toughness as the hardness increases regardless of the 
composition (ranging from 3.1 to 27.5 wt% Co, with or without grain growth inhibitor i.e. TiC or 
Ta(Nb)C) and grain size (ranging from ultrafine to extra coarse). The data from the present study also 
shows the similar trend. In the hardness range of < 1450 HV30, the WC/(Fe-Ni or Fe-Ni-Co) samples 
exhibit better fracture toughness than these WC/Co. In the range of higher hardness (>1450 HV30), 
the data from this study merge into the general trend of the commercial WC/Co reference data but 
shows slightly lower fracture toughness. Note that, HV3 test was applied on these commercial WC/Co 
references whilst the Vickers hardness value derived from HV3 might be 15-30 units higher than HV30. 
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Figure 6.4: Comparison with commercial WC/Co  

As mentioned previously, the commercial WC/Co reference data also includes ultrafine and extra fine 
grades WC/Co, which will result in the general improvement on mechanical properties. However, in 
this study, the samples are in medium fine grade. Therefore, by only compare with the data of fine 
grade and medium grade WC/Co (see Figure 6.5), the samples from this study has very close hardness 
and fracture toughness to the Sandvik reference WC/Co even at high hardness range. Meanwhile, 
Figure 6.5 also unveils that by adding TiC or Ta(Nb)C, WC/Co yield a better combination of hardness 
and fracture toughness. The similar improvement can also be expected on the WC/(Fe-Ni or Fe-Ni-Co) 
compositions of this study. 
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Figure 6.5: Comparison with medium and fine grades  

6.3 FE INDUCED INHIBITION 

In the previous discussion, Fe induced grain growth inhibition has been mentioned. Figure 6.6 and 
Figure 6.7 shows a clearer picture of it. Blue points signifying the WC/Co references cluster in the 
bottom right area. The increase of sintering temperature from 1410°C to 1520°C results in large grain 
growth and thus leads to large hardness difference. Red points signifying the WC/(Fe-Ni or Fe-Co-Ni) 
samples locate in the upper left area of the diagram which is close to the base point. This indicates that 
there are very similar WC grain growths in 1410 Ar and 1520 Ar processes and thus the hardness 
difference is also small. The similar relationship between grain size difference and fracture toughness 
difference can also be seen in Figure 6.7. The difference performance between WC/Co and WC/(Fe-Ni 
or Fe-Ni-Co) is due to the strong inhibition effect of the Fe-binder. Wittmann in 2002 also found that 
WC grain growth was restricted by the existence of Fe in the binder. This might be because that iron’s 
high affinity for carbon results in the formation of stable metal-carbon bonds, impeding carbon 
transport and precipitation by increasing the activation energy for nucleation and growth of WC [19]. 
Moreover Fe-binder leads to a decrease in the interface energy of the WC/binder interface i.e. less 
driving force for WC grain growth. These all increase the resistance to WC grain growth. 
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Figure 6.6: Grain size and hardness differences by different sintering temperature. X-axis is the 
difference in linear grain size between the 1520 Ar process and the 1410 Ar process. The larger the 
value corresponds to larger grain growth at higher sintering temperature. Y-axis is defined in the same 
way for hardness. The smaller the value, the more hardness loss is caused by higher sintering 
temperature. Blue points correspond to the Co binder samples. Red points correspond to the Fe-based 
samples. 

 

Figure 6.7: Grain size and fracture toughness differences by different sintering temperature. X-axis 
means linear grain size of 1520 Ar process minus 1410 Ar process. The larger the value, the larger the 
grain growth at higher sintering temperature. Y-axis is to use fracture toughness of 1520 Ar process 
minus 1410 Ar. The larger values correspond to tougher materials caused by higher sintering 
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temperature. Blue points correspond to the Co binder samples. Red points correspond to the Fe-based 
binder samples. 

Figure 6.8 compares the linear intercept grain size distributions of Co binder samples and Fe-based 
binder samples. For the reference samples, the grain size range increases significantly as the sintering 
temperature increases from 1410°C to 1520°C. The rather large grains (>6.5 µm) are cause by the 
“abnormal grain growth” where the sintering temperature is too high. However, the significant grain 
size range increase cannot be found in the Fe-based binder samples. In fact, these samples show very 
similar grain size distributions between 1520 Ar and 1410 Ar processes and without abnormal grain 
growth (see Figure 6.8 bottom). It seems that Fe-based binders strongly restrict the coarsening rate of 
WC grains regardless of the temperature.  

 

 

Figure 6.8: Linear intercept grain size distributions of 1410 Ar and 1520 Ar. Upper: WC-20 vol.% Co. 
Bottom: WC-20 vol.% 72Fe28Ni. Other Fe-based binder samples have the similar grain size distribution 
as WC-20 vol.% 72Fe28Ni. 
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6.4 CARBON “WINDOW” 

The definition of carbon “window” has been described in Figure 3.3, Chapter 3. In order to avoid either 
ɳ phase precipitation or the graphite precipitation, it is necessary to control the carbon content of the 
composite within the carbon “window”. However, as shown in Table 4.1, the width and position of 
carbon “window” change with the binder content as well as the Fe/Ni ratio. The temperature 
projection of the areas in the Fe-Ni-W-C system which would give ɳ phase phase in equilibrium with 
the liquid phase and graphite in equilibrium with the fcc phase during sintering or subsequent cooling 
was calculated by CALPHAD. The colored zones, in Figure 6.9, show the favorable (WC + fcc) 
compositions for the different amounts of binder phase in this study. Some observations from the 
figure includes: 

1) Controlling carbon content into the carbon “window” is necessary to avoid precipitations of ɳ 
phase and graphite. 

2) Increasing the Fe content in the initial composition decreases width of the carbon “window” which 
increases the difficulty of practical production. 

3) The region of interest becomes considerably narrower when the (Fe + Ni) content is decreased. 

 

Figure 6.9: Temperature projections calculated at Fe + Ni = 20 vol.% (red), 15 vol.% (blue), 10 vol.% 
(green). The full black lines describe the compositions of a mixture of WC + liquid in equilibrium with 
WC +  liquid + M6C (left) or of WC + fcc in equilibrium with WC + fcc + graphite (right). The horizontal 
sectioned (by the blue dash lines) width of each projection corresponds to the width of carbon “window” 
at the wt% Ni/(wt% Ni + wt% Fe) ratios in this study. The widths of the carbon “window” for the Co 
binder references at 20 vol.% (red), 15 vol.% (blue), 10 vol.% (green) are drawn on the x-axis for 
comparison.   

These conclusions are in agreement with Guillerment [75] [76], Agte [77], and Moskowitz [78]. 
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CHAPTER 7 

CONCLUSIONS 

 

The results in this thesis led to the following conclusions: 

1. In the raw materials stage, controlling carbon content is critical to achieve favorable WC + 
binder phase structure without ɳ phase precipitation and graphite precipitation. It is possible 
to calculate the carbon “window” by the CALPHAD method and results proved that the data 
base (TCFE7) is reliable. 
 

2. The widths and positions of the carbon “window” vary for different compositions and binder 
contents. Consequently, Ni and Co have the similar effects on the carbon “window”. The Ni-
rich binders have the width close to the cobalt reference binder. By increasing Fe content, the 
carbon “window” gets narrower. Lower binder content also considerably narrows the carbon 
“window”.  
 

3. The dense and uniform structure can be achieved on alternative binder phase composites by 
using the powder metallurgy production of conventional WC cemented carbide. The gas 
pressure sintering can further reduce the porosity leading to a nearly 100% densification. The 
low porosity may prove that alternative binder phases, i.e. Fe-Ni, Fe-Ni-Co, have good 
wettability on WC grains. 
 

4. The sintering temperature should be designed according to the different melting points of 
different compositions. The WC/15Fe85Ni composites have relatively higher melting point 
(higher than WC/Co), thus, the sintering temperature of 1520°C is necessary to avoid binder 
lakes. By increasing Fe content, the melting points become lower and the sintering 
temperature of 1410°C (standard for WC/Co) is sufficient for composites WC/72Fe28Ni, 
WC/82Fe18Ni, WC/70Fe20Ni10Co, and WC/50Fe25Ni25Co. 
 

5. The growth rate of WC grains will increase by increasing sintering temperature, resulting in 
generally larger grain size by higher temperature sintering (1520°C). The difference in grain 
size also leads to the difference in hardness and fracture toughness, that composites with 
larger grains tended to have lower hardness and higher fracture toughness. 
 

6. The Fe induced grain growth inhibition has been confirmed in this study. The existence of Fe 
inhabited the abnormal grain growth of WC at higher sintering temperature which happened 
in WC/Co composites. Therefore, for composites with Fe-Ni and Fe-Ni-Co binders, the grain 
size difference between 1520°C sintering and 1410°C sintering is significantly less obvious than 
for WC/Co. 
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7. The experimental results of all the samples show the general trend of increasing hardness with 
decreasing fracture toughness. The similar trend can also be found in the plot of commercial 
grades WC/Co. In general, the properties of the composites are strongly dependent on the 
binder compositions in the lower hardness range, i.e. higher binder content. When hardness 
is higher than 1400 HV30, all the samples follow a more concentrated trend regardless of the 
binder compositions. 
 

8. WC/72Fe28Ni, WC/82Fe18Ni and WC/70Fe20Ni10Co composites exhibit excellent hardness to 
fracture toughness combinations even when compared to WC/Co grades.  
• WC/72Fe28Ni shows extremely high toughness at 20 vol.% that might arise from the 

transformation toughening by the deformation-induced martensite formations. XRD 
measurement shows that the metastable austenite in 72Fe28Ni binder can be partially 
transformed into martensite by a cryogenic treatment with liquid nitrogen. 

• XRD measurements on WC/82Fe18Ni composites show the thermal expansion effect on 
martensite formation. In cemented carbide, the thermal stress by the different thermal 
expansion of WC grains and the binder phase might lead to higher martensite starting 
temperature than in bulk Fe-Ni-W-C alloy. There remains even more thermal stress in 
composites with lower binder content, resulting in more martensite transformation, which 
is also affirmed by XRD. Consequently, the best combination of hardness to fracture 
toughness is achieved in 82Fe18Ni binder 

• Due to the Co’s positive effect on martensite transformation, WC/70Fe20Ni10Co 
composites attained nearly full-martensitic binder phase. This results in slightly lower 
fracture toughness but higher hardness compared with most of the other compositions. 

 
9. WC/15Fe85Ni shows very good fracture toughness at 20 vol. %. However, by decreasing the 

binder content, its deficiency in hardness appears. The high Ni content leads to a too soft 
binder phase, which might be preferable in toughness but presents a generally worse 
combination of hardness and fracture toughness. Additionally, the Ni-rich binder also requires 
a higher sintering temperature due to the higher melting point which lifts the energy 
consumption in production.  
 

10. WC/50Fe25Co25Ni presents the worst properties in both hardness and fracture toughness 
among all the samples. 50Fe25Co25Ni might not be the proper substitute to Co. However, 
given the small experiment size (only one sample), it is hard to form any definitive conclusion. 
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CHAPTER 8 

FUTURE WORK 
 

Although plenty of information has been collected in this study, there are still many investigations that 
should be done to gain a better understanding on alternative binder phase. The following works are 
suggested:  

1. More accurate measurement on grain size, contiguity, and binder mean free path by electron 
backscatter diffraction (EBSD) mapping. The numerical analysis on contiguity and binder mean 
free path provides better understanding of the microstructure and demonstrates the relation 
between homogeneity and mechanical properties. Furthermore, martensite formation and 
distribution can also be studied by EBSD mapping.  
 

2. Hot hardness test for all the composites would be more representative. The working 
temperature for cutting tools is from 800 to 1000° C. It is well-known that hardness is also a 
function of temperature, especially for two-phase materials, i.e. cemented carbides. Especially 
for Fe-Ni or Fe-Ni-Co binder phases, the austenite-martensite transformation is quite sensitive 
to the working temperature where the mechanical properties may change a lot. Hot hardness 
data would give a more direct indication of the materials’ working performance. 
 

3. Manipulate the mechanical properties by cryogenic or reheat treatments. These 
thermomechanical treatments change the microstructure, residual thermal stress, carbon 
diffusion, etc., which may lead to property improvements.  
 

4. Make a full investigation on samples of various WC grain sizes by using different grades of WC 
starting powder. Plot the grain size effect on mechanical properties for each composition and 
build up the grain size v.s. hardness model. The samples in nano grade are particularly 
interesting due to the significant property improvements that might be gained by the 
nanocrystallines. 
 

5. Manipulate the general carbon content within the range of carbon “window”. Even without 
considering ɳ phase and graphite formation, carbon content is one of the critical influential 
factors in cemented carbides. Carbon content affects the grain growth rate, W and C diffusion 
in binder, and martensitic transformation. Besides, investigations on various carbon contents 
can be used to improve the reliability of the CALPHAD method. 
 

6. Investigate and introduce gamma phase e.g. TiC, TaC, Cr2C3. The additives obviously improve 
the mechanical properties of WC/Co and leads to higher cutting speed and higher stability. It 
would be interesting to see whether the technique has the similar effects on WC/Fe-Ni or 
WC/Fe-Ni-Co composites. 
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7. Coat the samples with the standard coating materials such as Al2O3. Most of the commercial 
cemented carbides are coated to achieve better machining performance. Though the 
alternative binders may present similar or even superior properties, the synergic performance 
with coatings is still critical for the real application. Turning test on coated samples would 
provide important properties such as cutting speed, wear resistance, wear rate, etc. 
 

8. Introduce more Fe/Ni ratios to investigate the mechanism of transformation toughening, i.e. 
the thermo/deformation-induced martensitic transformation. To achieve transformation 
toughening, the binder composition should be controlled so that its martensite start 
temperature is below room temperature and the deformation-induced martensite formation 
temperature is above room temperature [35]. It is also important to investigate if the 
transformation toughening still exists at working temperature, if so, then how it influences the 
high temperature properties. 
 

9. Intermetallic has been considered as a promising substitution to cobalt due to its good hot 
hardness and corrosion resistance. In fact, pilot experiments on intermetallics Ni3Al and Ni3Al-
B has been carried out in this study (appendix). A full examination on these compositions 
together with FeAl would be meaningful and might provide another prospective to find the 
alternative binder phase. 
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APPENDIX A 

WC/CO REFERENCE 
 

Raw materials 

Table A1: Weighted-in of raw materials for each batch. 

Vol.% 
binder 

Batch 
number 

WC Co W Sample 
name 

20 GFP224 85.51 11.70 2.89 R20_1 
20 GFP368 85.51 11.70 2.89 R20_2 
15 GFP321 91.03 8.09 1.11 R15_1 
15 GFP369 91.03 8.08 1.11 R15_2 
10 GFP322 94.45 5.22 0.48 R10_1 
10 GFP370 94.45 5.22 0.48 R10_2 

 

Table A2: Weight of each element for each batch including the adjusted. 

Vol.% 
binder 

Batch 
number 

Wt% 
binder 

W C Co 

20 GFP224 11.44 83.13 5.25 11.44 
20 GFP368 11.44 83.13 5.25 11.44 
15 GFP321 7.90 86.53 5.59 7.90 
15 GFP369 7.90 86.53 5.59 7.90 
10 GFP322 5.10 89.12 5.80 5.10 
10 GFP370 5.10 89.12 5.80 5.10 

 

Sintering  

Table A3: Sintering conditions of each sample. 

Compositions Vol% Powder 
Number 

Sintering Sample 
abbreviation 

Co 20 GFP224 1410 vac R20_1V1 
GFP368 1410 AR R20_2G1 

1520 AR R20_2G4 
15 GFP321 1410 vac R15_1V1 

GFP369 1410 AR R15_2G1 
1520 AR R15_2G4 

10 GFP322 1410 vac R10_1V1 
GFP370 1410 AR R10_2G1 

1520 AR R10_2G4 
XRD 

83 
 



   

 

Figure A1: Full XRD patterns of sample R20G4 shows the combination of WC and fcc binder phase. 
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Physical properties 

Table A4: The physical properties of the samples after sintering. 

Sample Porosity Hardness 
(HV30) 

K1c 
(Mpa*m1/2) 

Hc 
(kA/m) 

Com 
(%) 

Com/wt% 
ratio 

Density 
(g/cm3) 

Theoreti
cal 
density 
(g/cm3) 

Densification 
ratio 

Grain Size                      
(linear 
intercept)(µm) 

R20V1 A02 CRACKS 1307 15.7       1.140 

R20G1 A00 E 1308 16.7 11.02 8.101 0.708315 14.5 14.5 100.00%  

R20G4 A00 E 1281 19.9 9.76 7.945 0.694675 14.5 14.5 100.00%  

R15V1 B02 CRACKS 1591 9.5        

R15G1 A00 1456 12.6 12.62 5.966 0.75519 14.9 14.8 100.40% 1.201 

R15G4 A00 1356 14.3 9.932 6.043 0.764937 14.8 14.8 100.00% 1.701 

R10V1 A02 CRACKS 1438 12.0       1.151 

R10G1 A00 1583 10.0 14.48 3.863 0.757451 15.1 15.1 100.00% 1.150 

R10G4 A00 1489 11.1 11.56 3.927 0.77 15.1 15.1 100.00% 1.546 
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Figure A2: LOM analysis on 20 vol.% Co samples for ɳ phase. Upper left: G1 sintered sample before 
etching; upper right: after etching; Bottom left: G4 sintered sample before etching; bottom right: after 
etching. 
 

 

Figure A3: (left 1410 vac) 20 vol.% (middle 1410 Ar) 15 vol.% (right 1410 Ar) 10 vol.%.  
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Figure A4: SEM micrographs of sample R15_2G1 (left) and sample R15_2G4 (right). Abnormal grain 
growth in R14_2G4 reduced the homogeneity of the sample. 

 

 

 

Figure A5: Fracture toughness v.s. hardness for WC/Co samples. The blue points correspond to 20 
vol.% binder, the red points correspond to 15 vol.%, the green points correspond to 10 vol.%. The 
squares, triangles, diamonds, and circles correspond to 1410 vacuum, 1450 vacuum, 1410 Ar, and 
1520 Ar sintering processes, respectively. 
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Figure A6: The hardness and fracture toughness as function of binder content for the different 
sintering conditions. 

 

Figure A7: Grain size changes by different sintering temperature. 
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APPENDIX B 

INTERMETALLIC BINDERS 
 

The pilot experiments on intermetallic binder phases have been done on compositions Ni3Al and Ni3Al-
B at 20 vol. % level. 

Phase diagram 

 

Figure B1: Phase diagram of WC-20 vol.% Ni3Al system (database: TCNI5). 

Mechanical alloying and analysis 

The pure Ni and Al powder was mixed in the weight of 52.3g Ni and 7.98g Al, corresponding to the 
atomic ratio of 3 : 1. The mechanical alloying was carried out to attain Ni3Al intermetallic. The mixed 
powder was then put into milling in pure ethanol for 90 hours. The ball-to-powder ratio was 10 : 1.  

WC+FCC 

WC+FCC+ 
M6C 

WC+FCC+
GRATH 
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Figure B2: XRD pattern of the Ni/Al = 3 (atomic) powder after mechanical alloying milling for 90 hours 

The XRD pattern shows no intermetallic was formed by the mechanical alloying. 
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Figure B3: Differential scanning calorimetry (DSC) analysis on the Ni/Al = 3 (atomic) powder. Top: the 
heating process with a heating rate of 10 °C/min; bottom: the cooling process with a cooling rate of 
10 °C/min. 
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Raw materials 

Table B1: 

Vol.% 
binder 

Batch 
number 

WC (g) NiAl (g) W (g) C (g) B (g) Sample 
name 

20 GFP338 89.88 10.002 0.134 0.028 0 I20 
20 GFP339 89.88 10.002 1.294 0.028 0.05 IB20 

 

Sintering conditions 

Table B2: 

Alloy composition Vol% Sintering Sample abbreviation Porosity 

Ni3Al 20 1500 vac I20V3 BLACK PARTICLES 
AND CRACKS 

1500 Ar I20G3 BLACK PARTICLES 
AND CRACKS 

Ni3Al-B(5ppm) 20 1500 vac IB20V3 BLACK PARTICLES 
AND CRACKS 

1500 Ar IB20G3 BLACK PARTICLES 
AND CRACKS 
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Figure B4: Upper left: Ni3Al 1500 vacuum; upper right: Ni3Al 1500 Ar; bottom left: Ni3Al-B 1500 vacuum; bottom right: Ni3Al-B 1500 Ar 
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Figure B5: Both pores and possible graphite formed. Top: graphite (IB20G3); bottom: macro pores 
(I20V3) 
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Figure B6: XRD pattern of WC-20 vol.% Ni3Al and WC-20 vol.% Ni3Al-B sintered at 1500 Ar 

 

It should be noted that boron present in Ni3Al-B alloys could not detected by the XRD technique due 
to very small concentration of boron. 
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APPENDIX C 

PHASE DIAGRAMS (DATABASE: TCFE7) 

 

Figure C1: WC/Co. Top: 10 vol. %; middle: 15 vol. %; bottom: 20 vol. %. 
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Figure C2: WC/15Fe85Ni. Top: 10 vol. %; middle: 15 vol. %; bottom: 20 vol. %. 
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Figure C3: WC/72Fe28Ni. Top: 10 vol. %; middle: 15 vol. %; bottom: 20 vol. %. 
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Figure C4: WC/82Fe18Ni. Top: 10 vol. %; middle: 15 vol. %; bottom: 20 vol. %. 
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Figure C5: WC/70Fe12Co18Ni. Top: 10 vol. %; middle: 15 vol. %; bottom: 20 vol. %. 
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APPENDIX D 

LINEAR GRAIN SIZE DISTRIBUTION 
 

Co 

 

Figure D1: Cumulative linear intercept grain size distribution of R15G1 and sample R15G4. 
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15Fe85Ni 

 

Figure D2: Linear intercept grain size distribution of sample A20G1 and sample A20G4. 

 

Figure D3: Cumulative linear intercept grain size distribution of sample A20G1 and sample A20G4. 
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72Fe28Ni 

 

Figure D4: Linear intercept grain size distribution of sample B20G1 and sample B20G4. 

 

 

Figure D5: Cumulative linear intercept grain size distribution of sample B20G1 and sample B20G4. 
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82Fe18Ni 

 

Figure D6: Linear intercept grain size distribution of sample C20G1 and sample C20G4. 

 

 

Figure D7: Cumulative linear intercept grain size distribution of sample C20G1 and sample C20G4. 
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70Fe12Co18Ni 

 

 

Figure D8: Linear intercept grain size distribution of sample D20V1, sample D20G1 and sample 
D20G4. 

 

 

Figure D9: Cumulative linear intercept grain size distribution of sample D20V1, sample D20G1 and 
sample D20G4. 
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APPENDIX E 

ENERGY DISPERSIVE X-RAY SPECTROSCOPY  
 

Co 

 

 

Figure E1: Electron image and EDS mapping of R20V1. ɳ phase in Spectrum 5. 
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Figure E2: EDS analysis on spectrums 4-7 in Figure E1. ɳ phase in Spectrum 5. 
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15Fe85Ni 

A20V1 

 

 

 

Figure E3: Electron image and EDS mapping of A20V1. 
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Map Sum 
Spectrum 

Line 
Type 

Apparent 
Concentration k Ratio Wt% Wt% 

Sigma 
Standard 
Label 

Factory 
Standard 

C K 
series 0.34 0.00335 8.05 0.11 C Vit Yes 

P K 
series 0.03 0.00014 0.14 0.03 GaP Yes 

Fe K 
series 1.06 0.01056 5.32 0.07 Fe Yes 

Ni K 
series 5.89 0.05895 29.72 0.13 Ni Yes 

W M 
series 7.65 0.07646 56.77 0.14 W Yes 

Total       100       
 

Figure E4: EDS analysis on Figure E3 area. 
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A20G4 

 

Figure E5: Electron image and EDS mapping of A20G4. 
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Figure E6: EDS analysis on spectrums 18-21 in Figure E5. 
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70Fe12Co18Ni 

 

 
Figure E7: Electron image and EDS mapping of D20V1. 
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Figure E8: EDS analysis on spectrums 14-17 in Figure E7. 
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