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Abstract
There has been a long-standing effort to find alternative binders for tungsten carbide (WC) hardmetals that mitigate the safety 
and ethical issues related to the use of cobalt. The process of identifying new binders is often performed using conventional, 
experimentally based prototype-and-test approaches, which are time-consuming and expensive. Further, these efforts are 
mostly focused on mechanical properties with limited concern for processability, particularly through powder metallurgy 
routes. However, the properties of a material, including hardmetals, are path dependent and are thus determined by process-
ing as well as composition. Here, we introduce a new computational method for finding alternative binders for the sintering 
of WC hardmetals that considers processing and properties simultaneously. The methodology incorporates a multi-objective 
optimization algorithm coupled with reduced order material design models for sintering and binder hardness. The former is 
based on spreading of the binder in the solid state and the sintering shrinkage rate; the latter is calculated using a general-
ized model for solid solution strengthening. Thermodynamic and kinetic parameters for the models are calculated using 
the CalPhaD (Calculation of Phase Diagram) method. Reduced order models facilitate the efficient search of compositional 
space enabling multiple design objectives to be optimized simultaneously. The methodology is scalable in that additional 
properties can be incorporated as required. The models are validated using data from the literature. Nominal design exercises 
using the suggested approach indicate how they can be used to guide the search for alternative binder alloys, reducing the 
cost and time required for the development of new materials.

Keywords  Hardmetals · Tungsten carbide · Alternative binders · Sintering · Integrated computational materials engineering 
(ICME)

Introduction

Since the first hardmetal was invented by Schröter in 1923 
[1], cobalt (Co) has been the dominant choice as a binder 
metal for WC particles because it facilitates processability 
by sintering and provides the requisite mechanical proper-
ties. However, the need to replace cobalt in WC hardmetals 
has grown with European legislation listing it as a toxic, 
carcinogenic and mutagenic material. The European Union 
(EU) classification of cobalt was updated in 2021 due to 
concerns of dermal and oral exposure with additional and 
stringent requirements [2, 3]. This classification coupled 
with concerns related to the ethical sourcing of cobalt [4] 

has placed further emphasis on finding a suitable replace-
ment metal binder for WC systems.

Some of the metals which have been considered as an 
alternative to cobalt include iron, nickel, and alloys of 
Fe–Ni, Fe–Ni–Co, Fe–Ni–Cr and Ni–Cr [5–9]. Penrice’s 
1987 publication [10] is one of the early reports review-
ing the merits and limitations of potentially viable alter-
native binders including the Fe–Ni–Co system that can 
produce a body-centered cubic martensitic structure for 
high strength. Guo et al. [11] studied the effect of adding 
Mo2C on nickel bonded cemented carbide hardmetals dem-
onstrating improved hardness due to limited grain growth. 
Similarly, Chen et al. [12] also demonstrated an alternative 
binder made from high entropy alloy (HEA) that can inhibit 
coarsening of the WC particles and hence result in improved 
hardness and toughness. Fernandes et al. [13] demonstrated 
the use of stainless steel (AISI 304) as a binder by coating 
the carbide particles using magnetron sputtering.
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While considerable work has been conducted on alter-
native binders, the process of identifying viable metals is 
often performed using trial-and-error approaches. In addi-
tion, the focus is mostly on finding binders that result in 
acceptable mechanical properties with limited research on 
their processability. However, what makes cobalt unique in 
WC hardmetals is not only the final properties but also its 
ability to facilitate processing of the hardmetal, particularly 
sintering of the carbide particles through powder metallurgy 
routes. This means alternative binders should be designed 
for sinterability as much as for their mechanical properties.

The design of multi-component alloys for multiple 
requirements via an experimental prototype-and-test meth-
odology is usually time-consuming and expensive, especially 
when processing is considered together with properties. It is 
therefore critical to develop efficient methods for optimizing 
the composition of the alloys and the process conditions. 
While there are previous studies that used computational 
thermodynamics via calculations of phase diagrams to 
develop alternative binders [5, 14–16], they often focus on 
pre-determined alloys limiting the complete exploration of 
the material design space. The use of computational optimi-
zation methods coupled with reduced order models for eval-
uating the final properties and/or processing performance of 
materials has been used in the development of multi-compo-
nent alloys in other systems [17–19]. Reduced order models 
identify critical material parameters (which are functions of 
composition) that control the properties and/or processing 
performance of alloys. Such models can simplify the compu-
tational difficulty of using complex numerical models (e.g., 
multi-scale models) for exploring alloy systems by making 
the multi-dimensional design space tractable and hence ena-
bling the efficient exploration for new materials.

The aim of this study is to demonstrate a computational 
methodology for the efficient design of multi-component 
alloy binders for the sintering of WC hardmetals. The design 
is based on composition – processing – structure – property 
relationships that result in effective sintering and desirable 
properties. The methodology is implemented using a multi-
objective optimization algorithm coupled with reduced order 
material design models for both final properties and sintering 
performance. Thermodynamic and kinetic parameters neces-
sary for the models are calculated using the CalPhaD (Cal-
culation of Phase Diagram) method allowing the efficient 
search of compositional space. The models are validated 
using data from the literature. Several different alloy systems 
are used to demonstrate the design approach. The potential 
alternative binder alloys that are identified can form the basis 
for the next stage of design using experiments.

Design Approach and Considerations

The current study follows a deductive material design 
philosophy proposed by Olson [20]. Accordingly, the 
processing and functional properties of tungsten carbide 
hardmetal systems are first linked to the corresponding 
microstructural features. These features are then quantified 
using reduced order material models that reflect the effects 
of composition and processing conditions through thermo-
dynamic calculations. The aim is to identify an alternative 
metal binder (bind), which can be combined with WC par-
ticles in a fixed proportion and facilitate the sintering of 
the composite (i.e., WC-bind) powder compact in a similar 
way to cobalt. Mimicking the densification behavior of 
WC–Co may reduce the barrier to industrial implementa-
tion by minimizing the disruption to current processing 
practice and furnace specifications. It is assumed that the 
alternative binder will be a multi-component alloy with the 
potential to either partially or fully substitute for cobalt. 
To identify the critical material parameters for the design 
models, it is therefore first necessary to determine the fea-
tures of cobalt that enable the sintering of WC hardmetals.

According to Schubert et al. and Garcia [9, 21], suc-
cessful sintering of WC–Co hardmetals requires that the 
microstructure at the sintering temperature consists of 
WC particles and an austenite (FCC) phase and/or a liq-
uid. These regions are shown on a vertical section of the  
tungsten–cobalt–carbon phase diagram, Fig. 1. A M6C 
type carbide (eta-phase) forms at low carbon content while 
graphite forms at high carbon content. Both are deleterious 
to sintering and properties. To design an alternative binder 
system for WC, it is therefore necessary to maintain these 
microstructural constraints across the sintering tempera-
ture profile.

In addition, Petersson et al. [22–24] reported the vari-
ous microstructural changes that occur during the sinter-
ing of WC–Co hardmetals. In general, three stages are 
identified, as shown in Table 1. Note that the microstruc-
tural changes may overlap with each other and hence the 
stages in Table 1 are indicative of the important material 
related parameters that play key roles during the sintering 
of WC–Co hardmetals.

It has been reported [25–27] that Co wets the WC in the 
solid state, forming a thin film/layer on the WC particles at 
temperatures below 1100 °C. The thin layer of cobalt plays 
a significant role in sintering by allowing formation of 
WC–Co agglomerates in solid state. The W and C are both 
soluble in Co at the temperature range shown in Stage 1. 
The solubility and particularly the solid state spreading of 
cobalt over the WC particles facilitate significant densifi-
cation through solid state sintering below the solidus tem-
perature, Ts (Stage 2). Therefore, the spreadability (solid 
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state wetting) of cobalt over WC particles together with 
the diffusivity and solubility of tungsten and carbon in the 
binder below the solidus temperature are critical param-
eters that facilitate the sintering of WC–Co systems. The 
term “spreadability” is used rather than “wetting” because 
the Co remains in the solid state during the first stages of 
sintering when much of the shrinkage occurs.

Once the WC particles are covered by a thin film/layer of 
the binder (cobalt), the entire powder compact behaves in a 
viscous manner leading to significant densification through 
the re-arrangement of particles in response to capillary 
forces [23, 24]. Thus, the densification below the solidus 
temperature (solid state sintering) is often described by 
the viscous theory of sintering [28–30]. This implies that 
the equivalent viscosity of the powder compact (consisting 

of WC particles and solid metal binder) below the solidus 
temperature can be considered as another critical mate-
rial parameter limiting the rate of solid-state sintering. For 
example, a higher weight fraction of the binder reduces the 
equivalent viscosity of the entire powder compact resulting 
in an increased densification rate.

During the final stage (i.e., above the solidus tempera-
ture), the densification follows conventional liquid phase sin-
tering mechanisms where dissolution of WC into the liquid 
binder leads to further re-arrangement of the WC particles. 
In addition, this stage is also characterized by the coarsen-
ing of the WC particles. Here again, the densification rate 
is assumed to be controlled by the equivalent viscosity of 
the powder compact (consisting of WC particles and liquid 
binder) and the kinetics of grain growth.

Fig. 1   Vertical section of 
the tungsten–carbon–cobalt 
(W–C–Co) phase diagram, cal-
culated with Thermo-Calc using 
the TCFE9 thermodynamic 
database. The cobalt content is 
kept constant at 10 wt%

Table 1   Summary of microstructural changes during sintering of WC–Co system (Ts = solidus temperature)

Stages Temperature, T (oC) Microstructural phenomenon Material parameters

1 T < 1100 Spreading of the binder on WC particles
• Solid state wetting of WC particles by the binder
• Formation of thin film/layer of binder around the WC particles
Partial dissolution of WC into the binder
• Diffusion of W atoms through the binder film starts

• Wetting or spreading ability of the binder
• Diffusivity of W through the binder
• Solubility of W and C in the binder

2 1100 < T < Ts Densification through solid state sintering (SSS)
• Viscous flow of the powder compact
• Equivalent to re-arrangement of particles in conventional LPS

• Equivalent viscosity of the powder com-
pact consisting WC particles with binder 
(FCC phase)

3 T > Ts Densification through liquid phase sintering (LPS)
• WC dissolves into the liquid resulting in further rearrangement
• Solution reprecipitation resulting in coarsening

• Equivalent viscosity of the powder com-
pact consisting WC particles with binder 
(liquid phase)
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The sintering window in terms of the phases shown in 
Fig. 1 can be considered as microstructural constraints for 
the binder design problem. In addition, the material param-
eters identified in Table 1 can be used to develop a reduced 
order material design model for sintering of WC-bind 
composite.

Material Design Models

Because the final alloy properties are dependent on the 
process route as well as the composition, predictive mod-
els are required that simulate the sintering response and 
the mechanical properties of candidate materials. The use 
of high-fidelity numerical models for design exploration of 
muti-component alloys is computationally expensive [31], 
and thus high throughput material design models are criti-
cal to exploring the multi-dimensional design space of alloy 
compositions and process parameters. This work therefore 
uses reduced order models developed from classical theories 
of sintering and properties. These models incorporate criti-
cal material parameters controlling the sinterability as well 
as final properties of candidate materials, in a similar way to 
Ashby’s material performance index for selection of materi-
als [32]. Sects. “Processing Performance—Sinterability” and 
“Functional Property—Hardness” present the development 
of such models for evaluating the processing performance 
and properties of WC-binder composites, respectively.

Processing Performance—Sinterability

We consider each of the material parameters identified in 
Sect. “Design Approach and Considerations” to develop 
a reduced order material design model that describes the 
sintering performance (sinterability) of the WC-bind sys-
tem. Here, the metal binder or ‘bind’ is assumed to be made 
up of a multi-component alloy. The model for sinterability 
is developed by considering two important aspects during 
sintering of WC–Co. These are: i) the solid-state spread-
ing potential of the binder below the solidus temperature 
and ii) the densification (shrinkage) rate at the sintering 
temperature.

Solid State Spreading

Although the sintering of WC–Co is conventionally consid-
ered to occur in the liquid phase, over 80% of the densifica-
tion occurs before the formation of the liquid phase [24, 37]. 
We therefore focus on sintering in the solid state. Solid state 
spreading refers to the ability of the binder to easily spread 
over the WC particles at temperatures below the solidus of 
the binder. It is analogous to wetting of a liquid. Spread-
ability is critical because it facilitates solid state sintering 
through particle re-arrangement. In other words, the spread-
ing of the binder over the hard particles causes the powder 
compact to behave like a viscous body. The spreadability is 
controlled by the balance of cohesive and adhesive forces 
on the surface atoms of the two phases in contact. Figure 2 
shows the directions of these forces in terms of surface ener-
gies per unit area (force per unit length). The cohesive net 
force on the atoms on the surface of the carbide (WC) parti-
cles is (ϒwc—ϒint), whereas the corresponding atoms on the 
binder’s surface experience a net force of ϒbind. When these 
two forces are in balance (i.e., θ = 0), adhesion between the 
two phases occurs leading to perfect or ideal solid-state wet-
ting and spreading.

In a general scenario (i.e., for θ ≥ 0), the balance of sur-
face and interfacial energies during spreading of the binder 
over the carbide particles can be given by Δ� as:

Note that both ϒbind and ϒint vary with the composition 
of the binder resulting in different magnitudes of Δ� for dif-
ferent binder alloys. Smaller values of Δ� indicate a higher 
spreading quality of a given binder (alloy).

As explained in Sect. “Design Approach and Considera-
tions”, the solid-state spreading potential of a binder can 
also be enhanced by the diffusivity of tungsten and partial 
dissolution of tungsten and carbon into the binder, see the 
parameters identified in stage 1 (Table 1). By combining the 
three material parameters, i.e., the rate limiting diffusivity 
of tungsten into the binder, Dw together with the solubility 
of tungsten and carbon in the binder, Xw/c and the balance of 
surface and interfacial energy, Δ� , it is possible to define a 

(1)Δ� =
(

�wc − �int
)

− �bind

Fig. 2   Schematic of the surface 
and interface energies between 
the binder and WC particles
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reduced order material design model to evaluate the spread-
ing potential, p of alloys as:

Note that the expression in Eq. (2) is not a precise esti-
mate of the actual wetting kinetics of the binder, which 
requires additional structural parameters, and therefore 
intensive computational calculations. However, for high-
throughput screening of materials design space, Eq. (2) 
serves as a valuable proxy, enabling the relative compari-
son of candidates based on key kinetic and thermodynamic 
parameters at the same temperature.

Densification Rate

During the sintering of WC hardmetals, spreading of the 
binder over the WC particles makes the entire powder com-
pact behave in a viscous manner and hence the densification 
is often described by the viscous theory of sintering [33]. In 
this case, the rate of sintering is assumed to be controlled by 
the equivalent viscosity of the powder compact consisting of 
WC particles and metal binder. The temperature-dependent 
equivalent viscosity, � of the sintering body consisting of 
WC particles surrounded by a binder can be given by [34, 
35]:

where C1 is a constant, Dw is the diffusivity of rate limiting 
tungsten atoms through the binder phase, δb is the mean 
binder film thickness,  Ω is the atomic volume of tungsten, k 
is the Boltzmann constant, d is mean size of the hard phase 
or WC particles, T is temperature in Kelvin, � is a function 
of relative density, and 𝜂̃b is the normalized viscosity for 
grain boundary sliding, which is given by �bΩDw

/

d2kT with 
�b representing the viscosity of the binder phase [30]. Note 
that the mean binder film thickness, δb, between the carbide 
particles depends on the WC particle size, d, the volume 
fraction of the binder phase, fb and the fractional coverage 
of the WC particle surfaces by the binder, Fb as [36]:

According to the viscous theory of sintering, the shrink-
age rate during free (pressure-less) sintering, 𝜀̇ , is inversely 
proportional to the equivalent viscosity (i.e., 𝜀̇ = PL∕𝜂 
where PL is the intrinsic sintering stress). Thus, by combin-
ing Eqs. (3) and (4), we can write an expression for the strain 
rate at a given sintering stress, PL as:

(2)p =
DwXw∕c

Δ�

(3)𝜂 =
d3kT

C1Dw𝛿bΩ𝜑

[

2

9
+

5

6
𝜂̃b

]

(4)�b =
dfb

3Fb(1 − fb)

where C2 is a constant combing C1 and Fb in Eqs. (3) and 
(4), respectively.

At a given temperature, the second parenthesis of Eq. (5) 
constitutes the material related parameters, which vary with 
binder composition. These include i) the diffusivity of the 
rate limiting tungsten atoms in the binder, Dw ii) the volume 
fraction of the binder, fb and iii) the normalized viscosity of 
the binder, 𝜂̃b . Under similar conditions, such as WC particle 
size and temperature, the densification rate of the composite 
system is primarily governed by these three material param-
eters. Thus, the factor in the second parenthesis of Eq. (5) can 
be considered as rate limiting. Based on this assumption, a 
reduced order design model for evaluating the potential of 
materials for densification can be formulated as:

Equation (6) enables comparison of different alloys, each 
with distinct material parameters, by assessing their impact 
on the strain rate of WC-bind powder compact at the same 
processing conditions.

Therefore, for the purpose of alloy design, the sinterabil-
ity, S of WC-bind system can be defined by considering a 
linear combination of the spreading potential, p from Eq. (2) 
and the reduced shrinkage rate, 𝜀̇r defined in Eq. (6) at a 
given temperature as:

Note that Eq. (7) is only used to compare the sintering poten-
tial of tungsten carbide with different binder alloys at similar 
conditions—example along the same sintering temperature—
time profile. Alternatively, it is also possible to compare the 
alloys at a pre-defined isothermal sintering temperature.

To match cobalt where most of the shrinakge occurs in 
the solid state, the sinterability of candidate binders are 
calculated in the solid state, i.e., below their solidus tem-
perature. Therefore, to evaluate Eq. (7) for a given WC-bind 
system, first the solidus temperature, Ts of the binder alloy 
is calculated. Then the spreadability and shrinkage rate 
can be computed at an appropriate temperature below the 
solidus, for example T = Ts – 10 °C, using Eqs. (2) and (6), 
respectively. However, since the solidus temperature varies 
from one alloy to the other, it is necessary to normalize the 
spreadability and shrinkage rate functions by using the cor-
responding values for standard WC–Co system. Algorithm 1 
shows the summary of the pseudo-code used to evaluate the 
sinterability of WC with different binder alloys.

(5)𝜀̇ = PL

(

C2Ω𝜑

Fbd
2kT

)(

Dwfb

(1 − fb)𝜂̃b

)

(6)𝜀̇r =
Dwfb

(1 − fb)𝜂̃b

(7)S = p + 𝜀̇r
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Algorithm 1:   Pseudo-code for evaluation of the sinterability of WC-bind system (x is the binder alloy and xi is the con-
centration of alloying element i).

The procedure in Algorithm 1 enables comparison of different alloys at similar sintering temperature to the standard 
WC–Co system even if the solidus temperature of a new binder alloy is higher. In addition, it also helps to identify alloys 

that can be processed by existing practices and furnace 
specifications.

Functional Property—Hardness

Hardness, wear resistance and toughness are major func-
tional properties often required from tungsten carbide hard-
metals. In the current study, where we develop the design 
methodology, the hardness is used as the design parameter. 
The model is scalable, so other properties can be incorpo-
rated later, but hardness is sufficient for development pur-
poses and is relatively unproblematic to calculate.

Engqvist et al. [38] provides an approach for modeling 
the hardness of tungsten carbide metal composites, Hcc as:

where HWC and Hbind refer to the hardness of WC particles 
and metal binder, respectively, and �∕� is a constant that 
depends on the WC particle size and volume fraction of the 
binder. For a given WC particle size and binder volume frac-
tion, the hardness of the composite depends on the hardness 
of the binder only. Therefore, for the purpose of the com-
positional design of the binder, we can assume that an alloy 
that provides the highest hardness contributes to improved 
hardness of the composite. Therefore, maximizing the hard-
ness of the binder is an additional design objective.

For a multi-component alloy, the hardness, Hbind, 
changes with the composition through solid solution 
hardening. This depends on the solute content and mis-
fit parameter that arises due to the change in atomic size 
and rigidity. Analytical models for solid solution harden-
ing are reviewed by Weseman et al. [39]. However, the 

(8)Hcc = (HWC − Hbind)e
−
�

� + Hbind

experimental determination of misfit parameters, espe-
cially for multi-component alloys with interstitial solutes, 
is not always straight forward. With the aim of providing 
a practical formalism for integrated computational mate-
rial engineering (ICME), Walbruhl et al. [40] suggested 
a comprehensive model for estimating the hardness of 
multi-component alloys based on an expansion similar to 
the Gibbs energy in thermodynamics using the compound 
energy formalism (CEF). Accordingly, the hardness of a 
binder consisting of a multi-component alloy in a single 
phase is given by considering the intrinsic hardness and 
change in solid solution hardening as:

where the first summation represents the contribution of the 
intrinsic hardness of each element, H

MiVa
 in the alloy and the 

second term is the contribution by solid solution hardening. 
The change in solid solution hardening considers the effect 
of substitutional as well as interstitial elements in strength-
ening the multi-component material. The first summation in 
the bracket represents strengthening due to addition of sub-
stitutional solutes and is performed over N substitutional 
elements. Thus, A

MiMk
and Q

ik
 represent adjustable strength-

ening parameters when a substitutional element, Mk, is 
added to Mi. The second summation represents contributions 

(9)

Hbind =

N
∑

i=1

HMiVa
c�
MiVa

c��
Va

+
1

9.8

[

N
∑

i=1

N
∑

k>i

A
MiMkVa

exp
Q

ik

RT

(

c�
Mi
c��
Mk

)q

c��
Va

+

N
∑

i=1

n
∑

j=1

A
MiIjVa

exp
Q

ij

RT

(

c��
Va
c��
j

)r

c�
Mi

]
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to strengthening due to addition of interstitial solutes and 
hence it is performed over n interstitial elements. Similarly, 
A
MiIj

and Q
ij
 are parameters defining strengthening when an 

interstitial, Ij is added to substitutional element, Mi . The 
coefficients, q and r, are often chosen to be 2/3 as per the 
suggestion from Labusch et al. [41]. The concentration fac-
tors for each element are also defined as:

where i and j denotes the substitutional and interstitial ele-
ments, respectively; g is a constant that accounts for differ-
ence in interstitial sites depending on the crystal structure 
and takes a value of 1 for an FCC crystal.

Computational Optimization

The design of an alternative binder alloy can be performed 
by searching the compositional space of a given alloy sys-
tem with the objective of maximizing i) the sinterability 
and ii) the binder hardness. Thus, the computational design 
is performed using a multi-objective optimization which 
involves the elemental compositions of the binder alloy 
system. It is based on an evolutionary (genetic) algorithm 
which generates and evaluates candidate alloys based 
on feedback from i) computational thermodynamics for 
microstructural conditions at sintering temperatures and 
ii) reduced order models for sintering and binder hardness.

Computational Thermodynamics

Thermodynamic computations are carried out using 
Thermo-Calc (TC), a commercial software based on the 
CalPhaD method [42]. Single point equilibrium calcula-
tions are performed using the nominal composition of 
alloys at a predefined temperature and pressure. In the 
current study, the thermodynamic database for iron-based 
alloys, TCFE9, together with the corresponding mobil-
ity database, MOBFE4 are used. The results are accessed 
through Python using the TC-Python interface.

The thermodynamic parameters required to calculate the 
sinterability function, see Eq. (7), specifically, the solubility 
of tungsten and carbon in the binder phase, as well as the 
volume fraction of the binder phase at a given temperature, 
are determined by thermodynamic calculations. The kinetic 
parameters, such as the diffusion coefficient of tungsten 
through the binder phase, can be determined by coupling 
the associated mobility database to the thermodynamic 
calculations [31]. To calculate the balance of surface and 
interfacial energies provided in Eq. (1), first the interfacial 

(10)c�
i
=

ci
∑N

k
ck

and c��
j
=

cj
∑N

k
ck

g

energy, �int between the WC particles and the binder phase at 
a given temperature is determined. Note that thermodynamic 
functions of systems in the CalPhaD method can be used 
to estimate the necessary pair interaction coefficients that 
are necessary to determine the interfacial energy between 
two phases [43, 44]. In the current work, calculation of the 
interfacial energy is achieved by using the material property 
module available in Thermo-Calc together with the iron-
based thermodynamic database, TCFE9. The surface energy 
of WC particles, �WC shows negligible variations with tem-
perature and assumed to be 3 J/m2 [45] whereas the surface 
energy of a binder alloy, �bind is determined by considering 
the concentrations of each of the alloying elements and the 
corresponding surface energies [46].

The binder hardness is calculated using Eq. (9) after 
determining the microstructural phases and the corre-
sponding compositions in the binder at 1000 °C using 
Thermo-Calc. The composition at 1000 °C is used because 
that is considered to be the freeze-in temperature during 
solidification of WC hardmetals [47]. The adjustable 
strengthening parameters for substitutional as well as 
interstitial elements in Eq. (9) are obtained from the data-
base provided by [40] for each of the alloying elements in 
the binder.

Multi‑Objective Optimization

The non-dominated sorting genetic algorithm (NSGA-II) 
[48] is used to carry out the multi-objective optimization. 
The NSGA-II provides a set of non-dominated solutions, 
which are known as a Pareto set. Each alloy system is con-
sidered as a chromosome having genes representing the 
percentage by weight of alloying elements. The population 
of these chromosomes evolves by varying the values of the 
genes according to their fitness to the objective function. 
Figure 3 shows the flowchart of the algorithm used in the 
computational design optimization of (WC-bind) systems. 
Non-dominated sorting is performed to choose alloys that 
are not dominated by others based on their objective func-
tion values. Finally, the composition of alloys in the Pareto 
frontier are determined.

The optimization procedure is summarized as:

	 1.	 An initial set of Np individual candidate alloys, x = [x1, 
x2, …, xn] with design variables, xi consisting of the 
weight percentage of alloying elements for the binder 
(bind) are generated randomly within predefined 
bounds.

	 2.	 For the first iteration (Iter = 1), the population (Pop) 
will be made up of all the initial candidates generated 
in Step 1.

	 3.	 For each of the candidate alloys, the stoichiometry of 
the (WC-bind) system is determined by considering a 
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fixed fraction of binder. Then, a single point equilib-
rium calculation is performed to compute the solidus 
temperature, Ts of the candidate alloy.

	 4.	 For each candidate, i.e., WC-bind system, another two 
sets of equilibrium calculations are performed above 
and below the solidus temperature. This can be made 
by considering two temperature values, T1 and T2, 
defined as T1 = Ts + 10 °C and T2 = Ts—10 °C, respec-
tively.

	 5.	 Each of the candidates are then checked for all the 
microstructural constraints at the two evaluation tem-
peratures. As discussed in Sect. “Design Approach 
and Considerations”, the successful sintering of the 
(WC-bind) system requires microstructures involving 
(WC + FCC) phases below the solidus and (WC + FCC 
and/or Liquid) phases above the solidus.

	 6.	 For those candidates that satisfy the microstruc-
tural constraints in step 5 (e.g., Mp candidates where 

Fig. 3   Flowchart showing the 
design optimization procedure 
[vars = variables, NDS = non-
dominated sorting]
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Mp <  = Np), the objective functions i.e., the sinterabil-
ity and binder hardness are calculated. This is achieved 
using the procedure described in Algorithm 1 for sin-
terability and Eq.  (9) for binder hardness after the 
necessary thermodynamic and kinetic parameters are 
extracted from equilibrium calculations.

	 7.	 Non-dominated sorting (NDS) of the valid candidates 
is then performed using ranking and crowding distance 
techniques [48]. The sorting of the candidates is per-
formed based on maximizing the two objective func-
tions.

	 8.	 The non-dominated sorting procedure identifies the 
Pareto set or solutions (Fp), at each iteration.

	 9.	 If the stopping criteria is not achieved, off-spring pop-
ulation (Nc) is generated through GA reproduction 
techniques (i.e., crossover and mutation) using parents 
from the previous iteration.

	10.	 To diversify the pool of candidates in every reproduction 
step, a new set of randomly generated candidate alloys is 
added, totaling 10% of the initial population. This helps 
to avoid convergence to a local optimum.

	11.	 For iterations greater than 1 (Iter > 1), the non-domi-
nated sorting is performed on population (Pop), which 
involves parents from the previous iteration and off-
spring from the current iteration.

The optimization procedure continues to iterate until a 
stopping criteria is achieved, which is determined based on 
the improvements of the objective functions. For example, 
the stopping criteria can be based on the iteration number 
after which no improvements (movement of the Pareto front) 
are observed.

Validation of Design Model

The accuracy of the design optimization algorithm relies 
on the predictive capability of the two models used for cal-
culating the objective functions. These are: 1) the model 
for sinterability of WC-binder composites and 2) the model 
for binder hardness. Validation of the model for predicting 
hardness of multi-component alloys can be found in [40]. 
Here, the model describing the rate of sintering of WC-
binder powder compact is presented by comparing predic-
tion with data from the literature. In addition, comparison 
of the reduced strain rate in Eq. (6) and the actual strain rate 

in Eq. (5) demonstrates that the reduced model can be used 
to compare the sintering performance of materials under 
similar processing conditions.

The validation is performed using dilatometry data for 
the sintering of WC–Co, WC–Fe and WC–Ni systems 
with binder fractions of 10wt% [49, 50]. The processing 
parameters used during the sintering experiments are sum-
marized in Table 2.

The sintering stress, PL in Eq. (5) is estimated by using 
the surface energy of the binder, ϒbind, pore diameter, dp 
and the instantaneous fraction of porosity, θ as [51]:

Critical input parameters for the integration of the 
model, particularly the volume fraction of binder phases 
at sintering temperatures are determined by using thermo-
dynamic calculations as per the discussion in Sect. “Com-
putational Thermodynamics”. In addition, the diffusivity 
of tungsten, Dw through the binder alloy is evaluated by 
considering the microstructural phases at the respective 
sintering temperatures by using the method suggested 
in [31]. Note that the calculations are performed for the 
temperature ranges over which the sintering behavior is 
reported. In addition, coarsening of particles is consid-
ered by using a grain growth coefficient kg together with 
an apparent activation energy for grain growth, Eg and 
time, t as shown by Eq. (12) [51]. A summary of the other 
material parameters used in the model is shown in Table 3.

By using the material and process parameters, the expres-
sion for strain rate provided by Eq. (5) is integrated over the 
sintering duration to find the linear shrinkage strain, ε and 
the evolution of relative density is calculated by:

Figure 4 shows the comparison of the model’s predic-
tion with that of the experimental measurements for three 
WC hardmetal systems with different binder metals. The 
model predictions agree well with the measurements. In 
particular, the models are able to capture the relative dif-
ference in densification due to variations in the binder 

(11)PL =
2�bind

dp
(1 − �)2

(12)d3 = d3
o
+ kg exp

(

−
Eg

RT

)

t

(13)� =
�o

(1 + �)3

Table 2   Summary of the 
processing parameters used in 
modeling densification during 
sintering

Parameters WC-10wt% Co [49] WC-10wt% Fe [50] WC-10wt% Ni [50]

Sintering temperature, T [oC] 1100–1410 1100–1450 1100–1450
Heating rate, [oC/min] 20 3 3
Mean initial particle size, d [μm] 5 5 5
Green density, ρo [%] 55 56 56
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composition. The simplifications made in the model, such 
as neglecting the small difference in surface energy of the 
binder in the solid and liquid state and the assumption that 
the powder compact is made from a mixture of homoge-
neously distributed spherical powders based on the mean 
particle size, do not cause a significant difference between 
the observed and calculated results. However, changes in 
grain growth mechanisms across the different stages of 
the sintering may contribute to the observed discrepancy 
between the model and the experimental measurements. 
Although the systems used for validation involve binders 
that are of pure metals, they satisfy the microstructural 
conditions at sintering temperatures, necessitating model 
parameters such as diffusivity in multi-phase microstruc-
tures, similar to alloy binders. In this context, the valida-
tion presented in Fig. 4, particularly the ability to capture 
the relative differences in densification behavior across 
various binder metals, is valuable for guiding the design 
of alternative alloy binders.

Figure  5 compares the maximum strain rate and the 
reduced strain rate at different temperatures simulated 
using Eq.  (5) and (6), respectively. The simulations are 

performed for WC – 10wt% Co using the sintering condi-
tions and parameters provided in Tables 2 and 3. The results 
in Fig. 5 confirm that the reduced strain rate is proportional 
to the actual strain rate under similar processing conditions. 
Therefore, the reduced strain rate model, which accounts for 
material parameters only, see Eq. (6), can be used to quan-
tify the sintering performance of different materials under 
similar processing conditions, such as sintering temperature, 
green density and initial particle size. This means that the 
reduced order model can determine the relative sintering 
performance of materials A and B when they are sintered 
under the same conditions, making it useful for identifying 
materials across compositional space.

Design Exercises and Discussion

To demonstrate the use of the methodology developed in 
this study, we consider the design of alternative binders 
for WC hardmetals using iron (Fe)-based alloys containing 
nickel (Ni), molybdenum (Mo) and cobalt (Co). This alloy 
system was chosen based on previous experimental studies 
[50, 54] that focused primarily on properties (hardness and 

Table 3   Model material 
parameters used to calculate 
sintering performance

Parameters WC-10wt%Co WC-10wt%Fe WC-10wt%Ni Ref

Atomic volume, Ω  [m3] 1.2 × 10−29 1.2 × 10−29 1.2 × 10−29 [52]
Surface energy of binder, γ

bind
  [J/m2] 2.0 1.9 1.8 [46]

Boltzmann constant, k [J/K] 1.38 × 10−23 1.38 × 10−23 1.38 × 10−23 –
Gas constant, R [J/mol.K] 8.31 8.31 8.31 –
Activation energy for grain growth, Eg [J/mol.K] 500 450 500 [53]

Fig. 4   Comparison of simulated densification trajectories against 
experimental results from the literature [49, 50]. The open symbols 
are the experimental data

Fig. 5   Comparison of the max strain rate, Eq.  (5) (LHS, open sym-
bols) with the reduced strain rate, Eq. (6) (RHS, closed symbols) for 
WC – 10wt%Co under similar processing conditions
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toughness) after replacing cobalt by iron-based alternative 
binders in WC hardmetals.

Candidate alloys are generated by varying the concentra-
tions of each of the alloying elements between the minimum 
(Min) and maximum (Max) bounds as shown in Table 4. For 
the purpose of this study, four design scenarios are consid-
ered using alloys consisting of 1) Fe, Ni, and Co, 2) Fe, Ni, 
and Co with the maximum concentration of cobalt limited to 
50 wt%, 3) Fe, Ni, and Mo and 4) Fe, Ni, Mo, and Co. Note 
that the concentrations in Table 4 refer to the composition 
of the binder alloy and hence the stoichiometry of the com-
posite WC-bind system for thermodynamic calculations is 
calculated by considering the volume fraction of binder. In 
all cases, the fraction of the binder in the WC-bind system 
is fixed at 10 wt% and the carbon concentration is fixed at 
5.5 wt%. This avoids variations in hardness due to changes 
in the weight fraction of the binder.

The computational optimizations are performed using an 
initial population size of Np = 150. Genetic operations were 
performed using encoded binary crossover and a uniform 
mutation operator. When generating the offspring popula-
tion, the probability for an individual to serve as a parent 
for crossover is Pc = 0.8. The probability for an individual 
to be mutated is set to Pm = 0.1. Because improvements in 
the solutions stagnated after approximately 50 iterations, a 
maximum of 60 iterations was used as the stopping criterion. 
This required a computational time of two days using a vir-
tual machine with 12 CPU cores.

Figure 6 shows the optimal solutions (Pareto frontiers) 
obtained from the optimizations using the four design 
bounds (B1 to B4) provided in Table 4. The Pareto plot 
is generated by considering the two design objectives, i) 
sinterability of the WC-bind composite (a processabil-
ity factor) as defined by Eq. (7), and ii) hardness of the 
binder as given by Eq. (9). Note that the sinterability term 
is normalized by the corresponding value for a system with 
cobalt binder, i.e., WC-10 wt% Co, as explained in Algo-
rithm 1. Each point on the Pareto plot represents the values 
of the objectives corresponding to a unique binder alloy 
composition. For the purpose of comparison, the result 
corresponding to the standard WC–Co system with 10 wt% 
cobalt binder is also shown in Fig. 6.

Solutions from the first and second design scenarios (B1 
and B2) suggest that the Fe–Ni–Co system can improve 

binder hardness but at the expense of sinterability. Moreo-
ver, most of the optimal solutions in bound 1 (B1) have 
high concentrations of cobalt. For example, the solution 
with the maximum sinterability (S1) has a binder compo-
sition of 94.6Co-4.2Fe-1.2Ni. To maximize sinterability 
in the Co–Fe–Ni system, the optimization converges to a 
binder with pure cobalt. In the B2 case for a Co–Fe–Ni 
binder where the cobalt is limited to 50%, the Pareto fron-
tier coincides with the solutions for bound B1. Restrict-
ing cobalt in this case reduces the sinterability. This is 
further illustrated by alloys S2 (49.3Co-36.7Fe-13.9Ni) 
and H2 (0.8Co-40.9Fe-58.1Ni). As the cobalt content 
decreases, the sinterability decreases while the hardness 
increases. This is consistent with previous studies [55, 
56] that showed the use of Fe–Ni alloys as an alternative 
binder for WC. It also demonstrates the capacity of this 
methodology and the design models to identify alloys of 
potential benefit.

Results from the first two design scenarios suggest that 
cobalt is critical for sinterability. This may be a consequence 
of the ability of Co to spread as a thin film on WC at temper-
atures below the solidus. Cobalt also enables fast diffusion 
of tungsten at high temperatures. While iron and nickel are 

Table 4   Summary of alloy 
systems with the minimum 
and maximum compositional 
bounds considered for four 
design scenarios

Design variables 
(wt%)

Bound 1 (B1) Bound 2 (B2) Bound 3 (B3) Bound 4 (B4)

Min Max Min Max Min Max Min Max

Fe 1 99 1 99 1 99 1 99
Ni 1 99 1 99 1 99 1 99
Mo – – – – 1 99 1 99
Co 1 99 1  ≤ 50 – – 1 99

Fig. 6   Pareto frontiers of optimal solutions showing sinterability vs 
hardness of the binder for four design scenarios shown in Table  4. 
NB: the sinterability function is normalized by the corresponding 
value for WC-10 wt% Co as explained in Algorithm 1
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considered to wet tungsten carbide, the reduction in sinter-
ability with decreasing amount of cobalt indicates that both 
iron and nickel are not as effective as cobalt in this regard.

A third design exercise was performed using an 
Fe–Ni–Mo binder system without cobalt (B3, Table 4). 
Here, the amount of each element varies from 1 to 99 wt%. 
Although the optimal solutions have lower sinterability than 
the straight cobalt binder, they all have improved hardness 
compared to the B1 solutions with reduced cobalt, as shown 
in Fig. 6. The composition of the solution with maximum 
sinterability (S3) has a composition of 58.8Fe-38.6Ni-
2.5Mo. This indicates that it may be possible to entirely 
replace cobalt with molybdenum in the Fe–Ni system and 
develop improved properties compared to Fe–Ni alone.

The fourth design exercise involves the quaternary 
Fe–Ni–Mo–Co system. Here, the model identifies alloys 
with enhanced sinterability as well as hardness. The solu-
tion with the maximum sinterability (S4) contains a high 
concentration of cobalt (close to 76 wt%). However, the 
concentration of cobalt decreases continuously along the 
B4 frontier culminating at the point with the highest hard-
ness, H4, which contains 34 wt% cobalt. H4 also contains 
the highest amount of molybdenum (19.6 wt%) among the 
B4 solutions.

For each set of alloy systems in Table 4 (B1, B3, B4), 
the compositions of the optimal solutions with the highest 
sinterability (S1, S3, and S4) are shown in Table 5. The 
concentration of another solution (A4) with comparable 
sinterability to cobalt along the B4 frontier is also shown 
in Table 5. In general, the solutions along the B4 frontier 
suggests that it is possible to use the design methodology to 
search for alloys with comparable processing characteristics 
to Co but that also having improved properties.

The computational results presented here are consist-
ent with the experimental work of Bhaumik et al. [57], 
who demonstrated that the use of molybdenum and nickel 
together with cobalt can result in improved wettability of 
WC and reduced coarsening of the hard phase during sinter-
ing, which will enhance sintering of the composite. Bhau-
mik et al. also showed that the addition of molybdenum and 
nickel to the binder did not cause any significant change to 
the WC/binder interface, improving toughness of the overall 
cemented carbide composite [57].

Note that the sinterability term in this study is defined by 
a linear combination of solid state spreadability and sinter-
ing rate, see Eq. (7). Figure 7a and b shows the change in 
spreadability and solid-state sintering rate functions with 
temperature for three solutions (S2, S3 and A4) correspond-
ing to the B2, B3 and B4 Pareto frontiers in Fig. 6. Note 
here that S1 and S4 are not included in Fig. 7 because they 
contain high amounts of cobalt and A4 is selected from 
B4 solutions because it has comparable sinterability to the 
WC-10 wt% Co, see Fig. 6 and Table 5. The spreadability 
and sintering rate functions for the system with pure cobalt 
binder (WC-10 wt% Co) are also included in Fig. 7a and 
b, respectively. The maximum temperature on each of the 
curves corresponds to the solidus temperature of the respec-
tive binder.

Figure 7 shows that the solid state spreading and sin-
tering potential of these alloys should be similar to that of 
cobalt. However, it is also clear that the sinterability term 
is dominated by the spreadability factor. Examination of 
the different parameters contributing to spreadability as per 
Eq. (2), indicates that the balance of surface and interfa-
cial energies is almost similar for the three solutions (Δϒ ≈ 
0.77 J/m2). However, A4 shows higher diffusivity as well 
as solubility of tungsten atoms in the binder resulting in 
higher spreadability. In addition, A4 also shows increased 
concentration of molybdenum in the carbide phase below 
the solidus temperatures. This is consistent with the experi-
mental observations of Kuo et al. [58], who showed that 
molybdenum preferentially segregates to the carbide phase 
(WC) and forms a continuous solid solution of MoC, which 
is structurally identical to WC. This suggests that enhanced 
spreadability as well as sintering rate factors for alloys with 
molybdenum is mainly driven by dissolution and diffusion 
of tungsten atoms into the binder phase caused by the pref-
erential movement of molybdenum into the carbide phase. 
Similar effects are also observed experimentally by Liu et al. 
[59] after doping of WC ceramics with a limited amount of 
molybdenum. They showed that the densification behavior 
of the ceramic particles improves for molybdenum concen-
trations ≤ 20 wt%, without affecting hardness. Notably, the 
limiting amount of molybdenum reported by Liu et al. [59] 
is consistent with the maximum concentration obtained from 
the fourth design scenario in this study (~ 20 wt%).

As explained in Sect. “Design Approach and Consid-
erations”, the final density of WC hardmetals is often 
achieved through liquid phase sintering. Once a liquid 
starts to form above the solidus temperature, the sinter-
ing rate is controlled by the fraction of liquid. Therefore, 
it is important to compare the optimal solutions selected 
from Fig. 6 (S2, S3, and A4) in terms of the fraction of 
the liquid phase above the solidus temperature. Figure 8 
shows the variation of volume fraction of the liquid phase 
as a function of temperature for the three optimal alloys 

Table 5   Summary of selected 
binder alloys identified from 
the computational design 
optimization as shown in Fig. 6

Alloy Elements (composition 
in wt %)

Co Fe Ni Mo

S1 94.6 4.2 1.2 –
S3 – 58.8 38.6 2.5
S4 76.1 6.1 6.4 11.4
A4 71.1 5.8 11.3 11.8
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in comparison to the system with pure cobalt binder (WC 
– 10 wt%Co). The solidus temperatures as well as frac-
tion of the liquid phase of the new alloys are similar to the 
cobalt binder. Because the solidus temperatures for WC 
– 10 wt%S2 and WC – 10 wt%A4 are slightly lower than 
that with cobalt only, the required sintering temperature 
will also be lower.

The other factor critical for sintering of WC hardmetals 
is the sintering window, which determines the sensitivity of 

the alloy to process and composition variabilities. In gen-
eral, alloys are required to be tolerant to variations in both 
composition and manufacturing conditions such that changes 
in either will not materially affect the final properties [19]. 
Alloys processed by powder metallurgy (PM) routes can be 
particularly sensitive to variabilities in composition and/or 
processing conditions. For example, small batch-to-batch 
variations in feedstock composition can induce unnecessary 
microstructural phases at sintering temperatures, potentially 
compromising the final properties. For WC hardmetals, the 
narrow carbon window in the vertical section of the W–C-
metal phase diagram is often used as a proxy for the evaluat-
ing the sintering window [14–16] as variabilities in concen-
tration of carbon may arise from residual carbon after the 
de-binding cycle.

Figure 9 shows a comparison of the carbon windows 
between the cobalt-based WC system and the three alloys 
identified in this study (S2, S3 and A4). The approximate 
carbon windows for all systems are indicated by the dashed 
lines. The systems with the new binders (S2, S3, and A4) 
display carbon windows similar to that of the cobalt-based 
system, which narrows as the temperature decreases. While 
the S3 binder produces the narrowest carbon window at 
1000 °C, binder A4 is observed to have a wider window at 
the same temperature. This implies that binder A4 would 
likely result in a composite with reduced sensitivity to fluc-
tuations in carbon concentration during sintering.

In general, the four design exercises identified several 
alloys with the potential to replace or reduce the use of 
cobalt in WC hardmetals. Particularly, the Fe–Ni–Mo system 

Fig. 7   Change of a spreadability and b solid-state sintering rate functions with temperature for optimal solutions in comparison to the WC sys-
tem with pure cobalt [the maximum temperature on each curve corresponds to the solidus temperature for that alloy]

Fig. 8   Volume fraction of liquid phase as a function of temperature 
for standard WC – 10 wt% Co and three new solutions from the cur-
rent study
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Fig. 9   Comparison of carbon windows based on the vertical section of the tungsten–carbon-binder system where binder = a cobalt, b S2, c S3, 
and d A4
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with or without cobalt will have similar sintering potential 
(sinterability) to cobalt alone. With improved process-
ing performance (sinterability) and hardness, these alloys 
make interesting candidates for further investigation by both 
atomistic modeling and experimentation, but this is beyond 
the scope of the current study. In essence, the methodology 
developed here can be used to efficiently search alloy com-
position and processing design space simultaneously and 
provide a guide for future design research. Furthermore, the 
scalability of the proposed design method can be readily 
extended by integrating additional properties such as tough-
ness and wear resistance, and by including other potential 
alloying elements.

Summary

A unique computational design methodology for the effi-
cient identification of processable binders based on multi-
component alloys for the sintering of WC-hardmetals is 
developed. The methodology uses computationally effi-
cient, reduced order design models which are formulated 
by identifying critical material parameters that control the 
processing performance as well as functional properties 
of candidate alloys. Thermodynamic and kinetic param-
eters necessary for the reduced order models are calcu-
lated using the CalPhaD (Calculation of Phase Diagram) 
method allowing for the efficient search of compositional 
space. The process–composition–structure relationships 
are used to guide the design optimizations with the aim 
of finding binder alloys for WC that have similar sinter-
ing potential (sinterability) to cobalt. In addition, the 
design also considers hardness as a required property of 
WC hardmetals. The models were validated using data 
from the literature. The design models and optimization 
methodology proposed in this study can guide the search 
for alternative binders by focusing future experimentation, 
reducing the cost and time required for the development 
of new materials.
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