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Abstract: This study presents a conceptual classification scheme to review the literature on improving
the oxidation resistance of tungsten carbide by modifying the binder. The first parts of the article
are dedicated to the specification of the databases, the search method, and the description of the
criteria chosen to classify the articles. Then, the data collected are presented in statistical graphs
according to the proposed classification scheme. The data analyzed show that most of the significant
improvements in oxidation resistance are achieved with advanced production processes, especially
HIP and SPS, which eliminate porosity to a very high degree. In addition, statistical studies showed
that the use of new replacement binders, Ni3Al, Fe–based alloys, FeAl, and Al2O3, improved the
oxidation properties in 75–100% of cases. Meanwhile, the use of high–entropy alloys (HEAs) as
cermet binders may be the subject of future research for oxidation, given the recently published
results of good mechanical properties.
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1. Introduction

Cemented carbides are one of the most widely used powder metallurgy products in
the manufacture of wear–resistant materials. The reason for this is that these materials
have a high correlation between hardness and toughness, compared to other materials
such as diamond or high–speed steel [1–3]. Cemented carbides usually contain a mixture
of hard carbide particles (WC, TiC, TiB2, TaC, NbC) with soft and flexible metal bonds
such as Co, Fe, and Ni [4–7]. During the sintering process, the metal melts and forms a
liquid together with the hard carbide. As a result, the carbide particles in the liquid phase
are surrounded by a capillary phenomenon and a relatively high density is achieved in
the resulting cermet. The carbide particles in these cermets provide high hardness and
wear resistance, while the binder phase improves fracture toughness [8,9]. Today, among
the various types of carbides that have practical applications, cemented carbides with
the initial phase of tungsten carbide (WC) are the most widely used hard materials in
various industries [10–12]. A characteristic feature of this type of cermet is the possibility
of obtaining a wide range of microstructures with different mechanical properties by
choosing a suitable combination of hard carbide and binder phases and an optimal choice
of hardening processing parameters [13]. Initially, tungsten–based cemented carbides
were mainly used in wire drawing molds [1]. However, in recent years their applications
have been extended to other areas, such as hot rolling, machining, forming, cutting tools,
drilling, mining equipment, etc. [1,14]. One of the main challenges of using tungsten–based
carbides in high–speed applications, especially compared to titanium–based carbides, is
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their resistance to oxidation. Depending on the cutting speed and other factors in specific
applications, the cutting tool can reach temperatures in the range of 600 to 1050 ◦C [15–17].
This results in the formation of an oxidized product on the surface scale of the tool/material,
which is often detached from the cermet surface, resulting in a reduction in mechanical
properties. It is worth noting that oxidation also reduces the wear resistance of tungsten–
based carbides. Therefore, the service life of tungsten–based carbide cutting tools is highly
dependent on their resistance to oxidation at high temperatures [11,17]. The importance
of the oxidation resistance of tungsten–based carbides has attracted increasing attention
from researchers to understand their oxidation kinetics. An essential aspect of this class
of cermets is the type of binder metal used. Over the years, cobalt (Co) has been the
most common choice for bonding these materials, due to its hardness, wear resistance,
and high toughness [15,17–20]. Despite these excellent properties, existing studies have
shown that the use of cobalt as a binder can cause significant environmental and economic
problems. The studies to date also show that long–term inhalation exposure to cobalt
causes allergic reactions and cancer [5,14]. In addition, the poor corrosion and oxidation
resistance of cobalt at temperatures above 600 ◦C and the poor mechanical properties of
cobalt at high temperatures have led researchers to replace this element with other types of
binder [2,4–6,13,16]. However, despite the undoubted importance of this subject, no reports
have been published to classify the existing work on the oxidation resistance of tungsten
carbide cermets and to interpret the data obtained from a statistical point of view. Therefore,
a review is urgently needed to identify the achievements in the field of oxidation resistance
and to highlight the future directions of research on tungsten–based carbides for high–
speed applications. This review aims to provide the reader with an in–depth understanding
of the effect of different binders on the oxidation resistance of tungsten–based carbides. For
this purpose, a conceptual classification scheme is proposed to compare and explore the
existing literature by defining appropriate criteria. This scheme systematically classifies
publications into different categories based on a common criterion. In fact, a conceptual
classification scheme (CCS) for reviewing the existing literature identifies the main content
of the articles. The use of this method helps researchers to classify and summarize research
findings and to identify research trends. Several review articles have been published using
this classification method, which has the advantage of being published as a systematic
article and analyzing the results, rather than referring to individual articles [21–24].

2. Survey Methodology

In this survey, the content analysis method is employed for the conceptual classifica-
tion of studies in the context of oxidation of tungsten carbide compounds. Generally, a
classification of literature based on content analysis includes two main steps: (1) defining
the survey resources and search methods for the papers to be analyzed, and (2) determin-
ing the instrumental categories for classifying the selected documents. These steps are
discussed as follows.

2.1. Step 1: Survey Resources and Methodology to Search for and Select the Relevant Papers

Only journal papers published up until December 2022 have been selected and evalu-
ated for conceptual classification, while other sources, such as books, masters theses, Ph.D.
dissertations, conference and workshop articles, etc., are excluded. Relevant publications
are collected through computerized search using a list of appropriate terms and keywords
such as: oxidation kinetics, oxidation behavior, oxidation resistance, tungsten carbide,
metal binders, WC–Co, etc. Then, the references and cited articles for each selected paper
are examined and new articles are gradually added to the survey analysis. To extract the
relevant articles, major publishers such as ScienceDirect, Springer Link, John Wiley & Sons,
EPMA, scientific.net, IJERT, IOP, and IPEN are considered.
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2.2. Step 2: Classification of Extracted Papers

After the first stage, the selected articles are classified according to the following
four criteria:

1. The number of papers according to the year of publication;
2. The title of journals, taking the number of relevant publications into account;
3. The names of the author and co–authors, taking into account the number of rele-

vant publications;
4. Conceptual classification scheme for evaluating the extracted articles.

As seen in Table 1, to conceptually categorize the relevant articles extracted from
step 1, six criteria for each selected paper should be assessed. These criteria, along with the
possible related categories, are discussed in the following section.

Table 1. Questions and possible responses.

1. Among the papers that investigated oxidation properties, what production method was applied? *

(1.1) standard vacuum sintering
(1.2) spark plasma sintering (SPS)
(1.3) hot press (HP)
(1.4) hot isostatic press (HIP)
(1.5) not mentioned

2. Among the papers that investigated oxidation properties, which binder was used? **

(2.1) Co
(2.2) Ni
(2.3) Co + Ni
(2.4) Cr
(2.5) Mo
(2.6) pure iron
(2.7) Fe–based alloys
(2.8) Ni3Al
(2.9) FeAl
(2.10) Al2O3
(2.11) high–entropy alloys (HEAs)

3. What was the author’s approach for modification of binder in oxidation studies on cemented carbides?

(3.1) use of new binder and comparison with previous study
(3.2) investigating on the effect of various fraction of one binder
(3.3) study on the effect of adding minor element to the binder
(3.4) other

4. What was the oxidation outcome?

(4.1) considerable improvement
(4.2) acceptable/minor improvement
(4.3) reduction in oxidation resistance
(4.4) no comparison with conventional WC–based cermets

5. Is the oxidation kinetics investigated? If yes, what type of equation is fitted?

(5.1) no
(5.2) yes
(5.2.1) parabolic equation
(5.2.2) linear equation
(5.2.3) linear/parabolic equation
(5.2.4) other

6. How the wear properties of cermet change with oxidation properties?

(6.1) not investigated
(6.2) both increased
(6.3) both decreased
(6.4) one increases and other decreases

* The methods listed here are derived from articles that have evaluated oxidation properties. Therefore, it is not
claimed these are the only methods that have been used for the production of cemented carbides. ** The binders
listed here are derived from articles that have evaluated oxidation properties. Therefore, it is not claimed these are
the only binders that can be used in the composition of cemented carbides.
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3. Questions and Possible Answers for Conceptual Classification of Selected Documents

In this section, the questions and possible answers for each one are analyzed.

3.1. Production Method

• Standard vacuum sintering
• The main idea behind this method is that cold pressing of ceramic powder and ad-

ditives and producing an initial product (green body) and then sintering at high
temperature is a simple and low–cost alternative for producing cermets or ceramic
composites [25]. However, the most crucial challenge in this method is the porosity
problem, which is a general challenge in methods based on powder compaction [26].
The cold isostatic press (CIP) increases the density of the component compared to
the uniaxial press, and consequently enhances the hardness, strength, and corrosion
resistance of cermets for this reason [27,28]. Furthermore, the difference in thermal
expansion coefficients can show itself in the form of cracks or other defects during
high–temperature sintering [29]. Among the articles that have dealt with the oxidation
of tungsten carbide cermets and are reviewed in this research, various reports have
used this method to produce the parts [7,8,10,11,13,15,16,19,28,30–44].

• Spark plasma sintering (SPS): This relatively new production method has been devel-
oped for sintering ceramic components in a short period with minimal porosity [45]. In
this method, in addition to imposing mechanical pressure, plasma is formed between
the powder particles by using direct and pulsed high currents passing through a con-
ductive mold (which is usually made of graphite) [46,47]. The condition resulting from
plasma formation and ion bombardment of powder particles enhances the particles’
sintering efficiency and bond strength [48,49]. The high rate of heating, achieved by
passing a high electric current, prevents particle growth and/or oxidation during the
sintering process, which enables the production of nanostructured materials more
easily [2,50]. Furthermore, this method can provide a density close to the theoretical
one and almost complete elimination of porosity. It is worth mentioning that the SPS
method has been extensively used to produce ceramic and metallic nanomaterials,
composites and cermets, electronic materials, thermoelectric materials, biomateri-
als, etc. [45,49]. This method has also been used extensively in the research field of
cemented carbides, and in particular some of the articles reviewed on the topic of
oxidation have made tungsten carbide samples with this method [2,3,28,51–54].

• Hot press (HP): Hot press is a common method for densifying ceramic composites with
powder raw material, which can be used both as a single method or in combination
with other densification methods [55]. The main advantages of the hot press method
are: (1) the concurrent use of temperature and pressure, which leads to products with
low porosity, and (2) its lower equipment cost in comparison with the SPS method. In
this press type, a more homogeneous structure can be achieved compared to the cold
press [56]. Some articles dealing with oxidation have used this method to produce
tungsten carbide [18,57–63].

• Hot isostatic press (HIP): In this method, the pressure is exerted uniformly from all
directions through hydrostatic gas pressure at high temperatures. Therefore, complex
components with homogeneous structures can be produced through this method [64].
Hot isostatic pressing is very efficient in removing any residual porosities, but it is a
relatively expensive process [25]. In this densification method, the component after the
sintering process can reach a density of 99.8% or even higher [65]. This method can be
used for the production of cermets and ceramics, and even improving the mechanical
properties of advanced alloys [66]. This method has been used to consolidate samples
in research on tungsten carbide oxidation [67–72].
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3.2. Type of Binder

• Cobalt (Co): cobalt is the most important and widely used metal in tungsten carbide
composites due to its suitable melting temperature and proper wettability. The use of
cobalt results not only in excellent wettability and adhesion to tungsten carbide, but
also in increased strength at room [73,74] and elevated temperatures [75,76]. Moreover,
according to Basu and Sarin [15], to a certain extent, as the weight percentage of
cobalt binder increases, the oxidation resistance of tungsten carbide improves. In
some studies on improving the oxidation resistance of cemented carbides, cobalt was
still used as a conventional binder [9,11,20,33–35,39,52,53,57,58,68,69,71,77,78]. The
reasons for this are explained in the results and discussion section.

• Nickel (Ni): The previous investigations showed that nickel can be a proper alternative
to cobalt in the production of tungsten carbide cermets in terms of cost and availabil-
ity [7]. According to Zhang et al. [73], using nickel results in creating a strong bond
between tungsten carbide powder particles, proper resistance to oxidation at high
temperatures, and resistance to wear in crucial condition. Therefore, in the oxidation
research field, some articles worked on Ni–binder–containing cermets [13,16].

• Cobalt–Nickel (Co–Ni): In some cases, these two metals are employed together to use
the advantages of both binders [8,9,16,30,42,67,69,79]. However, studies show that the
oxidation resistance of nickel–cobalt binder is lower than that of cobalt binder [16].

• Chromium (Cr): Using chromium as another substitute for cobalt improves oxidation
and corrosion resistance. Moreover, using this element as a binder in cemented
carbides increases the hardness [4].

• Molybdenum (Mo): As another carbide–forming element like chromium, molybde-
num is used as a binder in tungsten carbide composites. It should be noted that the
oxidation resistance of tungsten carbide at high temperature reduces with increasing
molybdenum [4]. A recent investigation shows that molybdenum in the form of
secondary carbide (Mo2C) also has a detrimental effect on the oxidation properties of
cemented carbides [80].

• Pure iron (Fe): Based on the price parameter, pure iron has been considered as a binder
used in the consolidation of tungsten carbide powder [13,42,59]. Although iron is
cheaper than nickel and cobalt, its oxidation resistance is not remarkable. In addition,
the hardness and fracture toughness of the iron binder is equal to those of the cobalt
binder [13].

• Fe–based alloys: Fe–based alloys have been given attention as substitutes for cobalt
to overcome the shortcomings of pure iron [31,32,36,41,44,59,72,74]. Due to its high
affinity to carbon, iron can be an obstacle to the growth of tungsten carbide particles
during the sintering thermal cycle. Nickel can efficiently play an important role
in stabilizing the austenite phase up to room temperature to overcome the above–
mentioned limitations [5]. Therefore, a combination of these two elements as a binder
increases hardness, resistance to oxidation, corrosion, and cracking compared to
cermets with the cobalt binder [36]. On the other hand, along with limitations due to
the price and toxicity of cobalt, since the most important reason for the replacement of
cobalt has been the oxidation problem, stainless steels have also been considered as
binders [31,72]. The use of stainless steel as a binder can enhance oxidation resistance
and increase the fracture toughness and wear resistance concurrently [5]. Other Fe–
based alloys with the combination of alloying elements such as manganese have also
received increasing attention from researchers in the area of oxidation [32,81,82].

• Nickel aluminide (Ni3Al): The intermetallic compounds have captured significant
attention from both academia and industry because of the limitation of oxidation
resistance in cobalt binders [83,84]. Due to its excellent physical and mechanical prop-
erties, such as high hardness and outstanding oxidation resistance, nickel aluminide
has attracted wide attention among intermetallic alloys as a substitute for cobalt in
cemented carbides [5,51,85,86].
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• Iron aluminide (FeAl): Iron aluminide is a suitable alternative to cobalt, due to its
resistance to oxidation and compatibility with better environmental conditions [2,7,40].
In this regard, increasing the amount of binder can reduce the hardness and increase
the fracture toughness. In addition, WC–FeAl cermet has better behavior with respect
to carbon trioxide, with a 30% longer lifetime than WC–Co [73]. The lower cost of FeAl
than Ni3Al, low density, high melting point, high thermal conductivity, and protective
layer of alumina against high–temperature oxidation have increased the use of this
type of binder [6].

• Alumina (Al2O3): Alumina is also a cost–effective ceramic binder, with higher hard-
ness, better corrosion/oxidation resistance, and higher chemical stability at high
temperatures than cobalt, which has been used as the binder in oxidation investiga-
tions of tungsten carbides [54,61–63]. Furthermore, in contrast to metal binders, Al2O3
binder can not only facilitate the sintering process but also prevent the growth of
tungsten carbide particles and the formation of W2C [5].

• High–entropy alloys (HEAs): The main feature of HEAs is that they provide the
possibility of creating extraordinary properties by combining several different ele-
ments [87–90]. The use of HEAs as a binder in tungsten carbide compounds simultane-
ously increases the hardness and toughness of the product, and consequently can be a
new and versatile binder compared to cobalt [5,91–94]. Regarding the attention which
has been drawn to this type of binder in recent years, few articles with HEA binders
have studied oxidation properties [3,95,96]. However, concerning the simultaneous
improvement of hardness and toughness as two vital properties of tungsten carbide
cermets, as it will be discussed in Section 4, this topic may be more researched in the
coming years.

3.3. Binder Modification Approach in Oxidation Studies

• Using new binder and comparison with previous studies: In this procedure, while
using a new binder to improve the oxidation resistance, the author compares the
obtained results with previous ones, which are usually cermets with a cobalt binder;

• Investigating the effect of various fractions of binder on tungsten carbide: This type
of research uses various percentages of a binder to investigate how the additional
binder volume affects the oxidation properties of tungsten carbide;

• Studying the effect of adding a small amount of an additive to the binder: The
author studies the effect of adding a small amount of a modifying additive to the
binder. Note that the modifying additive in tungsten carbides is usually chromium.

3.4. Oxidation Outcome

• Significant improvement: This category includes research in which changing the
binder has a beneficial effect on the oxidation resistance of tungsten carbide and
reduces the oxidation rate;

• Minor improvement: This category includes binders with a small effect on reducing
the oxidation rate of tungsten carbide;

• Reduction in oxidation resistance: In this category, the use of a binder other than
cobalt has been identified as ineffective or destructive for oxidation resistance;

• No comparison with conventional WC–based cermets: In this category, the authors
have not investigated the positive or negative effect of modification of the binder on
the oxidation rate of tungsten carbide.

3.5. Temperature Range of Oxidation Tests

The relevant articles are classified into six different ranges of oxidation temperature.
In this regard, temperature ranges from 300 ◦C to over 800 ◦C degrees are classified into
five categories, while the sixth category is the case where the oxidation experiment was not
performed in isothermal conditions or the temperature was not reported. It is a known fact
that the oxidation rate of tungsten carbide compounds does not conform to an anomalous
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behavior and increases with increasing temperature [2]. However, it is necessary to examine
the temperature range, which is more interesting by previous research.

3.6. Kinetics of Oxidation

Investigation of oxidation kinetics and modeling the mass increment per surface unit over
time in tungsten carbide cermets has been carried out in some research work [2,8,11,16–20,33–
35,39,43,51,52,57,63,67–69,71,79,97]. Equations that model the mass changes per surface unit
are classified into parabolic, linear, a combination of linear and parabolic, etc. By determining
the oxidation behavior, it is possible to obtain more precise estimates for the lifetime of
components at high temperatures. As a consequence, the oxidation results are transformed
from a qualitative comparison to an analysis based on quantitative information.

3.7. Changes of Wear Resistance in Connection with Alteration of Oxidation Resistance

Abrasion is surface damage that leads to the gradual removal of materials due to the
relative movement between that surface and the material in contact. In most situations,
enhancing wear resistance is desirable for increasing the lifetime of tools, components,
and machine elements. This criterion checks how the change of binder for improving
oxidation properties affects wear characteristics. Some researchers simultaneously ex-
plored changes in both oxidation and wear properties of tungsten carbides in one arti-
cle [7,9,10,32,41,44,60,62,70,72,98]. These two properties together are the main properties
in the surface characteristics of materials, especially at high temperatures. Therefore, the
reviewed articles are classified into the following three categories:

• The wear properties increase as the oxidation properties increase;
• The wear properties reduce as the oxidation properties decrease;
• The wear properties reduce as the oxidation properties increases, or vice versa.

4. Statistical Discussion

The classification of the articles was performed according to the criteria presented in
Table 1. A positive response to each criterion is denoted with a checkmark and presented in
two parts in Tables 2 and 3. Also, in Table 4, the top researchers in terms of the number of
articles in the field of tungsten carbide oxidation are presented based on the collected data.
These data show that the distribution of the number of articles published among at least
the first 20 researchers in the list is uniform, and they have published two or three articles
in this field. However, the number of publications in the field of oxidation of tungsten
carbides in top journals is not uniform. Table 5 represents data collected concerning top
journals by considering the number of related publications. As can be seen, the International
Journal of Refractory Metals and Hard Materials has much higher publications than other
journals, due to the exact correspondence between the scope of the journal and the subject
of tungsten carbide oxidation. The journals with the next highest number of articles are
Ceramics International, Materials Science, and the Journal of Alloys and Compounds, which also
publish articles related to cermets according to their scope.
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Table 2. Classification of the papers according to the first four criteria mentioned in Table 1.
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Upadhyaya and Bhaumik [42]
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Bhaumik et al. [69]
√ √ √ √ √ √

Ogwu and Davies [85]
√ √ √ √ √

Sikka et al. [86]
√ √ √ √

Mari and Gonseth [77]
√ √ √ √

Lofaj and Kaganovskii [19]
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Basu and Sarin [15]
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Tavare et al. [58]
√ √ √ √

Aristizabal et al. [8]
√ √ √ √ √ √

Barbatti et al. [33]
√ √ √ √

Del Campo et al. [34]
√ √ √ √

Fernandes et al. [59]
√ √ √ √ √ √ √

Shon et al. [13]
√ √ √ √ √ √

Aristizabal et al. [67]
√ √ √ √ √ √

Aristizabal et al. [70]
√ √ √ √

Jianxin et al. [9]
√ √ √ √

Barbatti et al. [31]
√ √ √ √ √

Chen et al. [20]
√ √ √ √

Hwang and Lee [35]
√ √ √ √
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Aly et al. [57]
√ √ √ √

Chang and Chen [36]
√ √ √ √

Chen et al. [10]
√ √ √ √ √

Dong et al. [61]
√ √ √ √

Chen et al. [39]
√ √ √ √

Furushima et al. [40]
√ √ √ √

Furushima et al. [38]
√ √ √ √

Furushima et al. [37]
√ √ √ √ √

Huang et al. [43]
√ √ √ √

Li et al. [51]
√ √ √ √

Schubert et al. [32]
√ √ √ √

Chen et al. [11]
√ √ √ √



Ceramics 2024, 7 176

Table 2. Cont.

Paper

Production Method Binder of Composite Author’s Approach Oxidation Outcome

Sp
ar

k
Pl

as
m

a
Si

nt
er

in
g

(S
PS

)

H
ot

Pr
es

s
(H

P)

C
ol

d
Pr

es
s

(C
P)

+
Si

nt
er

in
g

H
ot

Is
os

ta
ti

c
Pr

es
s

(H
IP

)

C
ol

d
Is

os
ta

ti
c

Pr
es

s
(C

IP
)

N
ot

M
en

ti
on

ed

C
o

N
i

C
o

+
N

i

C
r

M
o

Pu
re

Ir
on

Fe
–B

as
ed

A
ll

oy
s

N
i 3

A
l

Fe
A

l

A
l 2

O
3

Ti
C

0.
4

H
ig

h–
En

tr
op

y
A

ll
oy

s
(H

EA
)

U
si

ng
N

ew
B

in
de

r
an

d
C

om
pa

ri
ng

w
it

h
Pe

rv
io

us
St

ud
y

In
ve

st
ig

at
in

g
on

th
e

Ef
fe

ct
of

V
ar

io
us

Fr
ac

ti
on

of
O

ne
B

in
de

r

St
ud

y
on

th
e

Ef
fe

ct
of

A
dd

in
g

M
in

or
El

em
en

tt
o

th
e

B
in

de
r

O
th

er

C
on

si
de

ra
bl

e–
Im

pr
ov

em
en

t

A
cc

ep
ta

bl
e/

M
in

or
Im

pr
ov

em
en

t

R
ed

uc
ti

on
In

O
xi

da
ti

on
R

es
is

ta
nc

e

N
o

C
om

pa
ri

so
n

w
it

h
C

on
ve

nt
io

na
lW

C
–B

as
ed

C
er

m
et

s

Emanuelli et al. [79]
√ √ √ √

Oh et al. [54]
√ √ √ √

Lin et al. [71]
√ √ √ √

Mottaghi and Ahmadian [60]
√ √ √ √ √

Aly et al. [18]
√ √ √ √

Ezquerra et al. [30]
√ √ √ √

Karimi et al. [2]
√ √ √ √

Shoufa [68]
√ √ √ √

de Oro Calderon et al. [44]
√ √ √ √ √ √

Su et al. [62]
√ √ √ √

Tarraste et al. [72]
√ √ √ √ √

Wang et al. [53]
√ √ √ √
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Karimi and Hadi [28]
√ √ √ √ √ √ √ √

Basyir et al. [52]
√ √ √ √

Luo et al. [3]
√ √ √ √

Wu et al. [97]
√ √ √ √

Hui et al. [63]
√ √ √ √
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Table 3. Classification of the papers according to the last three criteria mentioned in Table 1. (Here,
P stands for a positive answer to the questions listed in Table 1).
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Penrice [98] P P P
Upadhyaya and Bhaumik [42] P P P

Bhaumik et al. [69] P P
Ogwu and Davies [85] P P P

Sikka et al. [86] P
Mari and Gonseth [77] P P P

Lofaj and Kaganovskii [19] P
Basu and Sarin [15] P P P P P
Voitovich et al. [16] P P P P P

Subramanian and Schneibel [7] P P P
Gille et al. [41] P P P
Casas et al. [17] P P P
Tavare et al. [58] P P P

Aristizabal et al. [8] P P P P
Barbatti et al. [33] P P P P

Del Campo et al. [34] P P P P P P
Fernandes et al. [59] P P P

Shon et al. [13] P P P
Aristizabal et al. [67] P P P
Aristizabal et al. [70] P P P P

Jianxin et al. [9] P P P
Barbatti et al. [31] P P P

Chen et al. [20] P P P
Hwang and Lee [35] P P P P

Aly et al. [57] P P P P
Chang and Chen [36] P P P

Chen et al. [10] P P P
Dong et al. [61] P P P
Chen et al. [39] P P P

Furushima et al. [40] P P P
Furushima et al. [38] P P P
Furushima et al. [37] P P P

Huang et al. [43] P P P P P P P
Li et al. [51] P P P P P

Schubert et al. [32] P P P
Chen et al. [11] P P P P

Emanuelli et al. [79] P P P P
Oh et al. [54] P P P
Lin et al. [71] P P P

Mottaghi and Ahmadian [60] P P P
Aly et al. [18] P P P

Ezquerra et al. [30] P P P
Karimi et al. [2] P P P P

Shoufa [68] P P P P P
de Oro Calderon et al. [44] P P P

Su et al. [62] P P P
Tarraste et al. [72] P P P
Wang et al. [53] P P P P P

Karimi and Hadi [28] P P P
Basyir et al. [52] P P P

Luo et al. [3] P P P P
Wu et al. [97] P P P P P
Hui et al. [63] P P P P
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Table 4. Top researchers by considering the number of related publications.

Author Affiliation/Country Documents

Aristizabal, M. CEIT and TECNUN, Paseo Manuel de Lardizábal 15, 20018, San Sebastián, Gipuzkoa, Basque Country, Spain 3

Chen, L. School of Materials Science and Engineering, Central South University, Changsha, Hunan 410083, China 3

Furushima, R. National Institute of Advanced Industrial Science and Technology, 2266–98 Anagahora, Shimoshidami,
Moriyama–ku, Nagoya 463–8560, Japan 3

Hosokawa, H. National Institute of Advanced Industrial Science and Technology, 2266–98 Anagahora, Shimoshidami,
Moriyama–ku, Nagoya 463–8560, Japan 3

Katou, K. National Institute of Advanced Industrial Science and Technology, 2266–98 Anagahora, Shimoshidami,
Moriyama–ku, Nagoya 463–8560, Japan 3

Liu, H. School of Materials Science and Engineering, Central South University, Changsha, Hunan 410083, China 3

Matsumoto, A. National Institute of Advanced Industrial Science and Technology, 2266–98 Anagahora, Shimoshidami,
Moriyama–ku, Nagoya 463–8560, Japan 3

Shimojima, K. National Institute of Advanced Industrial Science and Technology, 2266–98 Anagahora, Shimoshidami,
Moriyama–ku, Nagoya 463–8560, Japan 3

Yi, D. School of Materials Science and Engineering, Central South University, Changsha, Hunan 410083, China 3

Zhu, S. College of Mechanical Engineering, Donghua University, Shanghai 201620, PR China 3

Aly, S.T. The Center of Scientific Research, The Ministry of Military Production, Cairo, Egypt 2

Barbatti, C. Max–Planck–Institut für Eisenforschung GmbH, 40237 Düsseldorf, Germany 2

Bhaumik, S.K. Department of Metallurgical Engineering, Indian Institute of Technology, 208 016, Kanpur, India 2

Brito, P. Max–Planck–Institut für Eisenforschung GmbH, 40237 Düsseldorf, Germany 2

Garcia, J. Helmholtz–Zentrum Berlin für Materialien und Energie GmbH, 14109 Berlin, Germany 2

Hadi, M. Materials Engineering Group, Golpayegan College of Engineering, Isfahan University of Technology, Iran 2

Ibarreta, F. FMD CARBIDE S.A.L., Zorrozaurre 35, 48014, Bilbao, Spain 2

Karimi, H. Materials Engineering Department, Malek Ashtar University of Technology, Shahin Shahr, Iran 2

Martinez, R. FMD CARBIDE S.A.L., Zorrozaurre 35, 48014, Bilbao, Spain 2

Mikami, M. National Institute of Advanced Industrial Science and Technology, 2266–98 Anagahora, Shimoshidami,
Moriyama–ku, Nagoya 463–8560, Japan 2

Pyzalla, A.R. Helmholtz–Zentrum Berlin für Materialien und Energie GmbH, 14109 Berlin, Germany 2

Rodriguez, N. CEIT and TECNUN, Paseo Manuel de Lardizábal 15, 20018, San Sebastián, Gipuzkoa, Basque Country, Spain 2

Sánchez, J.M. CEIT and TECNUN, Paseo Manuel de Lardizábal 15, 20018, San Sebastián, Gipuzkoa, Basque Country, Spain 2

Shon, I.J. The Research Center of Advanced Materials Development, Chonbuk National University, Chonbuk 561–756,
Republic of Korea 2

Schubert, W.D. Institute of Chemical Technologies and Analytics, Vienna University of Technology, Vienna, Austria 2

Upadhyaya,
G.S. Department of Metallurgical Engineering, Indian Institute of Technology, 208 016, Kanpur, India 2

Wang, B. School of Materials Science and Engineering, Central South University, Changsha, Hunan 410083, China 2

Table 5. Top journals considering the number of related publications.

Journal Title Number of Papers Percentage

International Journal of Refractory Metals
and Hard Materials 20 37.73

Ceramics International 9 16.98
Materials Science 5 9.43

Materials Science and Engineering A 4 7.55
Journal of Alloys and Compounds 3 5.66

Corrosion Science 3 5.66
Wear 2 3.77

Advanced Materials Research 1 1.89
Engineering Research and Technology 1 1.89

Intermetallics 1 1.89
Materials Research Express 1 1.89

Materials shaping technology 1 1.89
Powder Metallurgy 1 1.89

Thermal Analysis and Calorimetry 1 1.89
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After collecting the data presented in the above tables, to obtain a better insight into
the trend of investigations, these data are illustrated as the abundance distribution in each
criterion by programming in Python.

Figure 1 indicates the distribution of published articles in the domain of binder effect
on oxidation resistance from the production method point of view. The high frequency
of the “standard vacuum sintering” method in Figure 1 shows that, even in articles with
the aim of binder modification for improving the oxidation properties, this production
method has been preferred by researchers. This will be more important considering that it
is most likely that the cold press and sintering method has been used in articles where the
production method is not mentioned. In this condition, the share of cold press and sintering
production methods reaches 47.3%. This shows that, despite the important achievements
of advanced production methods such as SPS, most researchers have utilized conventional
ones to investigate the role of the new binder. The reasons for this fact are: (1) the standard
vacuum sintering production method is significantly cheaper and more accessible due to
rapid industrialization; (2) in investigating the effect of changing the binder, researchers
usually prefer to keep the other factor, i.e., the production method, constant, so that the
effect of the variable factor can be examined more clearly.
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Figure 1. Distribution of the reviewed papers according to production method.

Figure 2 depicts the distribution of published articles on the oxidation of tungsten
carbide cermets from the binder–type point of view. From this figure, a total of 65.6% of the
articles written in the field of improving the oxidation of tungsten carbide cermets have
pursued this goal by replacing the cobalt binder with alternative binders. This value is the
sum of the percentages of binders other than cobalt in Figure 2. Also, it is remarkable from
Figure 2 that the typical binders of cobalt and cobalt–nickel, which are extensively used in
industrial production of tungsten carbide cermets, have the most extensive contribution to
oxidation literature. Nevertheless, cobalt has been regarded as one of the high–risk metals
from the standpoint of environmental consequences by some studies and reports, such
as [99]. It is worth mentioning that the high use of cobalt as a binder in articles related
to improving oxidation properties might be the consequence of researchers’ approach to
enhancing the oxidation properties of tungsten carbide. Therefore, considering Figure 3 is
sound for interpreting this high usage. Figure 3 illustrates the frequency of the relevant
articles from the research approach perspective. As can be seen from the figure, binder
changes to improve oxidation properties make a contribution of 33.8% to the literature. In
many of these articles, it is necessary to compare the properties of modified cermets with
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those of cermets with a cobalt binder. Because every binder used in the reviewed articles
has been counted in the classification procedure, this has increased the number of articles
that have been used.
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In addition, numerous types of research have been carried out to improve the oxidation
properties by adding minor elements. In such studies, cermet with a cobalt binder is
considered the initial state, and the effect of adding minor elements is compared with
this state.

Furthermore, it can be concluded from the “Author’s approach for Co binders” part
within Figure 2 that in all studies related to cobalt binder, in 42.9% of the studies the
effect of adding new minor elements to this binder has been considered, while 14.3% have
investigated different volume fractions of cobalt binder.

On the other hand, the main part of Figure 2 demonstrates that, regardless of whether
the research approach has been based on examining the effect of changing the binder or
not, a total of 52.5% of publications on oxidation context have not used cobalt or cobalt–
nickel binders. This percentage confirms the high tendency of researchers to use new and
alternative binders for improving oxidation resistance. It is clear from Figure 3 that only
20.6% of the published articles in the area of oxidation of cemented carbides have had their
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focus on modifying the properties by changing the volume percentage of cobalt. In other
words, a great deal of attention has been directed to the use of new replacement binders or
binders modified with minor elements and their comparison with conventional binders.

The effect of the production method and binder type on oxidation outcome has been
demonstrated in Figure 4. It can be seen in Figure 3 that a significant improvement has been
reported in 55.7% of the oxidation articles, as well as a minor improvement in oxidation
resistance in 8.2% of the published articles. This finding also indicates that from employing
advanced production methods and changing the binder a positive effect on improving the
oxidation properties of WC cemented carbides can emerge. The difference between HIP
and SPS methods and other production methods that have improved oxidation resistance
can be seen in the production method sub–graph in Figure 4. These two methods have
excellent efficiency in removing porosity, due to the application of isostatic pressure at high
temperatures (in HIP), and plasma formation during sintering (in SPS). Previous studies
have shown the direct role of porosity reduction in increasing oxidation resistance [2]
and wear resistance [28] in cemented carbides. However, according to the production
method sub–graph in Figure 4, a lower number of studies that have improved the oxidation
resistance belong to standard vacuum sintering. It should be pointed out that replacing
Co with new binders has been addressed by many studies that have used new sintering
methods such as SPS or HIP. As a result, the effect of these two factors may have led to
higher efficiency in such studies. However, the impact of porosity reduction on improving
oxidation resistance that occurs in advanced production methods such as SPS and HIP has
been confirmed in independent studies [67,100]. However, since the selection of specific
sintering methods is often used to investigate the effect of new binders, based on the
obtained data it is not possible to recommend with certainty a change of production
method to improve oxidation resistance.
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The outcome of binder change on the improvement of oxidation resistance is shown in
another sub–graph of Figure 4. It is remarkable from this sub–graph that numerous studies
that have used alternative binders based on intermetallic compounds such as Ni3Al and
FeAl in WC cemented carbide composition found an improvement in oxidation resistance.
Previous studies on aluminide–based intermetallic compounds have shown that an oxide
phase of Al2O3 is formed in the oxide scale of these compounds at high temperatures,
which results in high oxidation resistance due to reduction in the penetration of anion ions
(O–) and cation (metal) ones [83,101]. Reducing the diffusion coefficient of elements is
equivalent to decreasing the possibility of an oxidative reaction and consequently reducing
the oxidation rate.
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By using these compounds as binders in cemented carbides, a modified oxide scale
and complex Al–based compounds such as FeAlO3 are created, which reduces penetration
within the surface layer [2]. Note that one of the best alternatives from an oxidation
point of view is FeAl binder. Karimi et al. [2] evaluated the mass gain during oxidation
in WC–FeAl and WC–Co cermets at temperatures of 700 ◦C to 900 ◦C over time, and
uncovered that the oxidation resistance obtained with FeAl binder is higher than that of
cobalt binder at all temperatures. They showed that the oxide scale in WC–FeAl cermet
contains FeWO4, FeAlO3 phases, and WO3 phase, which reduces the diffusion of oxygen
and consequently decreases the oxidation rate [2]. It can also be concluded that, in addition
to intermetallic compounds, in most cases, changing the cobalt binder to iron–based alloys
and Al2O3 ceramics has led to the enhancement of oxidation resistance. In such changes,
modification of the oxide scale is the main factor in reducing the carbide oxidation rate.
In fact, in the typical case (WC–Co cermets), oxidation can start from low temperatures
such as 500 ◦C [102]. In addition, the passivation capability in the oxide layer containing
tungsten oxide is small, and cobalt independently has a low oxidation resistance and is
easily oxidized at high temperatures [2,51,63]. Consequently, changing the binder can
improve oxidation. As mentioned earlier, in recent years, various investigations have been
conducted regarding the use of high–entropy alloys as binders. However, in most of these
studies, improving mechanical properties other than oxidation resistance has been more
considered [3].

The distribution of the relevant studies in the context of the oxidation of cemented
carbides in terms of the temperature range of the oxidation experiment is depicted in
Figure 5. It is obvious from Figure 5 that a high percentage of the isothermal oxidation
experiments on WC–cemented carbides have been conducted in the temperature range
above 500 ◦C. According to previous studies, the reason behind this is that the oxidation
of WC–based compounds begins at a temperature above 500 ◦C, while the oxidation rate
significantly increases at higher temperatures [102].
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On the other hand, according to the recent applications of cemented carbide, the inves-
tigation of oxidation behavior at higher temperatures has been increasingly highlighted by
researchers. The results also show that the experiments carried out at a temperature above
800 ◦C and within the range of 700–800 ◦C have had almost the same frequency which
is followed by experiments at a temperature of 600–700 ◦C. A possible reason for this is
that, in the studies conducted based on changing the binder to improve oxidation behavior,
a temperature increment makes it easier to compare the binders’ efficiency on oxidation
resistance by intensifying the oxidation kinetics.
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Figure 6 shows the distribution of the selected articles in terms of oxidation kinetics.
As can be seen from the figure, the percentage of studies that have modelled the oxidation
kinetics is a little less than half. Among these studies, the accordance of mass gain versus
time by a parabolic function has a percentage of 15.1% [18,19,35,39,43,63,79,97]. Meanwhile,
15.1% of the articles have approximated the oxidation behavior of WC–cemented carbides
linearly [3,11,17,20,51,69,71]. As illustrated in Figure 6, in 15.1% of the reviewed articles,
the trend of mass changes over time has been estimated by a combination of linear and
parabolic functions [2,8,16,33,34,52,57,67,68]. Note that under a parabolic approximation
based on the experimental results, the general mass gain–time equation (∆mn = kt) converts
to the parabolic function ∆m2 = kt, while we have ∆m = k′t for the linear behavior case.
Obviously, the linear equation indicates a higher oxidation rate, which means that the oxide
layer does not have a sufficient passivation capability [2]. Under the parabolic equation,
the oxidation resistance of the substrate is higher, and the diffusion rate of cations and
anions from the oxide layer controls the oxidation transformation [55]. In this case, it will be
worthwhile to compare the obtained values of n and k to measure the oxidation resistance
under different conditions (for example, changing the binder).
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Another factor that is usually considered during kinetic modeling in oxidation stud-
ies is the oxidation activation energy (Q), which indicates the required energy barrier
for starting the oxidation process. To calculate this quantity, isotherm tests are usually
performed at least at three temperatures. The value of Q is obtained by measuring the
slope parameter ln

(
kp
)

in equation kp = k0 exp
(
−Q
RT

)
in terms of

(
1
T

)
. Note that Q is

expressed in terms of cal
mol , while R denotes the gas constant in terms of cal/(K.mol), k0 is a

pre–exponential value, and T is the temperature (K). Exploring tungsten carbide oxidation
articles showed that the Q value was calculated around 230 kCal/mol in at least nine
studies [16,35,43,51,57,63,67,97].

On the other hand, wear resistance plays an essential role in cemented carbide appli-
cations. Figure 7 evaluates the relationship between the oxidation resistance increment and
wear resistance, considering the published literature in the context of oxidation of cemented
carbides. As can be seen from this figure, a high percentage of the published articles in
the oxidation context have neglected to focus on wear resistance. This may be because the
investigation of wear behavior and its associated factors can be investigated separately
from the oxidation properties. Another reason for less attention being paid to wear in
articles related to oxidation is that high hardness guarantees high wear resistance to a very
large extent [103,104]. The figure also shows that, from the total of 22.7% of the articles
that concurrently conducted wear and oxidation tests, 17.0% reported an increase in both
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oxidation and wear resistance. Concerning the relationship between hardness and wear
resistance, it can be concluded that a similar correlation between the factors of improving
the production method (by reducing the porosity) and changing the binder (binders harder
than cobalt) with the hardness parameter is also valid for wear resistance, which leads
to improving oxidation and wear resistance concurrently. It should be pointed out that
the aforementioned new binders (such as FeAl, Ni3Al, and HEAs) have a higher hardness
than cobalt. Consequently, since the hardness of two–phase materials is affected by the
hardness of both phases, the hardness increment of the binder leads to an increase in the
total hardness of the cermet.
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5. Assessment of Statistical Analysis with Published Data

The fact that the type of binder influences the oxidation properties of tungsten carbide
is one of the most important findings from the classification of oxidation studies. The
results obtained showed that, statistically speaking, the use of Al2O3, Ni3Al, and FeAl
binders had the greatest impact on the improvement of the oxidation properties. Figure 8
compares the values of the mass increase per unit area due to oxidation for these three types
of binder from three different articles. As can be seen from the figure, using Al2O3 binder
instead of Co at 600–800 ◦C for 1 h significantly reduced the oxidation rate of the cermet.
This figure also shows that when Ni3Al binder is used the mass increase due to oxidation is
reduced over a relatively long period. It should be noted that the results of oxidation tests
have shown that the use of Ni3Al binder results in a significant reduction in the amount of
oxidation. Finally, this figure shows that when FeAl binder is used the amount of oxidation
decreases. However, the effectiveness of this binder in oxidation reduction was not as high
as that of the Al2O3 and Ni3Al binders.

Previous studies have shown that the change in oxide scale composition is the main
reason for the reduction in oxidation rate after binder modification. The study of the scale
structure of WC–Co cermets has shown that the compound containing WO3 provides many
pathways for oxygen to penetrate through the formation of cracks, which increases the
oxidation rate. The reason for the formation of these cracks is the release of gases such as
CO and CO2 because of oxidation reactions. On the other hand, in cermet with FeAl binder,
for example, the oxide layer contains FeAlO3 and FeWO4 compounds, which make the
oxide layer denser and less porous, thus reducing the oxidation rate [2].
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The classification of papers also shows that the use of high–entropy alloys as binders
has become very popular in recent years. Figure 9 provides an overview of the literature
published in the field of cobalt binder replacement with HEAs. This figure summarizes
six types of different alloy compositions that have been used in recent years, together with
the main results obtained. As can be seen in the figure, the binders used are based on
the addition of the new quaternary element CoCrFeNi. This figure shows that despite
significant successes in using HEA binders to reduce size, improve hardness, and increase
the strength and fracture toughness of cermets, only one paper addressed the modification
of oxidation resistance. Therefore, considering the numerous achievements in the field of
HEA binders and the research trend on tungsten carbide, a more complete investigation of
the tribological properties, including wear and oxidation resistance, of HEA binders may
be a possible direction for future studies.
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2. Among the production methods reported in the reviewed articles regarding oxida-
tion resistance, the most frequent method with a frequency of 47.3% belongs to the 
standard vacuum sintering technique. However, employing advanced production 
methods such as hot press (with a frequency of 14.5%), hot isostatic press (with a 
frequency of 10.9%), and spark plasma sintering (with a frequency of 12.7%) can lead 
to a success rate between 80 and 100 percent in oxidation improvement; 

3. Reviewed articles in the field of oxidation revealed that more than half of investiga-
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cluded that changing cemented carbide binders from cobalt to intermetallic com-
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6. Conclusions and Directions for Future Research

The findings of this survey are listed as follows:

1. Oxidation resistance is a crucial characteristic for tungsten carbide cermets, especially
for processes with high machining speed. The findings of this survey showed that the
studies that are conducted to improve the properties of this type of cermet do not all
necessarily lead to the improvement of oxidation properties. It was indicated that a
significant improvement of oxidation properties has been obtained in only 65.6% of
the articles that changed the binder of WC–Co cemented carbides;

2. Among the production methods reported in the reviewed articles regarding oxidation
resistance, the most frequent method with a frequency of 47.3% belongs to the standard
vacuum sintering technique. However, employing advanced production methods
such as hot press (with a frequency of 14.5%), hot isostatic press (with a frequency of
10.9%), and spark plasma sintering (with a frequency of 12.7%) can lead to a success
rate between 80 and 100 percent in oxidation improvement;

3. Reviewed articles in the field of oxidation revealed that more than half of investi-
gations (65.6%) used new binder in order to enhance oxidation resistance. It is also
concluded that changing cemented carbide binders from cobalt to intermetallic com-
pounds of Ni3Al, FeAl, Fe–based alloys, and Al2O3 accounts for the most extensive
proportion of the articles that reported oxidation improvement. In recent years, re-
placing cobalt binders with high–entropy alloys (HEAs) for improving mechanical
properties has attracted the attention of both manufacturers and researchers. However,
only 4.9% of the reviewed articles focused on enhancing oxidation properties. Hence,
investigation of the oxidation properties of tungsten carbide cermets with a binder of
HEAs may be a potential direction for future studies;

4. The results of this research showed that the oxidation behavior of tungsten carbide
cermets is reported in three modes, including parabolic, linear, and parabolic–linear,
with almost the same frequency. This means the equation and trend of mass gain
depend on the composition of the binder used. Furthermore, the oxidation activation
energy of these cermets is reported to be around 230 kCal/mol;

5. It is proved from this survey that changing the binder to improve oxidation resistance
can often maintain or improve wear resistance. From 22.7% of the articles in the field
of oxidation that also examined wear resistance, 17% reported the improvement of
both wear resistance and oxidation properties;

6. This survey focused on tungsten carbide as the main constituent of cermets. Several
other studies have been performed to achieve higher mechanical properties using
secondary carbides such as TiC, TaC, Mo2C, and VC in recent years. Meanwhile,
some studies have been conducted on using some new addition such as graphene to
improve mechanical properties. Furthermore, the use of cermets based on (Ti,W)(C,N)
has been the subject of many studies, especially for conditions where the oxidation
problem affects the cermet application. Although these three approaches were outside
our survey topic, they have provided the prospect of achieving better properties, and
future research in the field of oxidation may be carried out on these cermets.
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