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Abstract: WC-13Co (wt.%) composite with Fe added was prepared by pressureless sintering, and
its microstructure and mechanical properties were analyzed by X-ray Diffraction (XRD), Scanning
Electronic Microscopy (SEM), Energy Dispersive Spectroscopy (EDS) and Vickers hardness tester.
The effect of Fe and C content on the microstructure of the eta phase, binder phase, grain size and
porosity, as well as mechanical properties in the W-Co-Fe-C system, was discussed quantitatively.
The position of added Fe in the lattice of the composites is clarified. When 2%–4% Fe was added,
Fe existes in both the binder phase and the low-carbon eta phase. In the lattice of the eta phase, Fe
occupies the position of Co and Fe uniformly existes in the binder with the structure of simple cubic
when the composites is in the eutectic phase region. Differently from the previous report that the
growth of WC in liquid Fe was severely limited, the size of WC in the W-Co-Fe-C system increases
from 1.14 µm to 1.21 µm when the content of Fe increases from 0 to 4%, which indicates that the
growth behavior of WC in liquid CoFe was different from that in liquid Fe, but closer to that in liquid
Co. The sample added both 2% Fe and 1% C has the optimum matching of hardness and toughness.
Compared with the hardness of 979 HV30 in the sample without adding Fe and C, the hardness of the
sample with both 2% Fe and 1% C added achieved 1071 HV30, which is increased by 9.4% under the
conditions of a slight increase in fracture toughness.

Keywords: WC-Co; Fe; eta phase; grain growth; hardness; toughness

1. Introduction

Composites can obtain comprehensive properties that cannot be achieved by the single
component material [1–4], and they are an important achievement of material technology
during the development of human civilization. More than 100 years ago, in order to
replace expensive diamonds, the WC-Co composite, which was composed of hard WC
particles and tough Co binder, was invented by powder sintering in the cutting processing
industry [5]. At present, this material has been widely used in wear-resistant parts and the
cutting tools of mining, machinery, oil mining, aerospace and other industries [6]. For each
country, Co is a limited resources and is widely used not only in WC-Co composites as
binders [7], but also in other important alloys, such as ultra-high strength martensitic steel
for aircraft landing gear [8], high-performance Co-based soft magnetic materials [9], and
high efficiency lithium batteries for new energy vehicles, which have developed rapidly
in recent years [10]. Therefore, researchers have been considering new alternative binders
for many years. In particular, the new European chemicals regulation clearly proposes to
consider partially replacing Co with Fe and Ni [11]. Both Fe and Ni are transition metals
close to Co element in the periodic table and have similar affinity with carbon and tungsten.
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The replacement of Co with Fe and Ni has been a research focus of WC-Co composites.
Uhrenius’ [12] work showed that the calculated phase diagram based on Thermo Calc
databases can be used to predict the corresponding C content in the two-phase region
WC + fcc (face-centered cubic) under different Fe, Ni and Co content combinations in
the new Fe-Ni-Co-W-C composites. Shon et al. [13] fabricated the WC-10Co (wt.%),
WC-10Ni and WC-10Fe composites by the high-frequency induction heating sintering
(HFIHS) method and further discussed the effects of Fe and Ni on sintering behavior,
density, grain size and mechanical properties of the composites. Soria-Bairrun et al. [14]
added Cr to the binder of WC-Co-Fe-Ni composite, and found that, compared with the
phase diagram of WC-FeNiCo based on Thermocalc, the position of the carbon window
and the temperature of solidus and liquidus are significantly affected by the content of Cr.

After replacing Co with other metal elements, the microstructure evolution changed
significantly in WC-based composites. Marek Tarraste et al. [15] fabricated the WC-FeCr
composites using ferrite chromium steel as the binder metal and found that the addition of
about 2% carbon in WC-30%FeCr composites can hinder the formation of the eta phase.
Wittmann [16] investigated the effect of VC and other inhibitors on the growth of WC grains
when Ni and Fe are used as binders and found that VC is the most effective grain growth
inhibitor in WC-Ni hard metals, while the growth of WC grains is strongly restricted even
if no growth inhibitor is added in Fe-binder composites.

Furthermore, it is possible to obtain higher mechanical properties and corrosion resis-
tance through the replacement of reasonable content of Fe and Ni [17]. Kakeshita et al. [18]
found that the toughness of WC-(Fe-Ni-C) composites is higher than that of common
WC-Co composite by controlling martensitic transformation strengthening. Guo et al. [19]
investigated the influence of heat treatment on the toughness of WC-(Fe-Ni-C) compos-
ites, and results showed that isothermal heat treatment can also effectively improve the
toughness. Chang et al. [20] reported that, compared with WC-Co composites, the sin-
tered nanostructured WC-(Co-Ni-Fe) composites have better corrosion resistance and
mechanical properties.

The efforts above have shown that Fe has become an important alloying element to
replace Co in WC-Co-based composites. On the other hand, completely replacing Co with
Fe or Ni leads to a sharp decline in the performance of composites, and the composites
showed an extremely narrow carbon window (about 40% of WC-Co composites) at binder
contents of ≤10 wt.%, resulting in difficult control of the stability and reliability of products
in the factory.

At present, the research on WC-Co composites with added Fe has paid more attention
to the calculated phase diagram, WC grain growth, mechanical properties and corrosion
resistance. The research on the composition and distribution of the eta phase as well as the
occupation of Fe atoms in the lattice of WC-Co composites adding Fe is still limited.
Moreover, although the current experimental work has illustrated a good agreement
with the calculated phase diagram of WC-Co containing Fe based on CALPHAD, more
experimental data are needed, especially on the eta phase formation side, to better compare
the experimental and calculation [21].

In this work, WC-Co-based composites with different Fe contents were prepared by
powder metallurgy. The key factors affecting the mechanical properties, such as the density,
eta phase and WC grain size, as well as the composition and structure of the binders, were
studied. The occupation of Fe atoms in the crystallographic lattice of the composites after
the addition of Fe powder was also explored.

2. Experimental Procedure

Commercial tungsten carbide powder (6.1% C, W ≥ 93.72, p ≤ 0.001%, S ≤ 0.001%,
0.094% O, others ≤ 0.001%, wt.%, average particle size of 2 µm, Xiamen golden egret
special alloy Co., Ltd., Xiamen, China, Figure 1a), Co powder (Co ≥ 99.9%, Mn ≤ 0.0001%,
Cu ≤ 0.0003%, others ≤ 0.005%, average particle size of 0.8 µm, 99.9 wt.% purity, Xiamen
golden egret special alloy Co., Ltd., Xiamen, China, Figure 1b), Fe powder (Fe ≥ 99.0%,



Coatings 2023, 13, 116 3 of 15

average particle size of 10 µm, Qinghe county Kegong Metallurgical Materials Co., Ltd.,
Xingtai, China, Figure 1c), W powder (W ≥ 99.0%, average particle size of 1.2 µm, Xiamen
golden egret special alloy Co., Ltd., Xiamen, China, Figure 1d) and carbon black (average
particle size of 200 nm, Xiamen golden egret special alloy Co., Ltd., Xiamen, China) were
selected as raw materials. Table 1 shows the nominal chemical compositions of different
WC-Co composites. The carbon content is calculated as follows: Ct% = (C1 + C2)/Mt,
where Ct% is the weight of total carbon in the sample, C1 is the weight of carbon in WC
powder, C2 is the weight of adding carbon black, and Mt is the total weight of sample. The
Ct is important for evaluating the carbon content in the sample, although it ignores the
carbon loss during the sintering process.
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2Fe-5.1C 83.7 11 2 3.3 0 C5.1
2Fe-5.5C 87 11 2 0 0.25 C5.5
2Fe-6.3C 87 11 2 0 1 C6.3

Various weighed powders and ethanol were put into the ball mill. The weight ratio
of the ball to powder was 4:1, and the ball milling lasted for 24 h. Then, the mixed
materials were placed in a 70 °C vacuum drying furnace, and the drying time was 5 h.
After drying, the powder was sieved with an 80 mesh sieve and pressed into a mold
with a diameter of 20 mm under the pressure of 240 Mpa. Finally, the pressed blank was
heated in a tubular experimental furnace (GSL-1700X, Hefei Kejing Co., Ltd., Hefei,
China) from room temperature to 1000 °C at the rate of 10 °C/min, then heated to

Figure 1. BSE-SEM of raw powders. (a) WC, (b) Co, (c) Fe, (d) W.

Table 1. The nominal chemical compositions of WC-13(Co-Fe) composites (wt.%).

Samples WC Co Fe W C Ctotal

0Fe-5.3C 87 13 0 0 0 C5.3
1Fe-5.3C 87 12 1 0 0 C5.3
2Fe-5.3C 87 11 2 0 0 C5.3
3Fe-5.3C 87 10 3 0 0 C5.3
4Fe-5.3C 87 9 4 0 0 C5.3
2Fe-5.1C 83.7 11 2 3.3 0 C5.1
2Fe-5.5C 87 11 2 0 0.25 C5.5
2Fe-6.3C 87 11 2 0 1 C6.3

Various weighed powders and ethanol were put into the ball mill. The weight ratio of
the ball to powder was 4:1, and the ball milling lasted for 24 h. Then, the mixed materials
were placed in a 70 ◦C vacuum drying furnace, and the drying time was 5 h. After drying,
the powder was sieved with an 80 mesh sieve and pressed into a mold with a diameter
of 20 mm under the pressure of 240 Mpa. Finally, the pressed blank was heated in a
tubular experimental furnace (GSL-1700X, Hefei Kejing Co., Ltd., Hefei, China) from room
temperature to 1000 ◦C at the rate of 10 ◦C/min, then heated to 1430 ◦C at the rate of
5 ◦C/min, kept at 1430 ◦C for 1 h, and then cooled in the furnace. The atmosphere for
oxidation prevention was argon during sintering.
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The prepared samples were ground and polished to analyze the phase by
XRD-7000 (Shimadzu Co., Ltd., Kyoto, Japan, Cu target.). The selected angle was
20◦–80◦ and the scanning speed was 5◦/min. Quanta 250FEG SEM (FEI Co., Ltd., Hillsboro,
OR, USA) equipped with energy dispersive spectroscopy (EDS) was used to analyze the
microstructure and chemical element distribution. Image Pro Plus image analysis soft-
ware was used to measure WC grain size. After sintering, the electronic analytical scale
(JHY-600Q, Xiamen Jinheyuan Technology Co., Ltd., Xiamen, China) was used to measure
the bulk density, which is calculated using the Archimedes principle. The pressure of
the indenter for measuring Vickers hardness was 30 kg, lasting for 10 s. Moreover, in
view of the high toughness of the samples 0Fe-5.3C and 2Fe-6.3C, the hardness tests at
50 kg pressure and 10 s were carried out on the two samples in order to observe the
crack morphology.

3. Results and Discussion
3.1. The Microstructure of WC-Co-Fe Composites

The XRD patterns of different samples are illustrated in Figure 2, and the composites
of 0Fe-5.3C, 1Fe-5.3C, 2Fe-5.3C, 3Fe-5.3C, 4Fe-5.3C, 2Fe-5.1C and 2Fe-5.5C are composed
of three phases: WC, binder and eta phase. Only binder phase and WC exist in samples
2Fe-6.3C. Moreover, with the increase of Fe content, the peak value of the eta phase
increases, indicating that the formation of eta phase is promoted by replacing Co with Fe.
In the environment of low-carbon content, the reaction between WC and Co contributes
to the formation of the eta phase, which is usually called M6C and M12C [22] (or Co3W3C
and Co6W6C [23]). The addition of C leads to the disappearance of the eta phase in the
2Fe-6.3C sample.
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lattice constant of 3.57. After 2%–4% Fe is added, the CoFe-binder is formed,
corresponding to the lattice constants of 2.82. Through adding 1% C in the 2Fe–6.3C
sample, the eta phase is eliminated and the sample is a two-phase material, consisting of
B2 ordered (simple cubic, sc) CoFe and WC, and the Co-binder phase of fcc cannot be
observed. In addition, the content of added Fe has no obvious effect on the lattice
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enlarged XRD patterns between 43◦ and 46◦ (b).

Furthermore, the crystal structure of the binder phase changes with the addition of Fe
and C. The binder phase in the 0Fe-5.3C sample is Co-binder, corresponding to the lattice
constant of 3.57. After 2%–4% Fe is added, the CoFe-binder is formed, corresponding to
the lattice constants of 2.82. Through adding 1% C in the 2Fe-6.3C sample, the eta phase
is eliminated and the sample is a two-phase material, consisting of B2 ordered (simple
cubic, sc) CoFe and WC, and the Co-binder phase of fcc cannot be observed. In addition,
the content of added Fe has no obvious effect on the lattice constant of the eta phase. The
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lattice constant of the eta phase is about 11.04 in all samples of 0Fe-5.3C, 1Fe-5.3C, 2Fe-5.3C,
3Fe-5.3C, 4Fe-5.3C, 2Fe-5.1C and 2Fe-5.5C. The occupation of Fe in the lattice of the eta
phase of WC-Co composites has been reported [24], and the results of this study are in
agreement with it, and it is difficult to observe the change of the corresponding 2θ angle in
the XRD pattern due to the very similar atomic radii of Fe and Co (Fe: 1.27 Å, Co: 1.26 Å).

As mentioned above, there are more eta phases in the sample added with Fe, which
indicates that Fe promotes the expansion of the upper limit of C in the fcc + WC + eta phase
region. Figure 3 demonstrates the phase diagram of WC-13Co and WC-9Co-4Fe calculated
by Thermo-Calc software. It can be seen that, with the increase of Fe, the carbon content
range of the WC + fcc two-phase region increases from 5.19%–5.36% to 5.33%–5.42%; that is,
the addition of Fe expands the range of carbon content in the phase diagram corresponding
to the WC + fcc two-phase region in the WC-Co-Fe system. It should be pointed out
that there is a large carbon loss in the sintering process, as reported by [25,26], so the
nominal C content in Table 1 is significantly higher than the carbon content in the phase
diagram in Figure 3.
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The eta phase can be clearly observed in the BSE-SEM images in Figure 4. With the
addition of Fe from 0 to 4.0%, the area fraction and the size of the eta phase increase
sharply. In the 0Fe-5.3C sample, the eta phase size is relatively small, and most eta phases
are slightly larger than WC grains and, moreover, in the samples adding 4% Fe, the size
of some eta phases reache ~10 µm, which is more than five times the WC size. With
the increase of carbon black in the sample adding of 2% Fe, the fraction of the eta phase
gradually decreases and it finally disappears in the sample of 2Fe-6.3C.
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Figure 4. BSE-SEM microstructure of composites, (a) 0Fe–5.3C, (b) 1Fe–5.3C, (c) 2Fe–5.3C, (d)
3Fe–5.3C, (e) 4Fe–5.3C, (f) 2Fe–5.1C, (g) 2Fe–5.5C, (h) 2Fe–6.3C.

Figure 5 further illustrates the statistical area fraction of the eta phase. The eta phase
is very sensitive to the addition of Fe. Under the same carbon content conditions, when
4% Fe was used to replace 4% Co, the proportion of the eta phase increased more than
twice, from 20% to 45.3%. When the added content of C reached 1%, the proportion of
the eta phase decreased to 0% in the sample of 2% Fe. Carbon black effectively inhibits
the formation of the eta phase in the 2Fe–6.3C sample. Wei et al. [27] also eliminated the
eta phase by adding carbon when using the WO2, Co3O4 and C as raw materials to
manufacture WC–Co composites.

Figure 5. Area fraction of the eta phase of different WC–13 (Co–Fe) composites.

The eta phase and Co in the 2Fe–5.3C sample are further analyzed by EDS as
exhibited in Figures 6 and 7. In addition to replacing Co in the binder (Figure 6a), the
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(e) 4Fe-5.3C, (f) 2Fe-5.1C, (g) 2Fe-5.5C, (h) 2Fe-6.3C.

Figure 5 further illustrates the statistical area fraction of the eta phase. The eta phase is
very sensitive to the addition of Fe. Under the same carbon content conditions, when 4% Fe
was used to replace 4% Co, the proportion of the eta phase increased more than twice, from
20% to 45.3%. When the added content of C reached 1%, the proportion of the eta phase
decreased to 0% in the sample of 2% Fe. Carbon black effectively inhibits the formation
of the eta phase in the 2Fe-6.3C sample. Wei et al. [27] also eliminated the eta phase
by adding carbon when using the WO2, Co3O4 and C as raw materials to manufacture
WC-Co composites.
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Figure 5. Area fraction of the eta phase of different WC-13 (Co-Fe) composites.

The eta phase and Co in the 2Fe-5.3C sample are further analyzed by EDS as exhibited
in Figures 6 and 7. In addition to replacing Co in the binder (Figure 6a), the added Fe
also exists in the eta phase (Figure 6b) in 2Fe-5.3C sample, while in the 2Fe-6.3C sample,
Fe only exists in the binder (Figure 6c) due to the disappeared eta phase, as shown in
Figures 2 and 5. Moreover, the Co content in the binder and eta phases of the 2Fe-5.3C
sample is higher than the Fe content, as seen in Figure 7.
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To sum up, for the sample without an eta phase such as 2Fe-6.3C, Fe mainly exists in
the binder, forming a solid solution with B2 ordered structure (Figure 2). When the WC-13
(Co-Fe) composite is sintered at low-carbon content, such as 1Fe-5.3C, 2Fe-5.3C, 3Fe-5.3C,
4Fe-5.3C, 2Fe-5.1C and 2Fe-5.5C, Fe exists in both the eta phase and B2 ordered binder,
which has been confirmed by EDS analysis in Figure 6. In the eta phase, Fe occupies the Co
position instead of the W position, which can be identified by comparing the diffraction
peaks of the eta phase of 0Fe-5.3C and 2Fe-5.3C samples in Figure 2. If Fe occupies the
W position, the lattice constant will be greatly changed due to the large difference between
the atomic radii of Fe and W. Figure 8 demonstrates the schematic diagram of atomic
occupancy of Fe in the lattice of WC-13 (Co-Fe) composites.
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content increase from 0 to 4% (Figure 9a–e), the grain size of WC increases slightly from
1.14 μm to 1.21 μm, which is different from the previous report that the growth of WC
was hindered by adding Fe [16]. The growth of the WC grains was primarily related to
the dissolution and re-precipitation of WC grains in the binder phase during liquid
phase sintering [28]. Roulon et al. [11] found that the solubility of WC in liquid Fe is
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Figure 8. Crystal structure diagram of (a) binder phase of Co and CoFe and (b) eta phase of [W, Co]C
and [W, Co, Fe]C.

Figure 9 illustrates the distribution of the grain size of the composites. With the Fe
content increase from 0 to 4% (Figure 9a–e), the grain size of WC increases slightly from
1.14 µm to 1.21 µm, which is different from the previous report that the growth of WC
was hindered by adding Fe [16]. The growth of the WC grains was primarily related to
the dissolution and re-precipitation of WC grains in the binder phase during liquid phase
sintering [28]. Roulon et al. [11] found that the solubility of WC in liquid Fe is lower than
that in liquid Co. Wittmann et al. [16] reported that the substitution of Fe for Co as a binder
would strongly limit the growth of WC grains during liquid sintering.
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mainly depends on the volume shrinkage and the closure of micro-pores during liquid
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(b) 1Fe-5.3C, (c) 2Fe-5.3C, (d) 3Fe-5.3C, (e) 4Fe-5.3C, (f) 2Fe-5.1C, (g) 2Fe-5.5C, (h) 2Fe-6.3C.
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The results in Figure 9 demonstrate that the growth behavior of WC in liquid CoFe
is close to that of liquid Co but completely different from that of liquid Fe. Moreover,
with the increase of the content of carbon added, the grain size of the composites further
increased from 1.21 µm to 1.42 µm. Konyashin et al. [29] pointed out that the high-carbon
environment is more conducive to the WC coarsening in WC-Co hard metals, although
the influence of carbon content on the grain growth behavior in the W-C-Co-Fe system is
still unclear.

3.2. Analysis of the Density

Figure 10 illustrates that the density of the WC-13 (Co-Fe) composite decreases grad-
ually with the increase of Fe content. The densification of WC-Co composites mainly
depends on the volume shrinkage and the closure of micro-pores during liquid sintering.
The high content of liquid metal and the good wettability between WC and the liquid metal
are important factors for densification sintering. Both the XRD pattern in Figure 2 and
the volume fraction of the eta phase in Figure 5 demonstrate that the proportion of the
eta phase increases with the increase of Fe content. This means that, during the sintering
process, the liquid Co decreases, which leads to the inhibition of shrinkage behavior and
the decrease of density.
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all elements of W, Fe and Co is extremely low in the micro-pore, which is useful to prove
the existence of the micro-pore in the composites containing Fe.

Figure 10. The effects of addition of Fe and C on the densities of WC-13 (Co-Fe) composites.

Figures 11 and 12a further demonstrate the distribution and area fraction of micro-pore
with different additions of Fe and C. With the increase of Fe content from 1% to 4%, the area
fraction of micro-pore increased from 0.21% to 1.03%, while with the increase of C content
the area fraction of micro-pore significantly decreased, and the fraction in the 2Fe-6.3C
sample decreased to 0.30%. This is consistent with the change trend of density in Figure 10.
According to the EDS analysis in Figure 12b, the content of all elements of W, Fe and Co is
extremely low in the micro-pore, which is useful to prove the existence of the micro-pore in
the composites containing Fe.

With the addition of C, the fraction of eta phase decreases and the content of liquid
Co increases. Interestingly, comparing the density of 2Fe-6.3C and 0Fe-5.3C samples, the
density of the 2Fe-6.3C sample was lower than that of 0Fe-5.3C samples, although the eta
phase in the 2Fe-6.3C sample was completely eliminated. The reasons for the decrease in
density include: (i) the density of Fe is lower than that of Co; (ii) the increase of porosity. It
can be seen from Figure 11 that there are some micro-pores in the 2Fe-6.3C sample, which
can be explained by the lower wettability of WC in CoFe than in Co [30,31].
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With the addition of C, the fraction of eta phase decreases and the content of liquid
Co increases. Interestingly, comparing the density of 2Fe–6.3C and 0Fe–5.3C samples,
the density of the 2Fe–6.3C sample was lower than that of 0Fe–5.3C samples, although
the eta phase in the 2Fe–6.3C sample was completely eliminated. The reasons for the
decrease in density include: (i) the density of Fe is lower than that of Co; (ii) the increase
of porosity. It can be seen from Figure 11 that there are some micro-pores in the
2Fe–6.3C sample, which can be explained by the lower wettability of WC in CoFe than in
Co [30,31].
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When powder metallurgy is used to fabricate WC–Co composites, the key to the

sintering process is to remove porosity and make the composite compact, and to bond
different WC grains together with metal. Especially in the process of liquid phase
sintering, WC particles rearrange, dissolve and precipitate in the liquid phase binder,
thus further removing the composite porosity. The hardness H affected by porosity can
be described by the following formula [32]:
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where H0 and k are constants, and d is the grain size of WC. The hardness decreases with
the increase of grain size. However, when the addition of Fe increased from 0 to 4%, the
porosity ρ and the grain size d increased (Figures 3 and 6), but hardness also increased
(Figure 13). This is because the hardness of WC–Co–based composites is also affected by
the eta phase. It is well known that the higher the content of the eta phase, the lower the
proportion of the binder phase. The eta phase is an intermetallic compound, and its
hardness is significantly higher than that of the metal binder phase. Therefore, the eta
phase is the dominant factor affecting the hardness in samples of 0Fe–5.3C, 1Fe–5.3C,
2Fe–5.3C, 3Fe–5.3C, 4Fe–5.3C, 2Fe–5.1C. When the Fe content increases from 0 to 4%, the

Figure 12. (a) Area fraction of the micro-pore in different WC-13 (Co-Fe) composites and (b) the EDS
analysis around the micro-pore in the 2Fe-5.1C sample.

3.3. Mechanical Properties

When powder metallurgy is used to fabricate WC-Co composites, the key to the
sintering process is to remove porosity and make the composite compact, and to bond
different WC grains together with metal. Especially in the process of liquid phase sintering,
WC particles rearrange, dissolve and precipitate in the liquid phase binder, thus further
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removing the composite porosity. The hardness H affected by porosity can be described by
the following formula [32]:

H = H0 exp(−bρ) (1)

where ρ is the porosity, and H0 and b are constants. With the increase of porosity, the hard-
ness decreases rapidly. The quantitative effect of grain size on hardness can be expressed
by the Hall-Petch relationship [33]:

H = H0 + kd−
1
2 (2)

where H0 and k are constants, and d is the grain size of WC. The hardness decreases with
the increase of grain size. However, when the addition of Fe increased from 0 to 4%, the
porosity ρ and the grain size d increased (Figures 3 and 6), but hardness also increased
(Figure 13). This is because the hardness of WC-Co-based composites is also affected by
the eta phase. It is well known that the higher the content of the eta phase, the lower
the proportion of the binder phase. The eta phase is an intermetallic compound, and its
hardness is significantly higher than that of the metal binder phase. Therefore, the eta phase
is the dominant factor affecting the hardness in samples of 0Fe-5.3C, 1Fe-5.3C, 2Fe-5.3C,
3Fe-5.3C, 4Fe-5.3C, 2Fe-5.1C. When the Fe content increases from 0 to 4%, the eta phase
grows abnormally and the area fraction of the eta phase significantly increases to 45.3%,
leading to an obvious increase in hardness from 979 HV30 to 1185 HV30, and the increase in
average crack length from 0 µm to 47 µm.
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Figure 13. The hardness (a) and the micrographs of Vickers’ indentations and induced surface
cracking in different WC-Co-Fe samples under 30 kg (b) and 50 kg (c) pressure, respectively.

On the other hand, the addition of C increases the grain size, and especially, signif-
icantly, decreases the eta phase, leading to the clear decrease of hardness, although the
decrease of porosity (Figure 3) is beneficial to the increase of hardness. Therefore, the
2Fe-6.3C sample without eta phase has lower hardness than other samples containing 2%
Fe. Surprisingly, compared with the hardness 979 HV30 of the 0Fe-5.3C sample without Fe
addition, the hardness of the 2Fe-6.3C sample clearly increases to 1071 HV30 by adding Fe
and C and, moreover, it also has good fracture toughness and the average crack length de-
creases to 0 µm, as shown in Figure 13b. The disappearance of the eta phase can strengthen
the skeleton structure of WC, which is very beneficial to synergistically increasing the
hardness and toughness [34].

As the cracks cannot be observed in the 0Fe-5.3C and 2Fe-6.3C samples in the hardness
test under 30 kg pressure (Figure 13b), the pressure of hardness was increased to 50 kg
and two samples had obviously different crack morphology. Clear cracks appeared at the
corners of the Vickers hardness indentation in the 0Fe-5.3C sample, while the 2Fe-6.3C
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sample still had no cracks. However, unlike hardness, fracture toughness is more difficult
to assess accurately, especially in brittle materials. The Godse and Gurland’s model (GGM)
given in the literature [35] can evaluate the fracture toughness in WC-Co composites with
10%–25% Co. The model formula is as follows.

KIc =

√
R(λ + d)E′σB

(1− CVWC)

C1
(3)

where C, d and VWC are the contiguity, grain size and volume fraction of the carbide phase,
respectively; λ is the binder mean free path; R is a floating parameter calculated on the
basis of best fitting with experimental results, C1 is taken from McMeeking’s work as 0.54,
E′ is the ratio of elastic modulus to Poisson’s ratio, σB is the binder effective flow stress. E′

can be calculated by using Equation (4) for plane stress:

E′ =
E

1−V2 (4)

where E and V are elastic modulus and Poisson’s ratio. According to reports [36], 600 Gpa
and 619 Gpa were used for E and 0.23 and 0.22 for V in 0Fe-5.3C and 2Fe-6.3C samples,
respectively. Additionally, σB is the effective flow stress of binder, calculated by using
Equation (5) as proposed by Sigl and Fischmeister:

σB = 480 +
1550

λ
[MPa] (5)

The adjacency degree and the mean free path of the Co phase can be measured from
the SEM image. In the 0Fe-5.3C sample they are 0.27 and 0.39 µm, while in the 2Fe-6.3C
sample they are 0.31 and 0.42 µm. It is noted that the grain size of the 2Fe-6.3C sample is
larger than that of 0Fe-5.3C, which is in agreement with the report [37] that the average
free path of the Co phase increases with the increase of WC grain size. Then, the KIC can
be calculated by the Formula (3). The KIC of the 0Fe-5.3C sample and the 2Fe-6.3C sample
is 29.6 MPa·m1/2 and 31 MPa·m1/2, respectively. Eta phase exists in the 0Fe-5.3C sample,
which is unfavorable to the fracture toughness [38]. The calculation results show that
the fracture toughness of the 2Fe-6.3C sample is slightly higher than that of the 0Fe-5.3C
sample, which are consistent with the experimental results in Figure 13c.

The toughness of WC-based composites is mainly contributed by the metal binder
phase. The eta phase was completely eliminated in the 2Fe-6.3C sample, as seen in
Figures 2 and 5, leading to the highest proportion of binder phase compared with other
samples in Figure 13a. Furthermore, the density of Fe (7.86 g/cm3) is significantly lower
than that of Co (8.9 g/cm3). Therefore, after replacing Co with Fe of the same weight,
the volume fraction of the binder increases, resulting in a higher average free path of the
2Fe-6.3C sample. In addition, CoFe binder has higher hardness than Co binder. This
is because Fe replaces the occupation of Co in the binder based on the crystal structure
diagram as illustrated in Figure 8, which inevitably leads to lattice distortion and solution
strengthening. Moreover, the formation of the B2 ordered structure further produces the
ordered strengthening. Thus, the strengthening of the binder phase induced by the addition
of Fe is the main reason that the hardness of the 2Fe-6.3C sample is significantly higher
than that of the 0Fe-5.3C sample.

It should be pointed out that the hardness of WC based composites is significantly
lower than that reported in low pressure sintering and SPS sintering [36] due to the simple
pressureless sintering method adopted in this paper. However, the samples have excellent
fracture toughness, especially the 2Fe-6.3C sample, which did not crack in the hardness
test. This is significantly higher than the reported WC-13Co composite [39].

Consequently, adding 2% Fe to the WC-13Co composites increases the porosity, but by
adjusting the carbon content, the hardness can be significantly improved without obviously
damaging the toughness, although the porosity will damage the bending property [13].
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When WC-based composites perform with low requirements for bending strength, the
beneficial exploration of the current study can provide a useful reference on the control
of the eta phase, binder phase and porosity for saving cobalt resources and reducing raw
material costs in industrial production.

4. Conclusions

WC-13 (Co-Fe) composites were prepared by pressureless sintering at 1430 ◦C. The
effects of Fe and C additions on the microstructure and mechanical properties of composites
were investigated. The conclusions were drawn as follows.

3 The addition of Fe significantly promoted the formation of eta phase in WC-13 (Co-Fe)
composites, and slightly promoted the growth of WC. With the increase of Fe content
from 0 to 4%, the content of the eta phase increases significantly from 20% to 45.3%,
and the grain size of WC increases from 1.14 µm to 1.21 µm. The addition of C
inhibited the eta phase and further promoted the growth of WC. With the increase of
C content from 0 to 1%, the content of the eta phase decreases from 37.6% to 0, and
the grain size of WC increases from 1.19 µm to 1.42 µm.

3 The added Fe mainly exists in the eta phase and the binder phase. Compared with
the WC-13Co composite, the added Fe occupies the Co position instead of the W
position in the lattice of the eta phase. When the eta phase is eliminated by adjusting
the content of C, Fe uniformly exists in the binder, and after adding a relatively small
amount of 2% Fe, the binder phase of fcc-Co transforms into sc-CoFe.

3 WC-13 (Co-Fe) composites with 2% Fe and 1% C added obtain good matching of
hardness and toughness. The fracture toughness is slightly higher than that of
WC-13% Co without the addition of Fe and C, and the hardness also increases by 9.4%.
The hardness of composites is mainly controlled by the content of WC and eta phases,
and is not very sensitive to porosity.
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