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A B S T R A C T

A WC-Fe layer on cast iron was fabricated by in situ solid-phase diffusion method near the Fe–W–C ternary
eutectic temperature. The phase composition and microstructure of the WC-Fe layer were studied by XRD, SEM,
and EBSD. Meanwhile, the fracture toughness (KIC) of the layer was tested and calculated by indentation method.
The results showed that the main phases were WC and α-Fe on the surface WC-Fe layer after removing excess
tungsten plate, while the volume fraction of WC reached up to 86%. WC/α-Fe/WC laminar structure was formed
due to the Fe atoms continued the stacking sequence of WC when they diffuse into the growth front. The cross-
section microstructure showed evident gradient distribution characteristics. With the increase in holding time
from 5min to 135min, the amount of Fe6W6C decreased, and the particle size of WC increased from 1.9 μm to
3.1 μm in the average. The KIC of the WC-Fe layer was 7.45MPam0.5, while the average hardness of WC-Fe layer
was 16.88 GPa. The excellent KIC of the WC-Fe layer when the volume fraction of WC was extremely high due to
WC-Fe-WC laminar structure, was formulated by the incorporation of WC-layered growth and Fe atom stacking
mode.

1. Introduction

Tungsten carbide reinforced steel–iron matrix surface composites
are widely used in mining, metallurgy, and electric power due to their
high strength and good wear resistance properties [1]. The main reason
for their excellent wear resistance is that the tungsten carbides, which
shows high hardness (22 GPa (0001) crystal plane), elastic modulus
(620–720 GPa), and melting point (2870 °C), are added into the matrix
[2,3]. Many methods have been used to prepare the tungsten carbide-
reinforced steel–iron matrix surface composites, but in situ methods
showed considerable potential and advantages. The interface between
carbide and steel–iron matrix is generally clean and compatible. The in
situ synthesis of carbide is thermodynamically stable and shows de-
creased gradation in high-temperature applications. The interfacial
bonding force between carbide and metal is strong. Niu et al. [4] de-
signed WC-reinforced Fe-based surface composites by centrifugal
casting. Experimental results showed that the surface composites are
compact and consist mainly of primary WC and fine secondary WC as

the reinforcing phases. Compared with unreinforced cast iron, the
composite has high resistance to polish wear and microploughing.
Wang et al. [5] applied precursor carbonization and plasma cladding
method to prepare the W–C compound powder to perform the in situ
synthesis of the WC phase in a Fe-based alloy coating. The results re-
vealed that fine and obtuse WC particles are generated and distributed
in a Fe-based alloy coating. Several other in situ techniques such as
laser cladding [6–9], Ar arc cladding [10], gas tungsten arc welding
[11], pulsed-arc plasma deposition [12], and pulsed reactive magnetron
sputtering [13], have been used to prepare tungsten carbide reinforced
steel–iron matrix surface composites. The volume fraction of the
tungsten carbide in the matrix need to be observed. Not all studies
considered the volume fraction of carbide as a necessary parameter,
although it has a considerable influence on the mechanical properties of
composites. In general, the wear resistance, hardness, and compressive
strength of the composites increase with the increase in the volume
fraction of tungsten carbide, while the toughness and yield strength of
the composite may decrease when the fraction of carbide increases to
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some extent [5,8]. Table 1 shows the volume fraction of tungsten car-
bide in the matrix, which is prepared by typical in situ methods. The
volume fraction of the tungsten carbide particle on Ni-based composite
coating on mild steel by laser cladding in situ synthesis reaches 71%
[9]. In our previous works, tungsten carbide-reinforced Fe-based sur-
face composites were prepared by in situ solid-phase diffusion with the
volume fraction of up to 80% [14]. The volume fraction of tungsten
carbide reaches an extremely high value in the surface composite and
obtained excellent hardness and wear resistance. However, to the au-
thors’ knowledge, no results about toughness, which also has important
influence on actual application, have been reported.

In this paper, a WC-Fe layer with high volume fraction and high
fracture toughness (KIC) on cast iron was fabricated by in situ solid-
phase diffusion method with low temperature near the Fe–W–C ternary
eutectic temperature. The phase composition and microstructure of the
WC-Fe layer were studied by XRD, SEM, and EBSD, while the KIC of the
layer was tested and calculated by indentation method. The toughening
mechanism of the WC-Fe layer with high volume fraction on cast iron
were analyzed.

2. Experimental

2.1. Materials and preparation

The starting materials were tungsten plate with 99.7 wt% purity and
gray cast iron, which were used as the W and C sources for the in situ
synthesis of WC grain on surface of cast iron, respectively. The chemical
composition (wt%) of gray cast iron was Fe-3.45C-0.56Si-0.268Mn-
0.224P-0.024S. The tungsten carbide-reinforced Fe-based surface
composites were prepared by in situ solid-phase diffusion method. The
specimen was subjected to heat treatment in a horizontal tube furnace
(GSL 1400, Hefei Kejing Materials Technology Co. Ltd., China) at
1085 °C for 15 and 135min with a modest flow of argon gas (5 mL/min)
and cooled down naturally to room temperature. The detail experi-
mental methods and procedures have been described in our previous
work [14].

2.2. Analysis methods

The specimens of surface and cross-section WC-Fe layer on gray iron

were ground and polished for phases compositional analysis and mi-
crostructure observation. The XRD data were recorded in the 2θ ran-
ging from 20° to 90° on a PW 1730 X-ray diffractometer (Philips, The
Netherlands) with monochromatic CuKα radiation at 40 kV and 40mǺ.
The microstructure of specimens was observed by SEM (JEOL, JSM-
5800, Japan) equipped with an energy dispersive X-ray spectrometer
(EDS). The phase, grain morphology, and size were characterized by
EBSD (ZEISS, Germany). The volume fraction of the WC in the layer was
determined by image statistical analysis method, which was introduced
elsewhere [17]. The hardness and elastic Young's modulus of the WC-Fe
layer were measured by nanoindentation under 450mN load. The KIC of
the specimen was calculated and determined using Niihara's equation
and the Vickers indentation by microhardness tester (HXD-1000,
Shanghai) that consisted of a square-based pyramidal diamond indenter
with a 136° angle between two opposite faces and 2 kg load.

3. Results and discussion

3.1. Phase and microstructure of surface WC-Fe layer on cast iron

Fig. 1a shows XRD result of the surface WC-Fe layer on cast iron
when the holding temperature and time were 1085 °C and 135min,
respectively. The figure shows that the main phases were WC and α-Fe,
and no other W, iron carbide, or ferrotungsten phases were observed.
The microstructure of the surface WC-Fe layer was investigated by SEM,
as shown in Fig. 1b. A number of grey irregular grains was distributed
on dark matrix. The EDS results showed that the grey irregular grains
were composed of C and W in a ratio of almost 1:1, and the dark matrix
was composed with Fe. Combined with XRD results, the results showed
that compact tungsten carbide was distributed on the α-Fe matrix. The
volume fraction of tungsten carbide was up to 86%, which was calcu-
lated by Image-Pro Plus software. Compared with laser melt injection,
cast infiltration, and laser cladding, in situ solid-phase diffusion method
can obtain high carbide volume fraction (Table 1). The α-Fe matrix
existed between points A and B internally in irregular tungsten carbide
particles, which showed WC/α-Fe/WC laminar structure.

In the in-depth observation and analysis of the laminar structure,
the EBSD analysis of the microstructure of the surface WC-Fe layer at
1085 °C for 135min is shown in Fig. 2. Phase and all Euler maps in
Fig. 2 a and b showed that α-Fe phase existed not only among WC

Table 1
The volume fraction of tungsten carbide in the matrix which prepared by typical in situ methods.

Reinforcement In situ Methods Matrix Volume Fraction (%) References

WC, W2C laser melt injection (LMI) cast duplex stainless steel 10 [15]
WC, Al2O3 cast-infiltration iron casting with 12% Cr 30 [16]
WC laser cladding mild steel 71 [9]
WC in situ solid-phase diffusion gray cast iron > 80 [14]

Fig. 1. The XRD results (a) and SEM images (b) of the surface WC-Fe layer on cast iron at 1085 °C for 135min.
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particles but also within WC particles. This result further confirmed that
the surface WC-Fe layer comprised WC/α-Fe/WC laminar structure,
which was consistent with SEM image results. According to pole fig-
ures, the distribution of WC had a certain orientation concentration,
especially on the {0001} crystal plane. The extreme density intensity
(MUD) of WC reached 43.59, thereby indicating that WC has preferred
orientation.

The WC/α-Fe/WC laminar structure formation was closely related
to the in situ nucleation and growth of WC. WC is a simple hexagonal
structure with a=0.2906 nm, c=0.2837 nm, c/a=0.967. The W and
C atoms were located on (0, 0, 0) and (1/3, 2/3, 1/2), respectively,
which determined the initial grain morphology. During growth, the in
situ WC will change its shape to minimize the surface energy, according
to Gibbs–Wulff theory [18]. In the Fe–Ni–W–C alloy system, the mor-
phology evolution of in situ WC grains followed the order sphere-like→
icosahedron→octahedron→truncated-octahedron→flat-tri prism [19].
Flat-tri prism is a stable morphology of WC grains. From another point
of view, the evolution rule of WC morphology and crystal face can be
explained by classical periodic bond chain (PBC) theory. The F, S, and K
faces for the simple hexagonal structure of the in situ WC are {0001},
{011‾0}, and {101‾0}, respectively. Hence, {0001} is the most stable face,
while {101‾0} disappears finally.

In present work, the laws above will not change, but at least two
points, that is, interface structure and stability between WC and α-Fe,
should be considered. The interface structure between WC and α-Fe was
determined by mismatch (δ), as follows:

δ=(aWC-aα-Fe)/aα-Fe (1)

where aWC and aα-Fe are the lattice constants of WC and α-Fe, respec-
tively. When δ < 0.05, the interface structure between WC and α-Fe is
the coherent interface. When 0.05< δ < 0.25, the interface structure
is the semicoherent interface. When δ > 0.25, the interface structure is
the incoherent interface. The aWC and aα-Fe values were 2.906 and
2.866 Å, respectively, and the δ value was 0.01376, which was< 0.05.
Hence, the interface structure between WC and α-Fe is the coherent
interface. For interface stability between WC and α-Fe, Gao et al. stu-
died the stability and bonding of Fe/WC interfaces using first-principles
calculations [20]. For HCP stacking geometry interface, Fe atoms
showed that the stacking sequence of WC, C-HCP, and W-HCP inter-
faces had strong covalency and metallic bonds, respectively.

As shown above, the in situ WC growth followed Gibbs-Wulff and

PBC theories. Fe atoms participate in the WC growth process because
the Fe atoms continued the stacking sequence of WC when they diffused
into the growth front. The WC-Fe-WC laminar structure was formulated
by the incorporation of WC-layered growth and Fe atom stacking mode.

3.2. Cross-section WC-Fe layer phase and microstructure

The XRD result of the cross-section WC-Fe layer on cast iron is
shown in Fig. 3a. The figure shows that the main phases were W,
Fe6W6C, WC, and α-Fe. Meanwhile, as shown in the cross-section SEM
image in Fig. 3b, c, and d, the W, Fe6W6C, WC, and α-Fe phases fol-
lowed the order from the surface to the center (Fig. 3b). Hence, the
phases of the cross-section WC-Fe layer on cast iron showed evident
gradient distribution characteristics. Between tungsten plate and com-
pact tungsten carbide layer, Fe6W6C with only several micrometers was
present (zone E in Fig. 3c). This thin Fe6W6C layer can be easily broken
when removing excess tungsten plate. Hence, no diffraction peak is
observed in the XRD result for the surface WC-Fe layer (Fig. 1a). Irre-
gular or triangular prism WC particles were observed close to the ma-
trix (Fig. 3d). The WC grain showed that the irregular or triangular
prisms were developed via layer-by-layer growth characteristics, which
were reported in other literature [19,21]. Along the ⟨0001⟩ direction,
many lamellar triangular structures were stacked vertically step by step
in the descending order of the basal facets {0001}, and only few tri-
angular WC growth units were stacked separately [19].

To observe the microstructure of the cross-section WC-Fe layer, we
performed EBSD analysis. Fig. 4 shows the EBSD results of the surface
WC-Fe layer at 1085 °C for 15 and 135min. Regardless of the holding
time, phase and all Euler maps showed that a Fe6W6C layer with only
several micrometers of thickness was actually present (zone F in Fig. 4a
and G in Fig. 4c), which was consistent with SEM image (zone E in
Fig. 3c). For the holding time of 15min, the thickness of the compact
WC-Fe layer was only in the range of 5–10 μm, and no gradient dis-
tribution characteristics were present. Meanwhile, according to pole
figures, the distribution of WC had a certain orientation concentration,
especially on {0001} crystal plane. The MUD of the WC reached 59.09.
The average grain size of WC in the layer was also approximately
1.9 μm. For the prolonged holding time of 135min, the thickness of the
Fe6W6C layer was thinner than that holding in 15min, while the
thickness of the compact WC-Fe layer increased to 55–60 μm. The
average grain size of the WC in the layer increased up to 3.1 μm. The

Fig. 2. Phase map (a) and all Euler map (b) of the microstructure of the surface WC-Fe layer at 1085 °C for 135min (WC in yellow; α-Fe in green). (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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grain size of the WC gradually decreased from the interface between W
plate and Fe6W6C layer to matrix. Hence, the WC distribution in the
cross-section WC-Fe layer presents the feature of evident gradient dis-
tribution when holding for a certain duration.

The formation process and mechanism of the WC-Fe layer were
discussed in detail elsewhere, and the main processes included deso-
lventization, diffusion, and in situ reactions [14]. The mechanism of the
WC gradient distribution in the WC-Fe layer can be described as C and

Fig. 3. The XRD results (a) and SEM images (b, c, d) of cross section WC-Fe layer at 1085 °C for 135min.

Fig. 4. Phase map (a, c) and all Euler map (b, d) of the surface WC-Fe layer at 1085 °C for 15 and 135min (W in red; WC in yellow; α-Fe in green; Fe6W6C in blue).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fe diffusion from matrix to W plate. The WC grains that were in situ
synthesized by W and C were dispersed by Fe at 1085 °C. Hence, C and
Fe pass through the WC-Fe layer easily. However, the complex cubic
structure of Fe6W6C narrowed the atom diffusion path [22]. C, Fe, and
W were difficult to diffuse through the Fe6W6C layer with long-range
diffusion; only short-range diffusion occurred, especially for Fe and W.
When the treatment time was prolonged, the WC-Fe layer thickness
increased. At the same time, decreased C atoms reached the interface
between Fe6W6C layer and WC-Fe layer. On the one hand, the WC
nucleation rate decreased with the decrease in C content. On the other
hand, low C environment promoted WC growth. In brief, the grain size
of WC close to interface between the Fe6W6C and WC-Fe layers was
large, while that of the WC that was close to matrix was small.

3.3. Hardness and KIC of WC-Fe layer on cast iron

Describing the hardness distribution of cross-section WC-Fe layer on
cast iron was no longer necessary because the Vickers hardness profiles
from the interface between tungsten plate and WC-Fe layer to the
matrix have been analyzed in detail in a previous work [14]. However,
the surface hardness was not described, which was determined by the
nanoindentation method here. Meanwhile, the KIC of the surface WC-Fe
layer on cast iron was tested by Vickers indentation and calculated
according to the Niihara's equation [23]. The nanoindentation results
showed that the average hardness and elastic Young's modulus of WC-
Fe layer on cast iron were 16.88 and 563.77 GPa, which were slightly
lower than the theoretical values (22 GPa in hardness and 620–720 GPa
in elastic modulus), respectively. Fig. 5 shows a micrograph of the
Vickers indentation and crack for the surface WC-Fe layer on cast iron.
The results showed that the value of l/a was 0.793, which was in the
range of 0.25–2.5, thereby belonging to the Palmqvist crack type [24].
According to the Niihara's equation, the KIC was described, as follows:

KIC= 0.018 H0.6 E0.4 a l−0.5 (0.25 < l/a<2.5) (2)

where H is the hardness in GPa; E is the elastic Young's modulus in GPa;
a and l are the indentation and crack characteristic dimension (μm),
respectively, as shown in Fig. 5.

Through calculation, the KIC of the surface WC-Fe layer was
7.45MPam0.5, which was higher than that of compact TaC–Fe layer on
cast iron with similar volume fraction, with the KIC of 6.63MPam0.5

[23]. The existence of the α-Fe phase and WC/α-Fe/WC laminar
structure was the main reason for decrease in WC-Fe layer brittleness.

4. Conclusion

For carbide reinforced steel-iron-matrix composites, lots of works
show that the wear resistance and compressive strength of the

composites increase with the volume fraction of carbide increase, while
the toughness and yield strength of the composite may decrease when
the fraction of carbide increases to some extent. In this paper, WC-Fe
layer with high volume fraction and high frcture toughness on cast iron
was fabricated by in situ solid-phase diffusion method with low tem-
perature (1085 °C). On the surface, the main phases are WC and α-Fe,
while the volume fraction of WCreached up to 86%. WC/α-Fe/WC la-
minar structure was formed due to Fe atoms continue the stacking se-
quence of WC when they diffuse into the growth front. On the cross
section, the main phases are W, Fe6W6C, WC and α-Fe, which come in
the order from the surface to the centre. With the increase in holding
time from 5min to 135min, the amount of Fe6W6C decreases, and the
particle size of WC increases from 1.9 μm to 3.1 μm in the average. The
KIC of WC-Fe layer is 7.45MPam0.5, while the average hardness of WC-
Fe layer is 16.88 GPa. The excellent KIC of the WC-Fe layer on cast iron
when the volume fraction of WC was extremely high due to the fact that
the WC-Fe-WC laminar structure was formulated by the incorporation
of WC-layered growth and Fe atom stacking mode.
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