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Abstract Steel-cemented WC was prepared by ball
milling, cold compacting and microwave sintering with Fe
powder as the matrix, WC as the hard phase and the
addition of rare earth Y,Os;. The results show that the
interface of the WC particles and Fe matrix exhibits
excellent wettability and liquidity when the microwave
sintering temperature reaches 1,280 °C. The density and
mechanical properties of the steel bonded WC carbides
could be greatly improved, the hard phases become finer
and more uniform dispersed owing to the addition of Y,Os.
With the increase of the Y,O; contents, the grain becomes
uniform and fine first, and then gathers and grows up. The
relative density, microhardness and bending strength all
rise first, reaching the maximum values of 97.29 %,
HV1024 and 1,267.60 MPa at 0.5 % Y,Os;, respectively,
and then decrease. Moreover, the relative density and
mechanical properties of the steel-cemented WC with
nano-Y,0s5 are higher than that with micron-Y,03, which
indicates that the effect of nano-Y,Oj; is better than that of
the micron-Y,0s5.

Keywords Y,O; content; Microwave sintering;
Steel-cemented WC

1 Introduction

Steel cemented, first appeared at the initial of 1960s in

America, with steel as the binder phase and carbide as the
hard phase, becomes a new type engineering material
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which is the most suitable to work at heavy loading and
high friction and wear environment, such as new type tools
and molds, wear parts and machinery parts, etc. [1].
Therefore, the properties of high strength, high wear
resistance, and enough toughness are required for the steel
cemented. Now, the production and application of
domestic steel cemented are restricted due to its poor sta-
bility and bad durability [2]. However, more and more
attentions are paid to the application of steel cemented in
aviation and automobile industry due to the variety of the
steel matrix and lower price [3].

Microwave sintering, a new powder metallurgy method,
possessing superior performance such as rapid heating,
selectivity heating, and non-thermal effect [4, 5], is con-
sidered as the revolution of the sintering technology and
paid more attentions in the past ten years [6, 7]. By far,
there are only a few reports about the cemented carbides
prepared by microwave sintering at home and abroad, such
as the WC—Co-cemented carbides studied by the Pennsyl-
vania State University [8], Central South University [9],
and Wuhan University of Technology [10]. Moreover, the
effects of sintering process on the microstructure and
mechanic properties of steel-cemented WC prepared by
microwave sintering were studied in our earlier report [11].
However, to the best of our knowledge, there are few
reports about the effects of Y,O3 on the microstructure and
mechanic properties of steel-cemented WC prepared by
microwave sintering at home and abroad.

The rare earth elements were involved into cemented
carbides since 1960s, reaching a study peak during the
initial of 1980s to the end of 1990s [12—14]. The results
showed that the rare earth-cemented carbides possessed
much more advantageous properties compared with the
traditional cemented carbides. However, many problems
about the quality stability were observed in the process of
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actual production of the rare earth-cemented carbides. The
main reason was that the study on the effect mechanism of
the rare earth elements on the cemented carbides did not
obtained the breakthrough progress, which brought much
blindness to the research of the rare earth-cemented
carbides.

In this paper, steel-cemented WC was prepared by ball
milling, cold compacting and microwave sintering, with Fe
powder as the matrix, WC as the hard phase and the
addition of rare earth Y,0s. The effect mechanism of Y,O3
involved in the steel-cemented WC was also studied.

2 Experimental

Table 1 shows the composition of steel-cemented WC with
different Y,Oj3 contents, where the size of WC particles is
1-3 pum, the carbonyl iron powder accounts for 30 % of
total iron powder content, has a granularity of 1-3 pm; the
reduced iron powder accounts for 70 % of total iron
powder content, has a granularity of 2040 pm; the size of
nano-Y,0;5 particles is 30-40 nm, and the micro Y,Oj3
particle size is 1-5 pm.

The powders were blended together to yield the different
nominal compositions of steel-cemented WC as shown in
Table 1. The blending process was carried out in a plane-
tary ball mill using stainless steel as the container and
stainless steel ball with the alcohol as the milling medium,
the ball to powder weight ratio is about 6:1, and the rota-
tion rate is 200 r-min~" for 6 h. The ball milled and dried
mixture powder was coldly compacted at a pressure of
300 MPa into cylindrical green compacts. The green
compacts were sintered in a microwave sintering furnace
under protection of high purity argon. The sintering tem-
perature was 1,280 °C for 20 min with the heating rate of
15-35 °C-min~", then cooling with furnace.

The sintered samples were carried out the heat treat-
ment, spheroidize annealing first, and then quenching and
tempering. The spheroidize annealing process was as fol-
lows: slowly heating to 850-880 °C for 3 h, furnace
cooling to 730 °C for 5 h, further furnace cooling to
500 °C and then air cooling. The quenching and tempering

Table 1 Composition of steel-cemented WC with different Y,O;
contents (wt%)

Sample WC C  Reduced iron Carbonyl iron Y,05
Nos. powder powder

1 40 0.6 594 x 70 % 59.4 x 30 % 0

2 40 0.6 594 x 70 % 59.4 x 30 % 0.5

3 40 0.6 594 x 70 % 59.4 x 30 % 1.0
4 40 0.6 594 x 70 % 59.4 x 30 % 2.0
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process was 900 °C for 30 min, oil quenching, tempering
at 200 °C for 2 h, air cooling.

The phase composition of the samples was determined
by X-ray diffraction (XRD, DSADVANCE), the element
content of the sample was measured by energy dispersive
spectroscopy (EDS, Oxford Model), the microstructure was
observed by scanning electron microscope (SEM,
QUANTA200), the density, microhardness, and bending
strength were measured by Archimedes drainage method,
HVS-1000 hardmeter, and electronic universal testing
machine (WDW-50), respectively.

3 Results and discussion
3.1 Microstruture

Figure 1 shows the XRD patterns of steel-cemented WC
with different Y,03 contents. It can be seen that all the
samples except the 0 % Y,03 sample are composed of a-
Fe, Fe,W,C, and Y,0Oj; phase. The diffraction peaks of the
Y,05 increase with the increase of the Y,Os; contents,
while the diffraction peaks of o-Fe and Fe,W,C rarely
change. It can be concluded that the Y,O3 contents have
little effect on the phase composition of steel-cemented
WC.

The SEM images of steel-cemented WC surface with
different Y,O5; contents are shown in Fig. 2. The hard
phase particles can be clearly observed, which are Fe, W,C
phases verified by XRD. The distribution of the hard
phases exhibits nonuniform over the steel-cemented WC
matrix without adding Y,0O; (Fig. 2a) and some defects,
such as impurities and micropores, are also observed on the
surface. When adding 0.5 % Y,0; in the steel-cemented
WC, the hard phases become finer and more uniform dis-
persed as well as the decrease of the defects. Further
increasing the Y,O3 contents, although the hard phase
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Fig. 1 XRD patterns of steel-cemented WC with different Y,O3
contents: (1) 0 % Y,0s, (2) 0.5 % Y,03, (3) 1.0 % Y,0s, (4) 2.0 %
Y,03
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Fig. 2 SEM images of steel-cemented WC surface with different Y,O5 contents: a 0 % Y,03, b 0.5 % Y,03, ¢ 1.0 % Y,03,d 2.0 % Y,O

particles are smaller and smaller, the aggregation of the
hard phases obviously increases. At the same time, the
pores over the steel-cemented WC gradually increase.

Figure 3 shows SEM image and EDS spectra of sintered
steel-cemented WC. The microstructure of the steel-
cemented WC is composed of matrix and dispersed hard
phase, consistent with Fig. 2. Spectrum 1 (Fig. 3b) is the
EDS analysis of the interface between the matrix and the
hard phase, Spectrum 2 (Fig. 3c) is the EDS analysis of the
hard phase, and Spectrum 3 (Fig. 3d) is the EDS analysis of
the matrix. It can be seen that the matrix consists of Fe and
C of 93.63 and 6.37 at%, respectively, the hard phase is
composed of Fe, W, and C of 41.72 at%, 36.58 at%, and
21.70 at%, respectively, and the ratio between Fe, W, and
C is nearly 2:2:1, which is consistent with the Fe,W,C
phase. The result of spectrum 1 shows that the interface of
the hard phase and the matrix is composed of Y, O, Al, Si,
Ca, Mn, and Fe, where the elements of the Al, Si, Ca, and
Mn are the impurity elements gathered in the interface,
which perhaps come from the ball mill process or from the
impurities of raw materials.

According to the results of Spectrum 1 (Fig. 3b), there
are a large number of Y and impurity elements in the
interface of Fe,W,C and Fe, which result from the addition
of Y,03. The rare earth additions possess low surface free
energy and active chemical characteristic, which can
eliminate micropores, refine crystalline grains and purify
the interface, and then improve the properties of the
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sintered steel-cemented WC. The rare earth additions react
with the O, Al, Si, Ca, and Mn element, forming the
refractory compounds, which can decrease the gas evolu-
tion and formation of pores, purify the interface of Fe,W,C
and Fe and improve its wetting property. At the same time,
the refractory compounds deposit on the grain boundary of
Fe,W,C, generate the pinning effect to the migration of
Fe,W,C grains boundary, playing the role of refining
grains, and then the hardness and bending strength of the
samples are improved.

3.2 Density

Figure 4 shows the relation of Y,0O5 contents with relative
density of steel-cemented WC. It is clear that the relative
density of the steel-cemented WC increases first, reaching a
maximum value of 97.29 % at the addition of 0.5 % Y,03,
and then decreases with the increase of the contents of
Y,0;. Moreover, the relative density of steel-cemented
WC reaches a minimum value of 93.44 % without adding
Y,0; and the samples added nano-Y,O3 have higher rel-
ative density than those of the samples added micron-
Y203.

3.3 Mechanical property

Figures 5 and 6 show the relation of Y,0O5 contents with the
microhardness and bending strength of the steel-cemented
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Fig. 3 SEM image a and EDX Spectrum 1 b, Spectrum 2 ¢, Spectrum 3 d of steel-cemented WC
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Fig. 4 Relation of Y,O; contents with relative density of steel-
cemented WC

WC, respectively. It can be seen that the microhardness and
bending strength of the steel-cemented WC have the same
variation tendency with the increase of the Y,O5 contents,
namely, the microhardness and bending strength reach
maximum values of HV1024 and 1,267.60 MPa, respec-
tively, with the Y,Oj3 content of 0.5 %, and then decrease
with the further increase of the Y,03 contents. When the
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Y,0; content reaches up to 2.0 %, the microhardness and
bending strength of the steel-bonded cemented carbide are
even lower than those of without adding Y,O3 samples. At
the same time, the samples added nano-Y,Oj3; have higher
microhardness and bending strength than those of the
samples added micron-Y,Os3.

During the microwave sintering process, a large number
of solid-liquid interfaces exist in the internal of the green
compact, and the interface is not only geometry surface,
but also is the area of several atoms thickness, in which
there are a large number of microcosmic crystal defects,
such as vacancy and dislocation, etc. [15, 16]. It is well
known that the rare earth element is a surface active ele-
ment and the atomic radius of Y (0.227 nm) is larger than
those of Fe (0.172 nm) and W (0.202 nm), so the rare earth
Y could be easily captured by the above-mentioned defects
and segregated on the solid-liquid interface, named as
“adsorption effect” [13, 17]. The experimental results
show that the solidification and crystallization process of
Fe matrix and the microstructure characteristics of the hard
particle Fe,W,C are obviously influenced by the adsorption
effect of rare earth. The number of adsorption on the dif-
ferent crystal face is different, generally, the higher the
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Fig. 5 Relation of Y,03 contents with microhardness of steel-
cemented WC
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Fig. 6 Relation of Y,O; contents with bending strength of steel-
cemented WC

surface tension is, the more the number of adsorption is
[18]. The number of adsorption of the surface activity
element on the crystal face could be expressed as the fol-
lowing equation.

I'= —¢/RT(dy/dc) (1)

where I' is the number of adsorption, mol'cm72; c is the

concentration of the surface activity element, mol-L™": Ris
the constant of Planck; T is thermodynamic temperature, K;
and 7y is the surface tension of the crystal face, N.

Equation (1) indicates that the higher I" value is, the
higher ¢ value is, so the bigger 7y is, which causes
the interfacial free energy to minimize. Therefore, the
adsorption of the rare earth element on the crystal face not
only decreases the free energy different values during the
each crystal face, but also reduces the growth rate of
the crystal face, equivalent to pinning or dragging effect
for the migration of the grain boundary or phase boundary
[16, 19], so Y,03 can refine the grains.

It is clear from Figs. 4, 5, and 6 that addition of 0.5 %
Y,05 makes the relative density and mechanical properties
of steel-cemented WC reach the optimum value. It can be
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explained as follows. First, during the process of ball
milling, the cold weldings occur between the powder and
powder, or powder and ball, or powder and wall due to the
powders suffer intense collision and squeezing from
grinding balls, which cause temperature rising locally. Rare
earth elements could react with oxygen at room tempera-
ture due to its extremely active chemical properties, and
form the stable rare earth oxides. This property could
decrease the oxidation film on the powder surface during
the sintering process, benefit the element interdiffusion
between the atoms, accelerate the densification process,
and improve the density of the alloy ultimately. Second, the
rare earth elements could reduce the metastable eutectic
reaction temperature, increase the crystallization degree of
supercooling and the nucleation rate of the austenite, and
refine the grains. On the other hand, oxygen sulfur com-
pounds of the rare earth could refine grains of the matrix as
the heterogeneous nucleation due to its low free energy,
high melting point, lattice structure of NaCl, and the
atomic separation very close to the austenite. At the same
time, the rare earth element could seize the oxygen under
the sintering temperature due to its active chemical prop-
erty, absorb the particles surface during the sintering den-
sification process, decrease the surface energy and the
driving force of the grain growth. Therefore, the migration
of grain boundary is impeded by the addition of rare earth
element and the formation of its oxide, and causes the
grains to refine and the number of the grain boundaries to
increase, which provides more diffusion channel to the
alloy elements and improve the density, mircohardness,
and bending strength of the alloy. Finally, rare earth ele-
ments are surface active elements and could decrease the
surface tension of the liquid phase, which is beneficial to
the migration of the macrosubstance and accelerates the
process of densification. Simultaneously, the rare earth
elements could unite the impurities, purify the grain
boundary and increase the interface bonding strength
between the Fe and WC particles.

However, with the further increase of Y,O5 contents, the
density and mechanical properties of the samples decrease.
The reason may be that addition of the excessive Y,Oj3
would easily promote the rare earth compounds to aggre-
gate on the grain boundary, deteriorate the continuity of the
alloy matrix and impede the densification process, which
results in the decline of the relative density of the alloy and
the decrease of the mechanical properties.

It can be seen from Figs. 5 and 6 that the mechanical
properties of steel-cemented WC added nano-Y,O; are
higher than that of added micron-Y,03. The nano-Y,O;3
possesses smaller size, and more particles can distribute on
the interface interval of Fe and Fe,W,C or Fe,W,C and
Fe,W,C, which is beneficial to improve the relative density
of the samples. At the same time, the nano-Y,03 can more
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uniformly distribute over the interface of Fe and Fe,W,C
and Fe,W,C and Fe,W,C, playing roles in refining grains
and eliminating the nonuniform growth-up grains.

4 Conclusion

During the preparation process of steel-cemented WC by
microwave sintering, the interface of Fe, W,C and Fe matrix
can be purified, the densification process of alloy can be
improved and the bonding strength of the hard particles to
matrix can be enhanced through adding the moderate Y,Oj3.
With the increase of the Y,0O3 contents, all the relative
density, microhardness, and bending strength of steel-
cemented WC increase first, reaching the maximum values
of 97.29 %, HV1024, and 1,267.60 MPa, respectively, and
then decrease. At the same time, addition of nano-Y,O3
exhibits better effect than that of micron-Y,0s.

The rare earth Y,0O3 can decrease the surface tension
and the growth rate of the grains, increase the nucleation
rate and reduce the dimension of the grain; it also can
suppress the phase boundary migrate of the hard phases,
which makes it finer and more uniform dispersed over the
matrix. At the same time, the rare earth Y,0O3 possesses the
adsorption effect on the impurities and defects, and plays a
promotion role in the improvement of the density and
microstructure uniformity of steel-cemented WC.
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