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Abstract: The FeWB based cermets were produced by the reaction boronizing sintering at different temperatures and with different

holding time. The influences of temperature and holding time on the phase transformation, microstructure of cermets as well as the

reaction mechanism were investigated by X-ray diffraction meter (XRD), scanning electron microscopy (SEM) and energy disperse

spectroscopy (EDS). The results show that the hard phase FeWB is produced in the compact at the stage of solid phase sintering by
the reaction W+Fe,B=FeWB+Fe and W+FeB=FeWB. Besides, the FeWB phase exhibits an equiaxed morphology. The distinctly
rapid densification occurs at the temperature ranging from 800 to 1150 °C. When the temperature exceeds 1300 °C, the FeWB phase

transforms to Fe; W, phase, which results in the further improvement of the density. With the increase of temperature, the cermets

prepared by liquid phase sintering exhibit a relatively homogenous microstructure, accompanied by in situ growth of thick FeWB

grains. In order to obtain a higher density, the sintering temperature of preparing FeWB based cermets should be controlled between

1150 and 1250 °C. Moreover, it is necessary to appropriately increase the content of iron and ferro-boron.
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For industrial application, wear resistant materials
should have a wide range of properties such as high
strength, high toughness, corrosion and oxidation
resistance, electrical and thermal conductivity. Borides,
especially transition metal borides, possess high hardness,
high melting points and high electrical conductivity
among hard materials. It was a promising candidate as
wear resistant material and it has been intensively studied
while the outstanding properties of borides also has been
widely documented. However, the previous studies
showed that borides had poor sinterability. It was
extremely brittle and had strong reactivity with metals,
which were notorious disadvantages to form solid
structures. It was the key technological challenges in
processing and fabrication of borides by powder
metallurgy.

FeWB material possesses properties  of
transition metal boride, excellent thermal stability and high

theoretical density, which is impressing and should be

superior
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highlighted. Based on our previous study, the new kind
transition metal boride FeWB could broaden the scope and
accelerate the development in this exciting research
domain*. In addition, H. Haschke and A. Leithe-Jasper
had widely researched the phase diagram and crystal
structure of FeWBP*. Therefore, FeWB was anticipated to
present significant potential in extensive fields such as used
as hard material, wear resistant material and high
temperature resistant material.

In this paper, we mainly researched the effect of
reaction boronizing sintering on FeWB based cements.
Reaction boronizing sintering was a novel strategy to form
a ternary boride coexisting with a binder metal during
liquid phase sintering"™. This sintering technique was used
to develop some ternary boride base cermets with
excellent mechanical properties, wear and corrosion
resistance, such as Mo,FeB,-Fel®, Mo,NiB,-Nil"'"! and
WCoB-Co!"?. It was applied to inject machine parts, make
can tools and prepare hot copper extruding dies. However,
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scant attention was paid to FeWB since it was an emerging
ternary boride. One of the most important reason is
associated with the scarce and unevenly distributed
resource of tungsten, while China produces about 85% of
3] Besides, the
phase transformation and microstructure evolution are

the world production of tungsten ore

important to determinate the sintering process due to its
notable effect on the mechanical properties. Therefore, in
this study, the FeWB phase was prepared by vacuum
sintering at different temperatures and with different
holding time. The phase
microstructure evolution were

transformation  and
studied by scanning
electron microscopy (SEM) and X-ray diffraction analysis
(XRD).

1 Experiment

The commercial ferro-boron powders (19.65wt%B)
obtained by mechanical crushing from ferro-boron bulk,
tungsten powders (99.95wt%W) with a mean size of
3.0~4.0 pm and ferrous powder (99.95wt%Fe) were used as
the raw materials. The nominal compositions of
Fe-68W-4.0B (wt%) was used for the present investigation.

The ferro-boron, iron and tungsten powders were mixed
in a rotary ball-mill in ethanol together with cemented
carbide balls for 48 h at a speed of 80 r/min. After milling,
the slurries were dried at 70 °C in a vacuum drying oven.
Then the alloy powders were pressed into green compacts
with dimensions 40 mm x 8 mm x 8 mm at 100 MPa for
10 s. The samples were prepared in SDZK furnace ranging
from 400 °C to 1350 °C without holding under argon
atmosphere in order to obtain information on the
crystalline phase and microstructures at different sintering
temperatures.

The phases of the powders and ceramics were examined
by X-ray diffraction (XRD) using Cu Ko radiation
(DX-2000, Fangyuan, China) in the range of 10°~100° (26)
and operated at 40 kV with a scan rate of 0.06°/s. The
microstructure was observed by a JSM-6490LV scanning
electron microscopy (SEM), and the microscopic region
composition analysis was carried out using the GENESIS
2000 XMS energy dispersive X-ray spectrometry (EDS)
system which was attached to the SEM. The bulk density of
the sintered specimens were measured using the geometry
method at low temperature (<1150 °C). At higher
temperatures, the bulk density of the sintered specimens
were determined by Archimedes' method.

2 Results and Discussion

2.1 Crystalline phases

XRD patterns of the samples at different sintering
temperatures without holding are shown in Fig.1. The
phases of samples synthesized at 400 °C are composed of
only FeB, W and Fe. When the temperature is further
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Fig.1 XRD patterns of the samples at different sintering
temperatures without holding: (a) low temperature and

(b) high temperature

increased to 800 °C, the phase changes to Fe,B, FeB and W
phase. Further increasing temperature to 900 °C, the FeWB
begins to appear, and the peak intensity of W is obviously
weakened. After synthesizing at 1050 °C, the phase almost
changes to FeWB with some W and Fe,B coexisting. When
the temperature is increased to 1050 °C, the peak intensity
of FeWB increases slightly while some W,B phase appears.
At a higher sintering temperature, from 1250 °C to 1350 °C,
the peak intensity of FeWB phase is obviously weakened.
Particularly at 1350 °C, the Fe;W4 and W,B;s phases could
be observed clearly. It could be concluded that when the
temperature reaches up to 1350 °C, the FeWB phase has
been transformed which results in the decrease of peak
intensity of FeWB. Fig.2 is the XRD patterns of the
samples at various sintering temperatures from 900 °C to
1350 °C with holding for 1 h. It could be seen that when the
temperature reaches to 1250 °C, the Fe;W¢ phase appears.
FeWB phase disappears
temperature reaches up to 1350 °C. The result shows that
the reasonable reaction boronizing sintering temperature
range should be controlled between 1050 and 1250 °C for
preparing FeWB phase.

Moreover, the when the

According to the analysis above, we could conclude that
the FeWB phase is formed during the sintering process.
However, the definite formation mechanisms are unclear.



Yu Hongwei et al. / Rare Metal Materials and Engineering, 2018, 47(2): 0463-0468 465

W VFeB  lFeWB AWB  sFeW, *WB

1350°C/1 h * .
N N - g %

BT N Al
S [1250°C/1h m . N
< $ ) L& &
2 |usoecinn
2
‘a-':) MR Ty IR N %Q“‘W ia
= [Toso-c/1h I

R GO ' A bl bl b 1

900 °C/1 h
i 1%
Loyl 3l VA R AN L

10 20 30 40 50 60 70 80 90 100
20/°)

Fig.2 XRD patterns of the samples at various sintering temperatures
with holding 1 h

As mentioned above, the Fe,B phase appears before the
formation of the FeWB phase based on the stoichiometry of
the direct reaction Eq(1) or indirect reaction Eq(2):
W+FeB—FeWB D
W+Fe,B—FeWB+Fe 2)
Based on the research of Jialin Li "), there was no peak
of FeWB occurring when the sintering temperature was
1050 °C without holding. Therefore, it could be deduced
that a higher sintering temperature or driving force is
needed for the reaction of Eq(1). Besides, it could be seen
that the reaction of Eq(1) is essentially for further reaction
into Fe,B and W,B by Eqs(3) and (4). This is the reason
why the synthesis of FeWB phase needs some heat
preservation time at 1050 °C.
FeB+W—Fe,B+W,B (3)
Fe,B + W,B—2FeWB 4)
Besides, the result of Jialin Li's research showed that
using the FeB and W to synthesize the FeWB phase was
feasible. Consequently, the FeWB phase could be formed
by this two kinds of reaction processes. When the
temperature is low, the reaction by Eq(2) is the main one.
With the increase of temperature, this two kinds of reaction
by Eqgs(1) and (2) process would occur at the same time. In
addition, FeWB phase transforms into Fe;Ws when the
temperature is higher than 1300 °C. It may be related to the
existence of W,B phase and excessive ferrous presented in
the raw material. On the one hand, W,Bs is more stable than
W,B at high temperatures based on the thermodynamics''*.
On the other hand, at high temperature, the diffusion
coefficient of boron in tungsten is larger than that of boron
in y-Fe. When the temperature is between 1100 and 1900 °C,
the diffusion coefficient of boron in tungsten is
2.62x107exp (—15300/7)"), and the diffusion coefficient of
boron in y-Fe is 2x107exp (=0.91/kT)"'". With the FeWB
phase transformed into Fe;Wg, the rest of the boron atoms
could diffuse into the W,B phase. Therefore, the W,B phase

has the potential to transform into W,Bs. Based on the
above analysis, it could be deduced that the reaction by
Eq(5) might occur in this process.

12FeWB+3W,B+Fe—2Fe;W4+3W,Bs 5)
2.2 Densification

Fig.3 shows the average density of the FeWB based
cermets at different sintering temperatures without holding. It
could be seen that the density has no obvious increcement
with the temperature increasing from 400 to 800 °C.
However, the extremely rapid densification occurs with the
temperature changing from 800 to 1150 °C, which is mainly
attributed to the occurrence of the Fe and Fe,B liquid
phases!'”). When the temperature further increases from 1150
to 1250 °C, the density is almost invariant and the density of
the cements exceeds 11 g/cm’. When the sintering
temperature is higher than 1250 °C, the density increases
significantly. It is mainly due to the disappearance of FeWB
phase by translating to other phases such as Fe;W4 and W,Bs.
In consequence, based on the above analysis, the best
temperature of liquid phase sintering should be controlled
between 1150 and 1250 °C in order to obtain better density
of FeWB based cermets.
2.3 Microstructure

Fig.4 shows the SEM micrographs of the samples
synthesized at different temperatures without holding and
EDS results of points in Fig.4a~4e. It could be seen from
Fig.4a that the samples retain the characteristics without
significant sintering when the sintering temperature is 800
°C, even though there should be slight changes associated
with the formation of Fe,B phase. When the temperature
increases to 900 °C, the number of small particles has been
significantly reduced. When the temperature increases to
1050 °C, the surface of the particles changes to be a little
smooth. Besides, almost all of the small particles are spread
into larger particles. When the temperature further increases to
1250 °C, the morphology of particles changes very smooth.
The fine facets are found when the atom ratio of W/Fe is close
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Fig.3 Effects of sintering temperature on density of the FeWB

based cermets without holding
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Fig.4 SEM micrographs of the samples synthesized at different sintering temperatures without holding and EDS result of points marked
in Fig.4: (a) 800 °C, (b) 900 °C, (¢) 1050 °C, (d) 1250 °C, and (e) 1350 °C

to 1:1 by EDS, which are identified as FeWB grains with
the aid of the XRD results. When the temperature increases
to 1350 °C, the morphology of particles grows up
remarkably and the smoothness of surface decreases
significantly with many small particles precipitating from
surface. By the results of XRD and EDS, it could be
determined that the FeWB phase has changed.

Fig.5 shows the microstructures of the cermets prepared
by liquid phase sintering at different temperatures. We
could see uneven distribution of the microstructure by the
agglomeration of the binder phase and a higher contiguity

of the hard phase. When the temperature is lower than 1050
°C, the liquid phase sintering characteristics is not obvious.
When the sintering temperature further increases to 1250 °C,
the cermet exhibits a relatively homogenous microstructure
accompanies by an in situ growth of thick FeWB grains.
Fig.6 shows the typical microstructures of the cermets
sintered for different soaking time when the sintering
temperature is 1250 °C. It shows that the increment of
holding time promotes the growth of FeWB grains
significantly when the temperature is 1250 °C while the
growth of the FeWB phase is associated with the grain
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Fig.5 Microstructures of the cermets prepared at different sintering temperatures: (a) 1050 °C, (b) 1150 °C, and (c) 1250 °C

Fig.6 Microstructures of the cermets sintered at 1250 °C for

different soaking time: (a) 20 min and (b) 40 min

coalescence. In addition, the visible porosity is observed
and the compactness is only about 93% compared with the
theoretical density due to the lack of binding phase.
Therefore, increasing the content of iron and ferro-boron
and reducing the content of tungsten in the mixed powder is
very essential.

3 Conclusions

1) FeWB based cermet can be preliminary obtained by
synthesis
temperature between 1150 and 1250 °C while the density of
the bulk almost remains invariability and the surface

reaction boronizing sintering with optimal

morphology of the particles is very smooth.
2) The formation of FeWB is originated from the reaction

of Fe,B + W = FeWB + Fe and FeB + W = FeWB during
the solid phase sintering. However, the former reaction
mechanism is the main part due to its lower energy
requirement.

3) When the temperature is higher than 1300 °C, the
FeWB phase decomposes via the reaction of 12FeWB +
3W,B + 2Fe = 2Fe, W4 + 3W,B; and the surface morphology
of particles shows many precipitates.

4) The visible porosity is observed and the compactness
is only about 93% compared with the theoretical density
due to the lack of binding phase.

5) Increasing the content of iron and ferro-boron and
reducing the content of tungsten in the mixed powder is
very essential.
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