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TiC-Fe cermets and TiC-Fe/Fe bilayer composites consisting of a pure Fe layer and a TiC-Fe cermets layer
were fabricated by hot-pressing sintering. The pure Fe layer contributes to the toughness of composites, and
the TiC-Fe cermets layer endows the composites with an improved tensile strength and hardness. The effect
of TiC contents (30-60 vol.%) on the mechanical properties of TiC-Fe cermets and TiC-Fe/Fe bilayer
composites was investigated. Among the TiC-Fe cermets, the 40 vol.% TiC-Fe cermets possessed the highest
tensile strength of 581 MPa and Vickers hardness of 5.1 GPa. The maximum fracture toughness of
17.0 MPa m"? was achieved for the TiC-Fe cermets with 30 vol.% TiC. For the TiC-Fe/Fe bilayer com-
posites, the 40 vol.% TiC-Fe/Fe bilayer composite owns the maximum tensile strength of 588 MPa, which is
higher than that of 40 vol.% TiC-Fe cermets. In addition, the 33.5% increment of tensile strength of
30 vol.% TiC-Fe/Fe bilayer composite comparing with the 30 vol.% TiC-Fe cermets, which is attributed to
the 30 vol. % TiC-Fe/Fe bilayer composite exhibited the largest interlaminar shear strength of 335 MPa. The
bilayer composites are expected to be used as wear resistance components in some heavy wear conditions.
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1. Introduction

Iron- and steel-based cermets reinforced with TiC particles
exhibit combination of excellent physical and mechanical
properties, such as low density, high hardness, improved
strength and stiffness, and favorable wear property (Ref 1-5).
Generally, the hardness and the wear resistance of cermets can
be improved dramatically with increasing hard particles,
whereas the toughness is rapidly decreased. The contradiction
in mechanical properties makes this kind of cermet difficult to
be processed into complicate components (Ref 6, 7). To solve
this problem, the cermets are generally cladded to metals in
order to make full use of the high hardness and wear resistance
of cermets and high toughness of metals.

Research of cladding TiC-based cermets on steels and other
alloys has been extensively performed. Many cladding meth-
ods, such as plasma spraying (Ref 8, 9), laser cladding (Ref 10),
gas tungsten arc cladding (Ref 11) and chemical vapor
deposition (Ref 12), could significantly improve wear resis-
tance of substrates. However, these cladding layers exist pores
and microcracks due to the thermal stress caused by temper-
ature gradient with pure Fe or steel substrates. To meet the
engineering requirements, many methods have been developed
for cladding bulk cermets with metals, such as mechanical
bonding (Ref 13), solid-state and liquid-state diffusion bonding
(Ref 14, 15), reactive metal brazing (Ref 16), high energy beam
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welding and accumulative roll bonding (Ref 17). For example,
Hu et al. (Ref 18) adopted field-activated pressure-assisted
synthesis (FAPAS) method to bond TiC-TiB,/Ni functional
gradient materials (FGM) with Ti substrate using TiAl as the
transitional layer. Huang et al. (Ref 19) applied combustion
synthesis method in high-gravity field to combine TiC-TiB,
ceramic with Ti-6Al-4 V alloy. Besides, Guo et al. (Ref 20)
used plasma-activated sintering (PAS) to prepare 40Cr steels
bonded with WC—Co cemented carbides using pure Ni as
interlayers. To evaluate their mechanical properties, interlam-
inar shear strength is used to characterize the bonding strength.
It was found that the interlaminar shear strength of the
diffusion-bonded joint could be promoted as the original
cladding surfaces were smooth (Ref 21). This is because the
smooth surfaces are favorable for eliminating the interfacial
interstices and microvoids.

Hot-pressing sintering is one of the most effective methods
to bond bulk cermets with metal substrates. Through this
method, it is possible to control the microstructure of bonded
surface in the cermets for evaluating the interfacial bonding
strength. Furthermore, the size of hard particles in cermet and
the wettability with metal matrix are responsible for the
interlaminar shear strength. It was reported that high-energy
milling could effectively decrease particle size into submicron
and even nanoscale. In addition, this process could also
improve homogeneity of composition and promote sintering
activity (Ref 22-24). It was also found that adding carbonyl iron
powders into starting steel powders could promote the sintering
activity (Ref 25).

In the literature, bilayer composites (BCs) and FGMs have
been successfully prepared by hot-pressing sintering. Erdemir
et al. (Ref 13) produced (30-60 wt.%) SiC/A12024 BCs and
FGMs by hot-pressing and consolidation method. Their studies
showed that there were no indications of cracks within
individual layers and of decohesion at interfaces. However,
SiC-Al composites cannot be utilized in working conditions at
above 600 °C due to the low melting point of Al TiC-Fe
cermets can cover the shortage of SiC-Al composites and be
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used at above 1000 °C. However, the effect of TiC volume
fraction on mechanical properties of TiC-Fe cermets and TiC-
Fe/Fe BCs, especially on the interlaminar bonding strength and
tensile strength of TiC-Fe/Fe BCs prepared by hot-pressing
sintering, has not been investigated. Herein, we prepared TiC-
Fe cermets and TiC-Fe/Fe BCs by hot-pressing sintering. The
effect of TiC volume fraction on relative density, Vickers
hardness, fracture toughness and tensile strength of TiC-Fe
cermets was investigated. The microstructure, interlaminar
shear strength and tensile strength of TiC-Fe/Fe BCs were also
studied.

2. Experimental Procedures

2.1 Sample Preparation

TiC particles, reduced iron particles (RIP) and carbonyl iron
particles (CIP) were used in the present work. The average
particle size, purity and source of used raw materials are listed
in Table 1. Fe matrix particles (consisted of 60 vol.% CIP and
40 vol.% RIP) and TiC particles (30, 40, 50 and 60 vol.%)
were blended in a planetary ball miller (QM-3SP4) at room
temperature in vacuum for 5 h using stainless steel jars with
stainless steel balls. The milling speed was 300 rpm, and the
ball-to-powder weight ratio was selected to be 10:1.

Hot-pressing sintering was used for preparing the pure RIP
sample, TiC-Fe cermets and corresponding TiC-Fe/Fe bilayer
composites (BCs), and all the samples were hot-pressed at
1270 °C under 25 MPa in argon atmosphere for 1 h. The
sintered pure RIP sample was denoted as TCO, and the sintered
TiC-Fe cermet samples with original TiC content of 30, 40, 50,
60 vol.% were denoted as TC30, TC40, TC50 and TC60,
respectively. For the preparation of BCs, RIP particles were put
in a graphite die coated with MgO, and an uniaxial pressure of
7 MPa was kept for 1 min to prepare a pure RIP layer, then
TiC-Fe mixed particles were stacked on the RIP layer, and
again the same pressure was brought to the die. The sintered
TiC-Fe/Fe BCs samples were denoted as FTC30, FTC40,
FTCS50 and FTC60, respectively. The designation and compo-
sition of TiC-Fe cermets and TiC-Fe/Fe BCs are given in
Table 2. No further thermal treatment was performed in the
present study. Sintered samples were machined and polished
with 2000 grit emery paper for the following tests.

2.2 Mechanical Property Test Procedure

The density of the sintered samples was measured by
Archimedes method. Vickers hardness was measured (TH700)
with a load of 2 kg for 15 s. The TiC-Fe cermets and TiC-Fe/Fe
BCs (consisting an equal split of pure RIP layer and TiC-Fe
cermet layer) were cut and ground into specimens as shown in
Fig. 1(a) to test tensile strength. The TiC-Fe/Fe BCs were cut
and polished into interlaminar shear strength specimens
(Fig. 1b) with slotted holes in both sides to the interfacial

region. The length of interfacial region between two layers is
1 mm. Fracture toughness of TiC-Fe cermets was tested by
single-edge-notched beam specimens, as shown in Fig. 1(c).
The tensile strength of TiC-Fe cermets and TiC-Fe/Fe BCs and
the interlaminar shear strength of TiC/Fe BCs were measured in
a universal testing machine (WDW-100) with a loading rate of
0.5 mm/min. The fracture toughness of TiC-Fe cermets was
also tested in the universal testing machine with a loading rate
of 0.05 mm/min.

Table 2 The designation and composition of TiC-Fe cer-
mets and TiC-Fe/Fe BCs

Sample Pure
code TiC, vol. % CIP, vol.%  RIP, vol.% RIP layer
TCO 0 0 100 1
TC30 30 70 x 60% 70 x 40% 0
TC40 40 60 x 60% 60 x 40% 0
TC50 50 50 x 60% 50 x 40% 0
TC60 60 40 x 60% 40 x 40% 0
FTC30 30 70 x 60% 70 x 40% 1
FTC40 40 60 x 60% 60 x 40% 1
FTC50 50 50 x 60% 50 x 40% 1
FTC60 60 40 x 60% 40 x 40% 1
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Fig. 1 Shape and size of the specimens used for (a) tensile test of
TiC-Fe cermets and TiC-Fe/Fe BCs; (b) interlaminar shear test of bi-
layer composites; and (c) fracture toughness of TiC-Fe cermets (unit:
mm)

Table 1 Average particle size, purity and source of used raw materials

Raw material Average particle size, pm Purity, % Source

TiC 24 > 99 Zhuzhou Sanli Carbide Material Co., Ltd.

RIP <38 >99.2 Beijing Xing Rong Yuan Technology Co., Ltd.
CIP 3-5 >99.5 Beijing Xing Rong Yuan Technology Co., Ltd.
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where P is the maximum load (N), L is the bearing distance
(which is 20 mm in this case), B is the width of the speci-
mens (mm), W is the thickness of the specimens, and a is the
initial crack length. U-grooves for the fracture toughness tests
were cut with the blade thickness of 0.25 mm from the sin-
tered samples. Single-edge-notched beam specimens, with a
precrack of a/W ratio of 0.4, were ground and polished to the
final dimensions of 2.5 mm x 5 mm X 25 mm. At least three
samples were used for each test to get average values of ten-
sile strength, interlaminar shear strength and fracture tough-
ness.

2.3 Phase Identification and Microstructures Observation

The phase identification of the milled blended particles and
the sintered TiC-Fe cermets was characterized by x-ray
diffraction (XRD) using Cu Ka radiation (D/Max-RB diffrac-
tometer). The microstructures were observed using a field
emission scanning electron microscope (FESEM) equipped
with an energy-dispersive spectrometer system (EDS). The
interfacial structures between TiC and Fe in the sintered TiC-Fe
cermets were investigated using a transmission electron micro-
scope (TEM, FEI, F20).

3. Results and Discussion

3.1 TiC-Fe Cermets

Figure 2 presents XRD patterns of the milled blended
particles and sintered sample of TC30; only TiC and o-Fe peaks
are detected in these two cases. This suggests that there is no
phase change during milling and sintering processes.

* a-Fe ¢ TiC e

Sintered TC30 sample

oy

Intensities(a.u.)

Milled TC30 particles

T T T T T T

10 20 30 40 50 60 70 80
26(deg.)

Fig. 2 XRD patterns of the milled blended particles and the sin-
tered TC30 sample
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Figure 3 shows the microstructure of the milled blended
particles and the sintered sample of TC30. From Fig. 3(a), it
can be seen that ball milling could effectively refine TiC
particles which smashed into relatively huge RIP particles.
Concerning about TC30 sample, Fig. 3(b) shows that the black
phase (TiC) distributes uniformly in the gray phase (Fe) of the
sample.

Figure 4 displays a representative TEM image of the TC40
and the high-resolution TEM (HRTEM) image of the dotted
interface. Figure 4(a) confirms that no recation happened
between o-Fe and TiC. Furthermore, no defects were found
in the interfaces between these two phases. This suggests a fine
bonding and endows composites with enhanced mechanical
properties. The high-resolution TEM (HRTEM) image of the
marked interface is shown in Fig. 4(b). The interplanar
distances of TiC are 0.241 nm (111)y3c and 0.217 nm
(200) ¢, respectively. And the planar distance of Fe matrix is
0.203 nm (110)p.

Figure 5 shows relative density and tensile strength of pure
Fe layer (0 vol.% TiC) and TiC-Fe cermets (30-60 vol.% TiC).
With the increase in TiC content, the relative density of TiC-Fe
cermets is decreased. The TC30 possesses the highest relative
density of 98.3%, while the TC60 has a lower relative density
of 86.5%. As mentioned above, this is attributed to the fact that
TiC particle clusters increased as the content of TiC increases,
and higher sintering temperature and/or longer dwelling time is
demanded to promote the rearrangement of hard particles and
to attain high relative density. However, the relative density of

Fig. 3 SEM microstructures of (a) the milled blended particles and
(b) the sintered sample of TC30
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Fig. 4 (a) Typical TEM image of microstructure of TC40; (b)
HRTEM image of the marked interface between TiC and Fe matrix

TCO reaches 97.5%, which is lower than that of TC30 at the
same sintering temperature. This is attributed to the promoting
sintering effect of CIP (Ref 25). The tensile strength of TiC-Fe
cermets increases with the increase in TiC content from 0 to
40%. The tensile strength of TCO is approximately 296 MPa
and that of TC40 peaks at 581 MPa. When TiC content is
below 40%, the well-distributed TiC particles could effectively
bear load transferred from Fe matrix and promote mechanical
properties. However, the tensile strength decreased with further
increase in TiC content, which should be induced by the TiC
clusters. The tensile strength of TC50 and TC60 is 268 MPa
and 121 MPa, respectively. These values are even lower than
that of pure Fe.

Figure 6 shows the fracture toughness and Vickers hardness
of TiC-Fe cermets. The maximum fracture toughness is
17.0 MPa m"* when TiC content is 30 vol.%. The trend that
fracture toughness decreases with the increase in TiC content
remains. The average fracture toughness of TC40, TC50 and
TC60 is 9.6, 6.6 and 3.2 MPa m'”?, respectively. As can be
seen from fracture surface of TC50 shown in Fig. 7, crack
deflection, crack branch and crack bridge mechanism could
effectively promote the fracture toughness of TiC-Fe cermets.
TiC particles could induce the crack deflection and increase the
length of crack propagation. It is well known that crack
propagation is an energy absorption process, and thus the
fracture toughness of brittle materials can be improved by the
addition of second TiC phase (Ref 26). The hardness of
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Fig. 6 Fracture toughness and Vickers hardness of TiC-Fe cermets

composites increased with the increase in TiC particles and
reached to a peak value of 5.1GPa in TC40 sample. However,
the hardness of TC50 and TC60 samples reduced instead of
enhanced owning to lower relative density than TC40 sample,
which was ascribed to the increment of TiCp agglomeration.

Typical fracture morphology of TC40 samples after tensile
strength and fracture toughness test is shown in Fig. 8. Cubic
morphology of TiC particles distributes uniformly in tensile
TC40 sample (Fig. 8a). The fracture toughness morphologies
of TC40 sample are shown in Fig. 8(b), displaying the presence
of both intergranular fracture and transgranular fracture.

3.2 TiC-Fe/Fe Bilayer Composites

Figure 9 shows the interlaminar shear strength of bilayer
composites composed of Fe layer and the different volume
fraction of TiC-Fe cermets layer with the same thickness. The
TiC volume fraction in the composite is directly taken from
TiC-Fe cermets layer. It can be seen that an increase in TiC
content in TiC-Fe cermets layer induces a reduction in the
interlaminar shear strength of TiC-Fe/Fe BCs. The maximum
interlaminar shear strength for FTC30 is up to 335 MPa.
However, the shear strength of FTC60 is as low as 173 MPa.
As the mismatch of the thermal expansion coefficient (CTE)
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Fig. 7 SEM surface morphology of fracture toughness of TC50

between TiC-Fe cermets layer and Fe layer can result in high
residual thermal stresses, which originates during cooling
process from the sintering temperature, the residual stresses
increase when TiC content in composites layer increases. This
has a huge effect on the interlaminar shear strength of bilayer
composites. Accordingly, for successful bonding of cermet to
metal, residual stress relief methods such as applying soft
interlayer should be taken into consideration. Besides, it was
found that the fracture occurred in the corresponding cermet
layer after compression shear test, indicating that defects
mainly distributed in the cermets layer.

The variation of Vickers hardness from pure Fe layer to
TiC-Fe cermets layer in TiC-Fe/Fe BCs is shown in Fig. 10.
Vickers hardness gradually increased with the increase in TiC
content in TiC-Fe cermets for all bilayer composites. A sharply
increment was found in the interfacial regions in the hardness
curves, which indicates a well-bonded interface in the bilayer
composites.

The cross-sectional surface images and fracture morpholo-
gies of FTC40 are shown in Fig. 11. Figure 11(a) indicates no
phase transition happened between the pure Fe layer and TiC-
Fe layer. No pores or microcracks were found at the interfacial
region. Figure 11(b) shows that there are no pores or micro-
cracks in both the fracture of the TiC-Fe cermets layer and the
pure Fe layer. It also shows that TC40 layer exhibits brittle
fracture mode, while pure Fe layer owns ductile fracture mode.

The tensile strength of TiC-Fe cermets and TiC-Fe/Fe
bilayer composites is shown in Fig. 12. Comparing with the
corresponding TiC-Fe cermets, the tensile strength of TiC-Fe/
Fe bilayer composites owns the same variation trend and higher
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Fig. 8 Fracture morphology of TC40 samples after (a) tensile
strength and (b) fracture toughness test
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Fig. 9 Interlaminar shear strength of TiC-Fe/Fe bilayer composites

values except for FTC60. Overall, it means that the mechanical
performance of TiC-Fe/Fe bilayer composites precedes or
equals to the relevant TiC-Fe cermets layer, which could ensure
to express the synergy effect between TiC-Fe cermets layer and
pure Fe layer. It is very interesting that the tensile strength of
FTC30 is 486 MPa, over 33.5% more than that of TC30, while
the tensile strength of FTC40 and FTCS50 increases slightly
compared with the corresponding TC40 and TC50. It is

Volume 26(10) October 2017—4937



s [—s—FTC30

—A—TFTC40
| —=v—FTC50 —-—-*—}
4

51 |—e—FTC60

Hardness (GPa)

0 T T T T T T T T T T
0.0 05 1.0 1.5 20 25 3.0 35 40 45

Distance (mm)

Fig. 10 Vickers hardness of TiC-Fe/Fe bilayer composites
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Fig. 11 (a) The cross-sectional surface images of the FTC40 bi-
layer composite; (b) the tensile fracture morphologies of the FTC40
bilayer composite

possible that the difference of elastic modulus between pure Fe
layer and TiC-Fe cermets layer as well as their interlaminar
shear strength caused the variation of tensile strength. When the
same tensile load affects the bilayer composites, the pure Fe
layer could generate longer deformation than TiC-Fe cermets
layer. However, the strong interface bonding between two
layers could cause compression stress in pure Fe layer and
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Fig. 12 Tensile strength of TiC-Fe cermets and TiC-Fe/Fe bilayer
composites

tensile stress in TiC-Fe cermets layer, which has a synergy
strengthen effect in the tensile strength of bilayer composites.
The stronger the interface bonding, the more enhanced the
tensile strength generated in each bilayer composite with
corresponding TiC-Fe cermets layer. However, the tensile
strength of FTC60 decreased because of weak interface
bonding between pure Fe layer and TC60 layer.

4. Conclusions

TiC-Fe/Fe bilayer composites were fabricated by hot-
pressing sintering at 1270 °C under 25 MPa in argon atmo-
sphere for 1 h. There are no cracks and no decohesion at
interfaces in the TiC-Fe/Fe bilayer composite, indicating the
formation of strong bonding between pure Fe layer and TiC-Fe
cermets layer. The relative density, Vickers hardness, tensile
strength and fracture toughness of TiC-Fe cermets vary with
different TiC volume fraction. The TiC-Fe cermets containing
40 vol.% TiC reach the highest tensile strength and Vickers
hardness of 581 MPa and 5.1 GPa, respectively. The maximum
fracture toughness is 17.0 MPa m'? when TiC content is
30 vol.%. The interlaminar shear strength and tensile strength
of TiC-Fe/Fe bilayer composites vary with TiC content in TiC-
Fe cermets layer. TiC-Fe/Fe bilayer composites have a
synergetic enhancement effect on mechanical properties than
single TiC-Fe cermets. This is attributed to the strong interfacial
bonding between TiC-Fe cermets layer and pure Fe layer. The
maximum interlaminar shear strength is 335 MPa for 30 vol.%
TiC-Fe/Fe bilayer composites. The maximum tensile strength is
588 MPa for 40 vol.% TiC-Fe/Fe bilayer composites. 30 vol.%
TiC-Fe/Fe bilayer composites own the maximum increment of
tensile strength of 33.5% compared with that of corresponding
TiC-Fe cermets than other TiC-Fe/Fe bilayer composites.
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