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a b s t r a c t

Self-diffusion gradient cermet composite tool materials with different metal binder contents and Ni/
(Co þ Ni) mass ratios were fabricated to improve the mechanical properties. The effects of heating rate
and metal binder on the microstructure and mechanical properties of self-diffusion gradient composite
were investigated. For the heating rates considered, it was revealed that the heating rate of 30 �C/min
was in the vicinity of optimum to yield the desired mechanical properties and fine microstructure. It was
found that the flexural strength increased and the hardness decreased with increasing Ni binder content,
while the addition of Co binder led to an excessively thick rim phase which was detrimental to the
flexural strength. Applying a proper amount of Ni binder appeared to be beneficial for fabricating
gradient composites with desired self-diffusion process during sintering. For the experimental conditions
considered in this study, the best mechanical properties can be obtained when 6 mass% Ni in the surface
and 12 mass% Ni in the substrate were used, which gave flexural strength, substrate hardness and surface
hardness at 1488 ± 190 MPa, 20.96 ± 0.30 GPa and 25.12 ± 0.48 GPa, respectively.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Increasing industrial needs for more efficient cutting of modern
materials and higher reliability of tool performance give strong
incentives for developing new tool materials. Cutting tools are
requested to possess high strength, high hot hardness, and good
wear and oxidation resistance [1]. However, it has always been a
challenge to improve the flexural strength and hardness of mate-
rials simultaneously. Function gradient composites provide a good
approach for the tool material to obtain the high flexural strength
and hardness at the same time, so does cutting tool surface coat-
ings. Cemented carbide cutting tools coated by physical vapor
deposition (PVD) or chemical vapor deposition (CVD) technology
exhibits high surface hardness and excellent wear resistance [2].
However, the coating of cutting tools can be worn off quickly in a
machining of difficult-to-machine materials.
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Hardmetals based on Ti(C,N) have been used as cutting tool
materials due to their high edge strength, good wear resistance and
high reliability [3]. Compared to the conventional WC-based
hardmetals, Ti(C,N)-based cermets provide improved surface fin-
ish, excellent chip and tolerance and geometric accuracy control on
workpieces, in addition to the ability to increase the cutting feeding
speed [4]. Furthermore, Ti(C,N)-based cermets are much competi-
tive in manufacturing costs and cutting performance compared to
the WC-based hardmetals. Although the strength, hardness and
toughness can be changed by varying the chemical compositions
and fabrication parameters, an increase in the flexural strength and
toughness is normally associated with a decrease in the hardness of
cermet composites, and vice versa. For example, Liu et al. [5]
fabricated a Ti(C,N)-based cermet with a high bending strength of
2210 MPa and a high toughness of 10.1 MPa m1/2, but its HV
hardness was as low as 14.7 GPa. TiB2 ceramic is recognized as one
of the best candidates for cutting tool materials owing to its low
friction coefficient, high hot hardness and low adhesion with steel
at the high temperatures [6]. However, TiB2 exhibits a poor sin-
tering ability due to the relatively low self-diffusion coefficient and
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Table 1
Composition ratios of self-diffusion gradient cermet composite tool materials with
different metal binder.

Symbols TiB2eTiC Ti(C7,N3) VC Ni Co Mo Remarks

S1 88 4 4 4 Surface layer
S2 86 4 6 4 Surface layer
S3 84 4 8 4 Surface layer
S4 82 4 10 4 Surface layer
M1 88 8 0 4 Substrate
M2 88 5.6 2.4 4 Substrate
M3 88 3.2 4.8 4 Substrate
M4 88 1.6 6.4 4 Substrate
M5 88 0 8 4 Substrate
M6 86 10 4 Substrate
M7 84 12 4 Substrate
M8 82 14 4 Substrate
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predominant covalent bonding. Therefore, some ceramic sintering
additives such as TiC [7], VC [8] and SiC [9] are added into TiB2-
based composites to enhance their density and cutting perfor-
mance. Vallauri et al. [10] reported that the favorable coherency
between (111) TiC and (0001) TiB2 interfaces contributed to the
toughness of TiCeTiB2 composite materials. Zou et al. [8] found that
the hardness of TiB2eTiC þ Al2O3 composite was increased by the
addition of 3.2 mass% superfine VC due to the homogenous
microstructure with refined grains.

Material density, structure and mechanical properties are sen-
sitive to the sintering process and metal binder additions [11]. In
general, metal additives such as Ni [12], Co [13] and Mo [14] are
used in the cermet composites to improve the sinterability, lower
the sintering temperature and enhance the mechanical properties
of the composites. In most Ti(C,N)-based cermets, the binder phase
is mainly composed of Ni or Co, and the solid solution hardening of
the binder phase plays a vital role in the performance of cermets
[4]. Davies et al. [15] indicated that Ni was a preferred binder
composition for TiC þ TiB2 composites. Conforto et al. [16] pointed
out that a heavily disordered zone in the nanometric scale was
observed at close to the interface with the core of Ti(C,N) grains in
sintered samples. This disorder was correlated with the presence of
Mo in the rim during sintering, which enhanced the strength of the
coreerim interface as a barrier for the diffusion of atoms from the
core. Zhang et al. [17] found that the ceramic grain of ultra-fine
Ti(C,N)-based cermet becomes finer with the increase of Mo
addition. They indicated that Mo improved thewettability between
ceramic phase and metallic phase, decreased the solubility of
Ti(C,N) in the binder and inhibited the grain growth during the
liquid sintering stage. The metal binder redistributes under the
high temperature, high pressure conditions during sintering lead-
ing to a remarkable variations of mechanical properties. Further-
more, the sintering conditions and the alloy status of metal binder
after the sintering process affect the cutting performance of the
composites [3]. Rajabi et al. [18] showed that an increase in sin-
tering temperature to just above 1430 �C resulted in the decom-
position of TiN and the formation of porosities. The decomposition
of TiN fosters the decrease in mechanical proprieties of TiC-based
cermet. Wang et al. [19] pointed out that quick hot pressing sin-
tering at high temperature is the best sintering process for TiB2
ceramic (short sintering time and high temperature) as long sin-
tering times are responsible for grain growth. Numerous studies
[19,20] have been conducted to obtain cermets with good micro-
structure and mechanical properties by optimizing the sintering
temperature and holding time. However, little study on the effects
of heating rate on the microstructure and mechanical properties of
cermets have been reported, so does the effects of metal binder for
the fabrication of self-diffusion gradient composites.

In this work, self-diffusion gradient composites are fabricated
with differentmetal binder contents and Ni/(CoþNi) mass ratios at
different sintering heating rates. The mechanical properties are
then investigated with a view to understand how these variables
affect the material microstructure and the enhanced mechanical
properties.

2. Material design and experimental work

The objective of the material design is to enhance the flexural
strength, surface and substrate hardness of the composites by
varying the composition contents and sintering parameters. It is
well known [21] that, compounds containing the carbon and boron
elements can be used as the surface of cutting tool materials;
likewise, compounds containing the titanium and tungsten ele-
ments are suitable as the cutting tool substrate materials. In addi-
tion, there is a favorable compatibility between TiB2eTiC and
Ti(C,N). Therefore, the composite materials to be fabricated in this
study are comprised of a TiB2eTiC surface layer with good hardness
and Ti(C,N)-based cermet substrate with good strength and
toughness. After sintering, a new subsurface layer with metal
binder enrichment is formed by a self-diffusion driving force of the
elements. According to an earlier study [22], it is expected that the
composites so fabricated will possess gradient properties with a
high hardness and good wear-resistance on the surface layer, and a
good flexural strength on the substrate. The subsurface layer with
metal binder enrichment should have a good toughness and
improved the interface bonding strength between the surface layer
and substrate. In combining the self-diffusion characteristic during
the sintering process and the gradient mechanical properties of the
final materials, the composites so fabricated are termed as self-
diffusion gradient composites. In addition, the composites in the
present work also include Mo and VC additives to improve the
sinterability and surface hardness of the composites.

The sintering temperature ranges usually from 1500 �C to
1700 �C for the TiB2eNi system [10], while from 1400 �C to 1500 �C
for Ti(C,N)-based cermets [23]. The mismatches in the sintering
temperature make the selection of this parameter difficult. Ac-
cording to our previous studies [24,25], Ti(C,N)-based cermet sin-
tered at 1425e1475 �C exhibited the best mechanical properties.
Moreover, TiB2eTiC sintered at 1500e1550 �C by a vacuum hot-
pressing sintering can yield fully dense microstructure. The
wettability between metal binder and hard particles can be
improved in a vacuum environment. The closure of pores and
densification process can be accelerated at a high sintering pres-
sure. In addition, the thickness of the TiB2eTiC surface layer is
designed at only 400 mm, so the content of TiB2eTiC in the whole
material is less than 10 mass%. Therefore, the 1475 �C sintering
temperature is chosen to accommodate the two materials.

The actual sintering temperature of our sintering equipment
changed from �3 to þ3 �C, so the precise control of heating rate is
difficult for our present sintering facility. Secondly, the preparation
of cermets is not overly sensitive to the sintering temperature. In
general, the increment of heating rate is 5 �C/min for cermet ma-
terials. Therefore, 20, 25, 30 and 35 �C/min are selected rationally
for the self-diffusion gradient composites.

Themixtures of TiB2eTiC powders (99.9% purity, 1.5 mm size) and
Ti(C7N3) powders (99.9% purity, 0.5 mm size) were used as the
starting materials. The average grain size of VC, Mo, Ni and Co
powders used as sintering additives was 100e300 nm. The
composition ratios of the starting composite materials are listed in
Table 1. The self-diffusion gradient composite tool materials were
prepared by five steps. Firstly, the starting TiB2eTiC and Ti(C7N3)
powders were separately ball-milled using WC balls and ethanol as
the medium for 24 h, and then dried in a vacuum dry evaporator.



Table 2
Sintering process parameters for self-diffusion gradient cermet composite tool materials.

Symbols Sintering temperature (�C) Holding time
(min)

Heating rate
(�C/min)

Hot pressure
(MPa)

P1 1475 30 20 32
P2 1475 30 25 32
P3 1475 30 30 32
P4 1475 30 35 32

Table 3
Composition and sintering process of self-diffusion gradient composite tool materials.

Symbols Substrate composition Surface layer composition Sintering process Ni/(Co þ Ni) in substrate

M3-S4-P1 M3 S4 P1 (20 �C/min) 0.4
M3-S4-P2 M3 S4 P2 (25 �C/min) 0.4
M3-S4-P3 M3 S4 P3 (30 �C/min) 0.4
M3-S4-P4 M3 S4 P4 (35 �C/min) 0.4
M3-S1 M3 S1 P3 0.4
M3-S2 M3 S2 P3 0.4
M3-S3 M3 S3 P3 0.4
M1-S2 M1 S2 P3 1.0
M2-S2 M2 S2 P3 0.7
M4-S2 M4 S2 P3 0.2
M5-S2 M5 S2 P3 0.0
M6-S2 M6 S2 P3 1.0
M7-S2 M7 S2 P3 1.0
M8-S2 M8 S2 P3 1.0

Fig. 1. SEM micrographs of polished cross section for the samples sintered at different heating rates: (a) M3-S4-P1: 20 �C/min (b) M3-S4-P2: 25 �C/min (c) M3-S4-P3: 30 �C/min (d)
M3-S4-P4: 35 �C/min.
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Secondly, Mo, Ni and VC powders were added into the TiB2eTiC
powders as the surface layer, and the Mo, Ni and Co powders were
added into the Ti(C7N3) powder as the substrate. Then, these two
mixed powders were separately ball-milled for 24 h and dried in a
vacuum dry evaporator. Thirdly, the two mixed powders were
sieved using a 200-mesh sieve. Fourthly, the substrate powder with
2.7 mm thickness and the surface layer powder with 400 mm
thickness were put into a graphite die layer by layer, and then the
green body was compressed under 10 MPa for 5 min. Finally, the
green body was sintered by a hot-pressing process at 1475 �C and
32 MPa for 30 min with different heating rates of 20, 25, 30 and
35 �C/min (Table 2 shows the combinations of sintering parameters).



Fig. 2. SEM micrographs of fracture surfaces of the M3-S4-P4 sample sintered at a heating rate of 35 �C/min. (a) the whole fracture surface, (b) the gradient zone, (c) the enlarged
substrate, and (d) the enlarged surface layer.

Fig. 3. Effects of heating rates on the (a) flexural strength and (b) hardness of the sintered samples (error bars show standard deviations).

W. Ji et al. / Journal of Alloys and Compounds 677 (2016) 190e203 193
Fourteen self-diffusion gradient composite tool materials with
different combinations of the compositions and processes param-
eters are given in Table 3. The sintered disks were cut into blocks
with the dimensions of 3 mm � 4 mm � 30 mm, and the surfaces
and cross-sections were then ground and polished. Afterwards, the
surface layer thickness was about 200e230 mm. The flexural
strength was measured using a three-point bending tester (Model
WDW-50E, Shidai, China) with a span of 20 mm and a loading
velocity of 0.5 mm/min. The surface hardness and substrate hard-
ness were measured using a Vickers hardness tester (HV1, HVS-
1000, Hugong, China) on the polished surface layers and cross-
sections with a load of 9.8 N and a dwell time of 15 s, respec-
tively. The phase composition for each sample was characterized by
an X-ray diffraction (XRD, Hitachi RAX-10A-X) with Cu Ka1 radia-
tion (l ¼ 1.54050 Å) and a scanning step of 4�/min. The micro-
structure of cross-sections and the fractured surfaces were
observed using scanning electron microscopy (SEM, SUPRA55,
Zeiss, Germany) equipped with energy-dispersive spectrometry
(EDS, PV9900, Philips, Netherlands).

3. Results and discussion

3.1. Effects of heating rate

3.1.1. Microstructure
Fig. 1 shows SEM micrographs of polished cross sections for the



Fig. 4. XRD patterns of (a) surface layer and (b) substrate of four samples with different Ni contents in the surface layer. M3-S1: 4 mass% Ni, M3-S2: 6 mass% Ni, M3-S3: 8 mass% Ni,
M3-S4:10 mass% Ni.
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samples sintered at different heating rates. During liquid phase
sintering, a subsurface layer with 10e30 mm thickness was formed
by self-diffusion driving force. This layer is characterized by an
abundant white phase. According to our previous study [22], the
white phase is metal binder such as Co and Ni. The metal binder in
the substrate layer leads to an improvement of mechanical prop-
erties and an enhancement of interface strength between the
substrate and surface layer. The binder-rich subsurface layer acts as
a tough layer in the composite, which can strengthen the effect of
grain pulling-out and absorb the crack propagation energy. The
formation process of gradient composites can be divided into the
following three stages. Firstly, Ti(C,N) is decomposed at high tem-
perature in a vacuum denitrifying condition. After the appearance
of the liquid phase, Ti(C,N) is expected to decompose as Ti, C and N
and dissolve into the liquid binder. Secondly, the N element diffuses
outward under vacuum, resulting in a decrease of N activity and the
formation of vacancies or voids. The Ti element diffuses in the
opposite direction due to the thermodynamic coupling effects be-
tween the N and Ti elements. Finally, the Ni and Co binder phases
flow into the vacancies under the hot-pressure conditions. Hence, a
subsurface layer with metal binder enrichment is formed.

The thickness of subsurface layer and, hence, the white phase in
the subsurface layer increasewith an increase in the heating rate, as
shown in Fig. 1. This increase is attributed to the reduced loss of
metal binder (the white phase) within the shorter heating time
associated with a higher heating rate. The loss of metal binder can
be proved by the solidified metal that was found on the inner walls
of the graphite die. The loss of metal binder can be attributed to two
aspects. Firstly, a small amount of metal binder will be evaporated
at a high sintering temperature, which leads to the loss of metal
binder. Secondly, during sintering at a high temperature the metal
binder is in a liquid state and the liquid metal binder may flow out
from the sintered body to the inner walls of the graphite die under a
high sintering pressure.

Some pores are observed in the substrate of the samples sin-
tered at the heating rates of 20 and 25 �C/min, as shown by rect-
angles in Fig. 1(a) and (b). By contrast, no pores are found in the
substrate of samples sintered at the heating rates of 30 and 35 �C/
min (Fig. 1(c) and (d)). It is believed that the formation of porosities
is mainly attributed to the excessive decomposition of Ti(C,N), the
extent to which increases with the heating time. The decomposi-
tion of Ti(C,N) leads to the formation of N2 which will escapes from
the sintering body in a vacuum condition [26]. But excessive
decomposition of Ti(C,N) occurs with a longer heating time
resulting in the formation of pores. Meanwhile, there is no suffi-
cient metal binder to fill in the pores due to the loss of metal binder.
As a result, pores are left in the substrate of the samples sintered at
a lower heating rate.

Fig. 2 shows the SEMmicrographs of fracture surfaces of theM3-
S4-P4 sample sintered at a heating rate 35 �C/min. The fracture
surfaces are inspected to observe crack initiation sites, crack
propagation evidence and fracture mode. Fracture failure can be
characterized by three stages: crack initiation, crack propagation
and final fracture. Cracks tend to initiate at grain boundaries, in-
clusions, pores and other microstructural defects. In Fig. 2(a), the
cracksmight be initiated from the tensile side under the three point
bending load and propagated towards the compressive side.
Although Ti(C,N) and TiB2 are brittle materials, the plastic fracture
stripes (shown in ellipses in Fig. 2(a)) can clearly be observed on the
fracture surface. The plastic fracture mode for brittle material is
attributed to the addition of Ni and Co metal binder. The surface
layer, subsurface layer and the substrate of the fracture surface are
found to have different characteristics as shown in Fig. 2(b)-(d). The
main fracture mode of the surface layer is a mixture of trans-
granular and intergranular fracture. However, there are some fine
grains (shown in circles in Fig. 2(d)), which lead to a positive effect
on the flexural strength according to the Hall-Petch relationship. By
contrast, the main fracture mode of the subsurface layer appears to
be only intergranular fracture due to the aggregation of metal
binder. Interestingly, the substrate shows a homogenous and
compact microstructure with the grain size of about 1 mm, which is
ideal for the substrate of the function-graded materials. Never-
theless, it may be stated that the fracture of the sintered samples is
characterized by brittle crack in spite of some plastic stripes.

3.1.2. Mechanical properties
Fig. 3 shows the effects of heating rates on the flexural strength

and hardness of the samples sintered at four different heating rates.
It can be noticed that the flexure strength increases initially when
the heating rate is increased from 20 to 30 �C/min, but it decreases
as the heating rate is further increased to 35 �C/min with a
maximum turning point at 30 �C/min. A reverse trend is found for
the surface hardness and substrate hardness with respect to the
heating rate where the minimum turning point is found at the



Fig. 5. SEM micrographs of polished surface of self-diffusion gradient composites with different Ni contents in the surface layer. (a) the sample overview, (b) a cross section of M3-
S1, (c) the substrate of M3-S1, (d) the surface layer of M3-S1, (e) the substrate of M3-S4, and (f) the surface layer of M3-S4.
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heating rate of 30 �C/min. Quantitatively, the experimental results
reveal that the heating rate has a greater effect on the flexural
strength than the hardness; the former has a about 20% variation
while the latter has about 5%when the heating rate is changed from
20 to 35 �C/min. It is noted that the increase of flexural strength
when the heating rate is increased from 20 to 30 �C/min is attrib-
uted to the increase of material density and subsurface layer
thickness. It should be noted that the sample sintered at the heating
rate of 35 �C/min exhibits the maximum thickness of subsurface
layer, but a decrease in flexural strength as compared to those at the
30 �C/min heating rate. The subsurface layer with metal binder
enrichment has a high toughness but a low strength, so an exces-
sive thickness of subsurface layer is adverse to the improvement of
the flexural strength. The thickness of subsurface layer is about
30 mm for the sample sintered at the heating rate of 35 �C/min,
while that is about 20 mm for the sample sintered at the heating rate
of 30 �C/min. Therefore, 20 mm is a favorable thickness of subsurface
layer for self-diffusion gradient composites.
The above analysis indicates that for the investigated range of
heating rates, the samples sintered at the heating rate of 30 �C/min
shows the highest flexural strength (at 1330 ± 168 MPa for the M3-
S4-P3 sample), while the hardness is also goodwith only amarginal
decrease. For the M3-S4-P3 sample, the substrate hardness is
20.92 ± 0.38 GPa and surface hardness is 23.25 ± 0.34 GPa. Thus,
30 �C/min is in the vicinity of the optimum heating rate for the
sintering process of the composite materials under investigation.
3.2. Effects of metal binder

3.2.1. Effects of Ni content in the surface layer
Fig. 4 shows the XRD patterns of surface layer and substrate of

four samples with different Ni content in the surface layer. In the
surface layer, twomain phases are found to be TiB2 and TiC, while in
the substrate the main phase is Ti(C,N) which indicates that strong
reactions did not happen during liquid phase sintering. Mo and VC
are not found in the XRD patterns due to their lower content. Two



Fig. 6. EDS images for the surface layer and substrate of self-diffusion gradient composites. (a), (b) and (c) correspond to Points A, B and C in Fig. 5(c), respectively, and (d) and (e)
correspond to points D and E in Fig. 5 (d), respectively.
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peaks at about 45� (shown by the arrows in Fig. 4(a)) corresponding
to Ni binder are found in the surface layer of the M3-S3 and M3-S4
sample, but are not found for the M3-S1 and M3-S2 sample. With
increasing Ni binder content, the relative intensity of this peak at
45� increases indicating that the Ni content in the surface layer
increased, as shown in Fig. 4(a).

Fig. 5 displays the SEM micrographs of polished surfaces of self-
diffusion gradient composites with different Ni contents in the
surface layer. The substrate of the samples as shown in Fig. 5(c) and
(e) is comprised of black core phase, gray rim phase and white
phase, while the surface layer is comprised of black phase and gray
phase, as shown in Fig. 5(d) and (f). To ascertain these different
phases in the composite, multiple representative points were
selected, as shown by Points A-E in Fig. 5(c) and (d), to perform EDS
analysis. Fig. 6(a)-(c) indicate that the black phase (as in Point A in
Fig. 5(c)), the gray phase (as in Point B in Fig. 5(c)) and the white
phase (as in Point C in Fig. 5(c)) are the Ti(C,N) phases, (Ti,W,-
Mo)(C,N) solid solution and Ni binder in the substrate, respectively.
Fig. 6(d) reveals that black phase in the surface layer (as in Point D
in Fig. 5(d)) contains the titanium and boron, indicating that it is
TiB2 phase. Fig. 6(e) reveals that the gray phase in the surface layer
(as in Point E in Fig. 5(d)) contains the titanium, carbon, vanadium,
molybdenum and tungsten elements, confirming the presence of
(Ti,W,Mo,V)C solid solution phase. The tungsten in the composites
may be derived from the abrasion of WC balls during the ball
milling of the starting powders. A full densification is achieved for
all samples and no remarkable porosities or cracks were found on
the polished surfaces. This is consistent to the earlier analysis on



Fig. 7. SEM micrographs of fractured surface layer of self-diffusion gradient composites with different Ni contents in the surface layer. (a) M3-S1: 4 mass% Ni (b) M3-S2: 6 mass% Ni
(c) M3-S3: 8 mass% Ni (d) M3-S4: 10 mass% Ni.

Fig. 8. Effects of Ni content in the surface layer on (a) the flexural strength and (b) the hardness of fabricated self-diffusion gradient composites (error bars show standard de-
viations). M3-S1: 4 mass% Ni, M3-S2: 6 mass% Ni, M3-S3: 8 mass% Ni, and M3-S4: 10 mass% Ni.
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the effect of heating rate. A black core-gray rim structure in Ti(C,N)-
based cermet is formed by Ostwald's dissolution-precipitation
theory [27,28]. This supports the finding in this study. According
to the thermodynamics, smaller particles are dissolved more easily
than larger particles. During liquid phase sintering at the temper-
ature above 1300 �C, W and Mo can dissolve into the liquid binder
phases. When a saturation status is reached, W and Mo will rep-
recipitates from liquid phase to black core phases of the undis-
solved Ti(C,N) particles, forming gray rim phases of the
(Ti,W,Mo)(C,N) solid solution. As a result, a black coreegray rim
structure is formed. Fig. 7 shows the SEM micrographs of some
fractured surface layers of the sintered composites with different Ni
contents in the surface layer. It is found that coarse TiB2 grains
exhibit transgranular fracture (as shown by arrows in Fig. 7). Un-
even characteristics can be found in the fractured surface of TiB2
grains (as shown in circles in Fig. 7(d)).

Fig. 8 shows the variation of flexural strength and hardness of
the fabricated composites with respect to the Ni content in the
surface layer. It shows that with an increase in the Ni content in the
surface layer, the flexural strength increases monotonically with its
maximum of 1330 MPa at 10 mass% Ni binder content. Attempts to
further increase the Ni content are not made in this study. By



Fig. 9. SEM micrographs of polished substrates of self-diffusion gradient composites with different Ni/(Co þ Ni) mass ratios in the substrate. (a) M1-S2: 1.0, (b) M2-S2: 0.7 (c) M3-
S2: 0.4, (d) M4-S2: 0.2, (e) M5-S2: 0.0.
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contrast, the surface hardness increases initially with the Ni con-
tent, but then decreases, while the substrate hardness changes very
slightly with a very marginal decrease, as shown in Fig. 8. As shown
in Fig. 5(d) and (f), a higher Ni content in the surface layer yields
more homogeneous and uniform grains than a lower Ni content
which, according to [12], should result in a higher density and
higher flexural strength. Likewise, a higher density caused by a
higher Ni content is associated with an increase in the surface
hardness. However, as the Ni content is further increased, the
excessive Ni binder leads to a reduced surface hardness since Ni has
a lower hardness than the hard particles in the surface layer. As a
result, the relationship between the surface hardness and Ni con-
tent has a peak point at 6 mass% of Ni content. During the liquid
sintering process, it is possible that a small amount of Ni is trans-
ferred to the substrate to cause a decrease its hardness. However,
this decrease is small as shown in Fig. 8(b). When considering all
the three mechanical properties jointly, a Ni content of 6e8 mass%
may be used for the surface layer. If a 6 mass% Ni is used, the
flexural strength, substrate hardness and surface hardness for the
M3-S2 sample are 1063 ± 123 MPa, 21.47 ± 0.39 GPa and
26.94 ± 0.86 GPa, respectively.
3.2.2. Effects of Ni/(Co þ Ni) ratio in the substrate
Fig. 9 shows the SEM micrographs of polished substrates of the

composites with different Ni/(Coþ Ni) ratios in the substrate. It can
be seen that samples can be sintered to a high density irrespective
of the metal binder composition from pure Ni over NieCo alloys to
pure Co binder. It is found that a typical black core-gray rim
structure is embedded into the white metal binder network. It is
believed that the black cores are undissolved Ti(C,N) particles,
while the gray rims are (Ti,W,Mo)(C,N) solid solution. Further, the
composites with pure Ni binder exhibits a thinner rim phase than
that with the Co binder. This may be due to the fact that the W and
Mo elements are more soluble in the Co binder than in the Ni
binder, mainly because the atomic radius of Co is much similar with
W and Mo than that of Ni. A complete surrounding phase will



Fig. 10. SEM micrographs of fractured surfaces of self-diffusion gradient composites with different Ni/(Co þ Ni) ratios in the substrate. (a) M1-S2: 1.0, (b) M2-S2: 0.7 (c) M3-S2: 0.4,
(d) M4-S2: 0.2, (e) M5-S2: 0.0.
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increase the bonding strength between the hard phase and binder
phase and suppress the crack propagation in the cermets. As a
result, the flexural strength of the cermets is improved. However, it
has been reported that the flexural strength sharply decreases at
the rim thickness of 0.5 mm or larger as the rim phase is brittle in
nature [4].

Fig. 10 shows the SEM micrographs of fractured surfaces of self-
diffusion gradient composites with different Ni/(Co þ Ni) ratios in
the substrate. The fractured surface becomes more flat when the Co
content is increased. The fractured surface with pure Ni binder
exhibits a plastic deformation (as shown in the rectangle Fig. 10(a)),
but it is not found in the sample with pure Co binder (Fig. 10(e)).
The interface crack initiation is found in Fig.10(b) and (c), but cracks
originate from the surface layer of tensile side in Fig. 10(a), (d) and
(e). The formation of interface crack is attributed to the stress
concentration in the interface resulting from the mismatch of co-
efficients of thermal expansion (CTE) between surface layer and
substrate. Due to the mismatch of CTE, residual stresses develop in
the laminated composites during the cooling process [29]. The
magnitude of the residual stresses is proportional to the CTE
mismatch and has a crucial effect on the mechanical properties of
the composites. It has been reported that the surface compressive
residual stress is beneficial to flexural strength of laminated com-
posites [30,31]. In the self-diffusion gradient cermet composite
fabricated in this study, compressive residual stresses are formed in
the surface layer due to its smaller CTE. But, a large stress con-
centration at the interface between the surface layer and the sub-
strate will be generated due to the action of the residual thermal
stresses. As a result, the cracks are prone to initiate and extend at
the interface resulting in a decrease in flexural strength. The CTE of
Ni is larger than that of Co, which is beneficial to reduce the CTE
mismatch between surface layer and substrate. Further, as dis-
cussed earlier the addition of Ni binder can actually improve the
grain boundary strength due to the thinner rim phase. Therefore,
the pure Ni is a better metal binder than pure Co and the mixture of
Co and Ni.



Fig. 12. SEM micrographs of polished surface of the sample M8-S2 with 14 mass% Ni binder in the substrate showing that excessive Ni binder leads to coarse grains in subsurface
layer with a thick gray rim and small black core. (a) the sample overview (b) an enlarged cross section (c) the enlarged substrate (d) the enlarged subsurface layer.

Fig. 11. Effects of Ni/(Co þ Ni) ratio on the (a) flexural strength and (b) hardness of self-diffusion gradient composites. M1-S2: 1.0, M2-S2: 0.7, M3-S2: 0.4, M4-S2: 0.2, and M5-S2:
0.0.
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Fig. 11 shows the effects of the Ni/(Coþ Ni) ratio in the substrate
on themechanical properties of the fabricated composites. It can be
seen that with increasing Ni/(Co þ Ni) ratio in the substrate the
flexural strength increases remarkably, while the surface hardness
and substrate hardness both exhibits minor variations. The flexural
strength, substrate hardness and surface hardness of the sample
using pure Ni binder are 1287 ± 146 MPa, 21.87 ± 0.73 GPa and
27.70 ± 0.73 GPa, respectively, while those for pure Co binder are
480 ± 167MPa, 21.71 ± 0.85 GPa and 28.52 ± 1.07 GPa, respectively.
The differences are attributed to the following facts. Since Co is
harder than Ni, samples with Co binder are expected to be harder
than those with the Ni binder. However, the harder Co binder re-
sults in the composites to have a lower flexural strength. Further,
the Ni binder can result in thinner rim phases and a smaller CTE
mismatch between the surface layer and the substrate, which both
are beneficial to the improvement of the flexural strength. There-
fore, the Ni binder is favoured for the self-diffusion gradient
composites.
3.2.3. Effects of Ni content in the substrate
Fig.12 displays some SEMmicrographs of polished surface of the

M8-S2 self-diffusion gradient composite with 14 mass% Ni in the



Fig. 13. SEM micrographs of substrate fractured surfaces of self-diffusion gradient composites with different Ni binder contents in the substrate: (a) M1-S2: 8 mass% Ni, (b) M6-S2:
10 mass% Ni, (c) M7-S2: 12 mass% Ni, and (d) M8-S2: 14 mass% Ni.

Fig. 14. Effects of Ni content in the substrate on the (a) flexural strength and (b) hardness of the self-diffusion gradient composites (error bars show standard deviations). M1-S2:
8 mass% Ni, M6-S2: 10 mass% Ni, M7-S2: 12 mass% Ni, and M8-S2: 14 mass% Ni.
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substrate. The dense samples with about 200 mm thickness surface
layer are obtained by the addition of Ni binder. It is observed that
the phase composition and grain morphology of the substrate do
not change with increasing Ni binder content (Figs. 9(a) and 12(c)).
The globular grains of Ti(C,N) are uniformly dispersed in Ni binder
network. The hard Ti(C,N) particles surrounded by thin rim phases
make a perfect black core-gray rim structure with a thin rim, which
improves the mechanical properties. However, the grains in the
subsurface layer becomes coarser with increasing Ni binder con-
tent. Furthermore, the morphology of grains changes into a small
black core-thick gray rim structure (Fig. 12(d)), which is detri-
mental to the mechanical properties. The formation of this small
core-thick rim structure is attributed to the strong solid solution
reaction induced by the excessive Ni liquid phase in the sintering
process. With increasing Ni content in the substrate, the Ni content
in the subsurface layer also increases and more volume of the
Ti(C,N) particles are dissolved in the Ni liquid phase. The black
cores, which are undissolved part of Ti(C,N) particles, become
smaller. When saturation concentration status of the Ni liquid
phase is reached, the (Ti,W,Mo)(C,N) solid solution precipitates on
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the black core resulting in the thick gray rims. Therefore, the small
black core-thick gray rim structure is formed, shown as in Fig.12(d).

Fig. 13 shows the SEM micrographs of fractured surface at the
substrate of self-diffusion gradient composites with different Ni
binder contents in the substrate. Unlike in the surface layer, the
main fracture mode of the substrates is found to be intergranular
fracture and transgranular fracture. Cleavage pattern (shown in
arrows in Fig. 13) and small facets (shown in rectangles in Fig. 13)
are also observed on the large grains of the fractured surfaces, while
the fine grains present intergranular fracture characteristics
(shown in circles in Fig. 13). Overall, brittle rupture appears to be
the main fracture characteristics on the fractured surfaces of the
substrates.

The effects of Ni binder content in the substrate on the flexural
strength and hardness of fabricated composites is shown in Fig. 14.
It can be seen that an increase in the Ni binder content in the
substrate until 12 wt% results in a monotonic increase in the flex-
ural strength. However, further increasing the Ni content causes a
decrease in the flexural strength. By contrast, the surface hardness
and substrate hardness all decreases monotonically with an in-
crease in the Ni binder content. The flexural strength, substrate
hardness and surface hardness of M7-S2 containing 12 mass% Ni
binder in the substrate are found to be 1488 ± 190 MPa,
20.96 ± 0.30 GPa and 25.12 ± 0.48 GPa, respectively. In general,
increasing Ni binder content results in an increase in the density of
the composites and hence an increase in the flexural strength.
However, the Ni binder has a lower hardness than the hard particles
and as its content is increased, the hardness of the composites
decreases [12]. It is noted that the improvement of flexural strength
is mainly attributed to the binder phases and the increase of den-
sity. But, at high Ni content such as 14 mass% Ni content in the
substrate, it has been found as shown in Fig. 12(d) that the small
black core-thick gray rim structure in the subsurface layer is
formed, which decreases the flexural strength. Furthermore, a
higher Ni binder content will result in a thicker binder between
ceramic particles which leads to a decrease in the grain boundary
strength. For the above reasons, the flexural strength shows a
decreasing trend when the Ni content in the substrate is greater
than 12 mass%.

4. Conclusions

Self-diffusion gradient composite tool materials were fabricated
with different metal binder content and Ni/(Co þ Ni) ratios under
different heating rates in the sintering process. It has been found
that:

(1) The heating rate has a significant effect on the flexural
strength of the composites, but the effect is relatively small
on the hardness. The improvement of the flexural strength is
attributed to a high density and 20 mm thickness of subsur-
face layer. The sample sintered at the heating rate of 30 �C/
min exhibits the highest flexural strength. For the M7-S2
sample, the flexural strength is 1488 ± 190 MPa, while its
substrate hardness is 20.96 ± 0.30 GPa and surface hardness
is 25.12 ± 0.48 GPa.

(2) With an increase in the Ni content in the surface layer, the
flexural strength increases monotonically, but the surface
hardness increases initially and then decreases, while the
substrate hardness changes very slightly with a very mar-
ginal decrease. The improvement of flexural strength is
attributed to the high density and fine microstructure.

(3) The composites with pure Ni exhibits a thinner rim phase
than that with pure Co and the mixture of Co and Ni. W and
Mo are more soluble in Co binder than Ni binder. Ni binder is
found to be more favorable than Co for enhancing the me-
chanical properties of the composites.

(4) Ni content in the substrate has a remarkable influence on the
flexural strength and surface hardness. With an increase in
the Ni binder content in the substrate, the flexural strength
first increases and then decreases with a maximum turning
point. The strength degradation is attributed to the forma-
tion of a small black core-thick gray rim structure and the
decrease of grain boundary strength.
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