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Abstract
Mo2NiB2-based cermets possess superior strength and excellent corrosion resistance, however, they usually exhibit

poor toughness at room temperature. An improvement in toughness without reducing their strength is critical for the
practical application of cermets. In this study, four series of Mo2NiB2-based cermets doped with ZrO2 particles (0 wt%,
1.0 wt%, 1.5 wt% and 2.0 wt%) were fabricated based on the boronizing sintering reaction of a mixture of ball-milled
Mo-Ni-B-ZrO2 powders. The effect of the ZrO2 content on the microstructure and crystalline phases was investigated
by means of transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy dispersive X-ray
analysis (EDX), electron back-scattered diffraction (EBSD) and X-ray diffraction (XRD). The flexural strength and
fracture toughness of the developed materials were also evaluated. At a ZrO2 mass fraction of 1.0 wt%, the sintered
cermet exhibited an optimal microstructure consisting of a continuous Ni phase with embedded Mo2NiB2 (∼ 0.5 lm)
particles. The Mo2NiB2-based cermet doped with 1.0 wt% ZrO2 particles displayed the highest flexural strength
(1 397.33 MPa), along with significantly enhanced fracture toughness (24.08 MPa m1/2). The enhanced strength could
be attributed to the increased dislocation density as well as the obstruction to grain boundary slip caused by the ZrO2
particles. Further, the improved toughness might be attributed to crack deflection, crack bridging, transgranular
cracks and ZrO2 phase transformation. This study provides the experimental and theoretical basis for the development
of the Mo2NiB2-based cermets.
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I. Introduction
Among the Mo-Ni-B systems, the two-phase cermets

consisting of the Ni-bonded and Mo2NiB2 phases ex-
hibit attractive potential for structural application at el-
evated temperatures 1, 2. The Mo2NiB2 phase demon-
strates excellent creep and compression strength as well
as high hardness (> 84.5 HRA) and flexural strength
(∼ 1 700 MPa) 3. However, these intermetallic compounds
suffer from very low fracture toughness at room tem-
perature. To improve their fracture toughness and bend-
ing strength, an alloying technology or a composites ap-
proach is required, as also pursued by Takagi 4. It was
observed that the crystal structure of Mo2NiB2 ternary
boride changed from orthorhombic to tetragonal on in-
corporating Cr and V 3, 5, however, the addition of other
alloying elements (such as Fe, Co, Ti, Mn, Zr, Nb and
W) did not induce any structural change and strength-
ening 6, 7. The structural transformation is beneficial for
improving the mechanical properties of the ternary boride
cermet owing to the high degree of isotropy of the tetrag-
onal boride phase, fine grain size of the tetragonal boride
phase and superior microstructural homogeneity. Howev-
er, the changes in the crystal structure of Mo2NiB2 ternary
boride have an insignificant effect on the toughness.

Numerous studies have reported that the incorpora-
tion of oxide, boride or carbide in cermets can hinder
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the growth of the grain boundaries and refine the grain
size 8 – 10. R. Li et al. demonstrated that for a multiphase
Mo-Si-B system, the spherical or ellipsoidal ZrO2/Mo2Zr
particles at the nano- and submicron scales were located
at the grain boundaries and partially in the grain interi-
or, which proved that the Zr addition was beneficial for
improving the fracture toughness of the Mo-12Si-8.5B
alloy 11. Additionally, J. Wang et al. pointed out that the
compressive strength increased to 3.13 GPa when ZrB was
incorporated. Further, the fracture toughness increased
by about 27 % and reached a value of 11.5 MPa m1/2 at
1.0 wt% ZrB2

12. Moreover, C. Hochmuth et al. reported
that the ZrO2 phases were distributed at the grain bound-
aries and within the grains, which improved the creep
properties of the Mo-Si-B alloy 13.

ZrO2 possesses the characteristics of high strength, hard-
ness 14 – 16, which make it advantageous as compared
to other oxides. The incorporation of ductile ZrO2 in
the cermets represents a functional approach to toughen
them 17, 18. As the material is subjected to external tensile
stress, the compressive stress of the matrix on ZrO2 is
relaxed, and the crystal structure of ZrO2 changes from
tetragonal to monoclinic. This phase transition absorbs
energy, relaxes the stress field at the crack tip and in-
creases the crack growth resistance, thus, significant-
ly improving the toughness of cermets. Mohammed A.
Taha and Mahmoud F. Zawrah reported the achievement
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of Al2O3-ZrO2-Ni composites with improved proper-
ties. In this study, the Ni particles uniformly dispersed in
the Al2O3-ZrO2 matrix and the crystallite particle sizes
increased with increasing the Ni content, whereas both
dislocation density and lattice strain decreased 19. Wa-
heed S. AbuShanab and Rasha A. Youness studied the
synthesis and structural properties characterization of
TiO2/ZrO2/CaSiO3 nanocomposites with a high-energy
ball mill 20. Medhat Ibrahim prepared zirconia-carbonat-
ed hydroxyapatite (ZrO2-CHA) nanocomposites using
high-energy ball milling, and discovered that it will pro-
duce calcium zirconate (CaZrO3) along with CHA and
ZrO2

21.
The previous literature studies have mainly focused on

the preparation and effect of the different alloying ele-
ments on the properties of Mo2NiB2-based cermets. K.
Takagi reported on a family of Mo2FeB2 cermets fabri-
cated by means of liquid phase sintering and expounded a
boronizing sintering mechanism 22. Further, Y. Yamasaki
and K. Takagi explored the effect of Cr and V on the prop-
erties of Mo2NiB2 ternary boride 5, 7, 23. In another study,
L. M. Kubalova et al. revealed that powder compaction
during the decomposition of the supersaturated Ni(Nb,B)
and Ni(Mo,B) solid solutions led to the formation of cubic
boride phases (Ni21Nb2B6 and Ni21Mo2B6) 24. Howev-
er, the effect of the second-phase particles (ZrO2) on the
properties of the Mo2NiB2-based cermets has not been
systematically studied.

Recently, there has been considerable interest in using
Mo2NiB2-based cermets in many top-end fields including
wear resistance, corrosion resistance and heat resistance
because of their superior properties such as mechanical
and thermal properties 4, 5. Such applications are injec-
tion molding machine parts, hydrogen pumps, hot copper
extruding dies, bearings for sea water pumps, cutters for
heat sealers, drills for sand molds, etc. 4. However, the
problem reflected in the process of use is poor sintering
activity and large brittleness, which greatly limit their ap-
plication 3, 7, 23. The purpose of the present study was to
investigate the microstructure and fracture structure of
the Mo2NiB2-based cermets, toughened with a ductile
phase (ZrO2). Mechanical alloying and vacuum sinter-
ing technology were used to prepare the Mo2NiB2-based
cermets doped with different mass fractions (0.3 wt%,
0.6 wt% and 0.9 wt%) of ZrO2. Subsequently, the frac-
ture characteristics, especially the size and distribution

of the second-phase particles (ZrO2), of the developed
Mo2NiB2-based cermets were investigated. Exploring
the microstructure after deformation provided further in-
sights into the strengthening effect of the second-phase
particles. In addition, the influence of ZrO2 addition on
the mechanical properties of cermets was also analyzed.

II. Experimental Procedures

(1) Specimen preparation
Mo2NiB2 cermets with the nominal composition of

x ZrO2-Ni-6B-48Mo (in wt%, x = 0, 1.0, 1.5 and 2.0)
were prepared based on the boronizing sintering reac-
tion, named MNB, 1.0 ZrO2-MNB, 1.5 ZrO2-MNB and
2.0 ZrO2-MNB, respectively. The commercially avail-
able Mo (99.95 wt%), B (99.99 wt%), Ni (99.99 wt%) and
ZrO2 (Y-PSZ, 99.95 wt%) powders were used as the raw
powders, and their characteristics are listed in Table 1.

First, the accurately weighed amounts of the elemen-
tal powders of Mo, Ni, B and ZrO2 were mixed under
a protective atmosphere (argon) in a planetary ball mill
(QM-3SP2). The ball milling was conducted at a speed of
150 rpm for 6 h, with a powder-to-ball weight ratio of 1:1,
thereby yielding physically homogeneous powder parti-
cles. Prior to the boronizing sintering reaction, the pow-
der mixture was pressed to form biscuits of the size U
30 mm. Afterwards, the biscuits were dried in a vacuum
drying oven at 150 °C. Subsequently, these were placed on
the alumina ceramic plate and sintered in a vacuum sinter-
ing furnace. The sintering temperature was maintained at
1 220 °C for 0.5 h followed by furnace cooling, and the vac-
uum was controlled below 1.0 × 10-2 Pa, thus, yielding the
final sintered billets.

(2) Characterization
Phase identification was carried out using an XRD-

7000s diffractometer. The microstructure of the speci-
mens was characterized by means of transmission elec-
tron microscopy (TEM) (FEI F 20). Electron backscat-
tered diffraction (EBSD) in SEM (FEI Quanta 650) was
also carried out to obtain more detailed microstructural
information. The TEM samples were prepared by means
of a standard electro-polishing technique, using a twin-
jet electro-polisher. The selected area electron diffraction
(SAED) in TEM was employed to characterize the com-
position and structure of the grains and particles.

Table 1: The composition of the Mo2NiB2-based cermets as a function of the ZrO2 fraction (wt%)

Label Mo Ni B ZrO2 (Y-PSZ)

MNB 48.00 46.00 6.00 0

1.0 ZrO2-MNB 47.52 45.54 5.94 1.0

1.5 ZrO2-MNB 47.28 45.31 5.91 1.5

2.0 ZrO2-MNB 47.04 45.08 5.88 2.0
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The flexural strength and fracture toughness of the sam-
ples were determined in three-point bending tests. The
flexural specimens with a cross-section of 3 × 4 mm2 and
a length of 26 mm as well as the fracture specimens with
dimensions of 3 × 4 × 26 mm3 and a notch of 2 mm cross-
section were electro-discharge-machined and ground. The
samples were subsequently tested in a universal testing
machine (Instron 1185) by using a three-point bend fixture
with a 20 mm span in ambient conditions. The crosshead
speed was 0.5 mm/min during the flexural analysis, where-
as it was 0.05 mm/min for evaluating the fracture tough-
ness. In this study, prior to testing, the samples were elec-
tro-discharge-machined, ground and subsequently pol-
ished. Further, the experimental results represent an aver-
age value of at least five measurements.

III. Results

(1) Phase composition and microstructural characteri-
zation

Fig. 1 presents the XRD patterns of the Mo2NiB2-based
cermets as a function of the of ZrO2 content, after sinter-
ing at 1 220 °C. The sintered Mo2NiB2-based cermets ex-
hibit diffraction peaks corresponding to Ni and Mo2NiB2.
No other phases are observed, thus, indicating that the
phase composition is not affected by the ZrO2 content,
which is consistent with the isothermal two-phase sec-
tion of the Ni-rich portion of the Mo-Ni-B phase dia-
gram 25, 26. Moreover, the intensity of the diffraction peaks
corresponding to the Mo2NiB2 phase is observed to be
higher than the Ni phase.

Before sintering, the powder was mixed in a planetary
ball mill. However, because the powder was mixed under
argon protection, all the powders were not oxidized dur-
ing the experiment. Therefore, the corresponding charac-
teristic peaks of Mo, Ni, and B oxides were absent in the
diffraction peaks. In addition, there were no diffraction
peaks of zirconia in the XRD patterns, owing to the small
amount of zirconia added, and the diffuse distribution in
the samples 11.

The SEM image and EBSD maps in Fig. 2 further con-
firm the formation of two phases in the microstructure
of the as-sintered Mo2NiB2-based cermets doped with
1.5 wt% ZrO2. The Ni grains appear as the brightest
phase, whereas the Mo2NiB2 grains demonstrate a dark
contrast (Fig. 2(a)). Further, fine precipitates (dark) rich
in Zr and O are observed to be distributed throughout
the microstructure. The composition of these three phas-
es was confirmed by the EDS analysis. So far, no litera-
ture study has reported the solubility of ZrO2 in the Ni
and Mo2NiB2 phases. As also observed from Fig. 2(a),
the two phases reveal a fine grain structure formation.
The formation of such a fine-grain microstructure rep-

resents a key feature of the materials produced by using
the boronizing sintering technology. Fig. 2(b) reveals a
few precipitated ZrO2 particles in the Ni-based bond-
ing phase, however, the formation of these precipitates
indicates a low solubility limit in the Mo2NiB2 phase as
well. Mo2NiB2 represents the ceramic phase with an area
fraction of 57.5 %, in which the Ni (40.9 %) and ZrO2
(1.6 %) phases are distributed uniformly. Fig. 2(c) shows
the orientation distribution of the Ni and Mo2NiB2 grains
along the different crystallographic directions indicated
by the inverse pole images presented in the inset. The EB-
SD inverse pole figure map also reveals that the cermet
consists of the equiaxed grains with an average grain size
of 5 lm (Fig. 2(c)). Fig. 3 shows the size distribution of
the Ni and Mo2NiB2 grains calculated using the EBSD
measurements. As observed, a major fraction of grains has
the size ranging from 0.1 to 20 μm. A larger variation in
the grain size is observed for the Ni grains, whereas the
Mo2NiB2 grains exhibit a narrow grain size distribution
from 0.1 to 13 μm.

Fig. 1: XRD analysis of the Mo2NiB2-based cermets doped with
different ZrO2 amounts.

HRTEM analysis was performed to investigate the inter-
face orientation relationship between the Mo2NiB2 phase
and Ni grains (Fig. 4). Fig. 4(b) displays the HRTEM im-
age of the two neighboring phases, exhibiting a ∼ 3 nm
interphase film in between. The two phases are noted to
have different crystal structures and orientation relation-
ship (Fig. 4(c) and 4(d)). The Ni phase corresponds to the
FCC-structured lattice (a = ∼ 0.352 nm). On the other
hand, the Mo2NiB2 phase pertains to the orthorhombic
crystal system (Immm space group), with lattice constants
a = 0.455 nm, b = 0.707 nm and c = 0.318 nm 25, 27.
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Fig. 2: The microstructure of the Mo2NiB2-based cermets doped with 1.5 wt% ZrO2: (a) SEM image; (b) EBSD map; and (c) EBSD inverse
pole figure map.

Fig. 3: The grain size distribution of the Mo2NiB2 and Ni phases.

(2) Flexural strength and fracture toughness

Fig. 5 shows the flexural engineering stress-strain curves
of the Mo2NiB2-based cermets. The curve of the haploid
cermet exhibits a near-linear-elastic region before frac-
ture (3.01 % strain), with a small plastic strain on the
MNB specimen. The curves of the Mo2NiB2-based cer-
mets doped with 1.0 wt% ZrO2 exhibit the linear-elastic
region before ∼ 3.05 % strain, with the maximum flexural
strength under the action of an applied force before frac-
ture. However, when the ZrO2 content was increased to
1.5 wt% and 2.0 wt%, the strain of the sample decreases to
2.60 % and 1.83 %, respectively.

Fig. 6 exhibits the variation of the flexural strength and
fracture toughness of the four cermet groups. The scat-
ter plot diagram indicates that the flexural strength and
fracture toughness exhibit an initial increase for the cer-
mets MNB to 1.0 ZrO2-MNB (with the ZrO2 content
increasing from 0 to 1.0 wt%). The flexural strength of
1.0 ZrO2-MNB is determined to be 1397.33 MPa, which
is 297.4 % higher than that of the 10 wt%-Cr-containing
Mo2NiB2 ternary borides 23 and 24.5 % higher than that
of the Mo2NiB2-Ni cermet (Ni-6B-60.5Mo) 28. For the
cermet sintered at 1 200 °C, the flexural strength was just
about 960 ± 180 MPa and the hardness was not good
enough to be evaluated by means of HRA 29.
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Fig. 4: (a) and (b) HRTEM images of the two neighboring Mo2NiB2 and Ni grains; and (c) and (d) high-resolution and diffraction spots for
Mo2NiB2 and Ni grains.

Fig. 5: The flexural engineering stress-strain curves of the
Mo2NiB2-based cermets doped with different ZrO2 amounts.

The fracture toughness of 1.0 ZrO2-MNB is determined
to be 24.08 MPa m1/2, which is 114.6 % and 105.61 %
higher than the Mo2NiB2-Ni cermets, with the atomic
ratio of Ni and B varying as 0.9 and 1.0, respectively 30.
The fracture toughness is comparable to that of Ni-5B-
53.3Mo-xMn mass% cermets that were made by Ken-ichi
Takagi 4. The results given in 31 indicate that the highest
fracture toughness corresponds to the state with Mo/(B +
C) = 1, which is about 17.5 MPa m1/2.

Fig. 6: The effect of the ZrO2 content on the flexural strength and
fracture toughness of the Mo2NiB2-based cermets.

Thus, it is obvious that the Mo2NiB2-based cermets re-
veal synergistic enhancement and toughening owing to the
addition of ZrO2 particles. However, the flexural strength
and fracture toughness of the developed cermets is ob-
served to decrease gradually with increasing ZrO2 con-
tent. As the doping amount of ZrO2 exceeds 2.0 wt%, the
strength and toughness of the Mo2NiB2-based cermets are
noted to be significantly reduced.

Fig. 7 shows the SEM images of the fractured surfaces
of the cermets after bending test. The dominant fracture
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Fig. 7: The SEM images of the fractured surface after bending test. (a) MNB, (b) 1.0 ZrO2-MNB, (c) 1.5 ZrO2-MNB and (d) 2.0 ZrO2-MNB.

mode for the cermets is the transgranular cleavage con-
sisting of the quasi-cleavages, less inter-granular fracture,
more tearing ridges and more dimples, where the fracture
facets do not appear as the defined planes 32, 33.

In Fig. 7(a), there are multiple large coarse-particle phas-
es (Mo2NiB2), and the fracture surface morphology of
MNB cermet shows that the dominant failure mechanism
exhibits transgranular fracture. According to the Hall-
Petch formula, the yield strength will increase with a de-
crease of the crystalline grain size, so flexural strength and
hardness are improved 34. The highest flexural strength
and fracture toughness are obtained with the ZrO2 content
of 1.0. The excellent flexural strength and fracture tough-
ness are attributed to relative fine grains and homogeneous
two-phase microstructure (Ni and Mo2NiB2), as shown in
Fig. 7(b), in which neither coarsening of Mo2NiB2 grains
nor large quantity of a third phase occurs. An increasing
ZrO2 addition promoted grain refinement, which changed
the fracture mode from transgranular fracture to interface
debonding (Fig. 7(c) and (d)), and accordingly decreased
the fracture toughness of the Mo2NiB2-based cermets.

Fig. 8 shows the typical dislocation microstructure of the
1.0 ZrO2-MNB specimen deformed to 1.5 % strain in the
bending test. The TEM observation confirms a high den-
sity of the closely spaced dislocations within the Ni grains,
with a fraction of these present in the tangles and networks
(Fig. 8 (a) and (b)). Mo2NiB2 grains growing in differ-
ent directions interlock with each other to prevent crystal
boundary slip, thereby enhancing the mechanical strength
(Fig. 8 (c) and (d)). Moreover, the fine-grained microstruc-
ture not only strengthened but also toughened the MNB
cermets.

IV. Strengthening Mechanism

The significant improvements in the mechanical proper-
ties of the MNB cermets doped with ZrO2 indicate that
the combination of ZrO2 and MNB synergistically con-
tributes to the strength and toughness. Further, significant
pinning crystal boundaries and slip surfaces are observed
in the TEM images of the Mo2NiB2 phase in the cermet
specimens, as shown in Fig. 8.

Owing to the difficulty in collating the different
strengthening mechanisms in a single constitutive equa-
tion, a simple proportional weight method based on the
intrinsic strength of pure Ni (r0) and Mo2NiB2 (r1) and
second phase (ZrO2) particle (r2) grain boundaries (rNZ,
rMZ and rNM) has been considered for the prediction of
the total strength (ry) as follows:

σy = σ0 + σ1 + σ2 + σNZ + σMZ + σNM (1)
The contribution of the Ni grains, Mo2NiB2 grains

and grain boundaries (rNM) to the strength is constant.
Besides, the ZrO2 particles are mainly located in the
Mo2NiB2 grains, thus, the rNZ value is negligible. Fur-
ther, the impact of r0, r1, rNZ and rNM on the strength
has not been considered.

The contribution of the ZrO2 particle strengthening (r2)
can be quantitatively evaluated by using the Orowan mod-
el. As the ZrO2 particles are distributed in the Ni and
Mo2NiB2 grains, the ZrO2 particle strengthening term can
be determined based on these ZrO2 particles. Owing to a
small content of ZrO2 in the Ni grains, the influence of
the ZrO2 particle strengthening on these grains can be ne-
glected. Thus, an estimated Orowan strengthening can be
evaluated from the ZrO2 particles using the equation:
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Fig. 8: The dislocation configuration of the 1.0 ZrO2-MNB specimen after the bending test. (a) and (b) A high density of dislocations with
tangles distributed in the Ni grains, (c) Mo2NiB2 grains growing in different directions interlocking with each other, and (d) depicts the
responding EDS analyses in Fig. 8(c).

σ2 =
mμb

1.18 × 2π(λ - Φ)
ln(

Φ
2b

) (2)

where m, l and b are the Taylor factor taken as 2.5, elastic
modulus taken as 415 GPa 23 and Burgers vector used as
0.228 m, respectively. Additionally, k is the spacing of the
staggered shear planes, which can be estimated with TEM,
and U is the size of the ZrO2 particles.

The efficient load transfer, rIS, between the Mo2NiB2
grains and the hard ZrO2 grains reinforcement occurs dur-
ing compressive testing. Mostly, when the interfacial con-
tact between Mo2NiB2 and ZrO2 grains is good enough
and it is represented as follows:

σIS = 0.5VfσYM (3)
where Vf represents the volume fraction of ZrO2 grains re-
inforcement and rYM represents the yield stress of ZrO2-
MNB cermet 35.

On the other hand, the differential interfacial wettabil-
ity between the ZrO2 and Mo2NiB2 grains reduces the
strength of the cermets, thus, the rule of minus expression
is employed in order to calculate the effective grain bound-
ary strength as:

σ´IS = K(σ1 + σ2)AC (4)
where Ac is the grain boundary area, which can be roughly
replaced by the ZrO2 particle surface area, and K is a coef-
ficient related to the physical and chemical compatibility.

Therefore, as the slip is carried out during the deforma-
tion process, the dislocation will gradually occur around
the ZrO2 particles. Thus, the ZrO2 particles hinder the
grain boundary slip, thereby making the deformation
of the cermet more difficult as well as enhancing the
strength. However, an increase in the ZrO2 content al-
so makes them more likely to agglomerate, thus, reducing
the grain boundary strength. The higher the ZrO2 content
is, the more obvious is the reduction in the grain boundary
strength. Therefore, the total strength of the Mo2NiB2-
based cermets doped with ZrO2 particles results from the
combination of two factors.

σNM = σIS + σ´IS (5)
After the indentation analysis of the MNB cermets, a

number of cracks are observed at the edge of the indenta-
tion imprint, which have been used to further investigate
the fracture behavior of the cermets. For instance, a typi-
cal crack in the 1.0 ZrO2-MNB cermet in Fig. 9 illustrates
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the crack propagation path and fracture morphology. The
crack deflection (white rectangular dotted line in Fig. 9
(a)), crack bridging (black arrow in Fig. 9 (a)), transgran-
ular cracks (white arrow in Fig. 9 (a)) and pulled out ZrO2
particles are observed, and the agglomerated ZrO2 parti-
cles (white arrow in Fig. 9 (b)) are subsequently formed, as
clearly observed in the case of the 1.0 ZrO2-MNB cermet.
The crack deflection and transgranular cracks consume
more energy than the original path, and the crack bridg-
ing phenomenon inhibits crack growth. These toughen-
ing mechanisms lead to energy dissipation during the crack
propagation, thus, leading to enhanced fracture tough-
ness 36.

Fig. 9: The crack propagation path and fracture morphology in the
case of the 1.0 ZrO2-MNB cermet.

In addition, a part of the crack propagation energy is con-
sumed by ZrO2 as the cermets break (the specific process
is shown in Fig. 9 (b)), which improves the fracture tough-
ness of the MNB cermets doped with ZrO2 particles. As
the cracks grow to the ZrO2 particles, the induced tensile
stress transforms the ZrO2 phase from tetragonal to mon-
ocline at the crack tip 37, 38. Moreover, a certain volume
expansion and shear strain are produced, thus, leading to
the compressive stress and further consuming the tensile
stress of the crack propagation. Thus, the crack tip ener-
gy is absorbed, and the crack propagation stops. The frac-
ture mode of the Z-MNB cermets is observed to be crack
deflection, crack bridging, transgranular cracks and crack
propagation hindered owing to the ZrO2 phase transfor-
mation.

For the Mo2NiB2-based cermets doped with ZrO2 parti-
cles, increasing the ZrO2 content at the crack tip consumes

a large fraction of the plastic deformation work, thus, en-
hancing the fracture toughness 24. However, this approach
leads to a reduction in the strength of the cermets. Assum-
ing that the size and volume fraction of the Mo2NiB2 and
Ni phases to be the same, the designed and experimentally
validated optimal ZrO2 content for the Mo2NiB2 based
cermets is 1.0 wt%, which exhibits the highest fracture
toughness of 24.08 MPa m1/2.

V. Conclusions
In summary, the Mo2NiB2-based cermets with the nom-

inal composition of x ZrO2-Ni-6B-48Mo (in wt%, x =
0, 1.0, 1.5 and 2.0) were successfully prepared by means
of the boronizing sintering process. Subsequently, the
microstructure and mechanical properties as well as the
strengthening and toughening mechanisms of the devel-
oped materials were studied. The main conclusions are
presented as follows:

(1) The microstructure of the sintered cermets exhibits
that the Mo2NiB2 particles are distributed in the contin-
uous Ni matrix. A few spherical or ellipsoidal ZrO2 par-
ticles at the nano- and submicron scales are located at the
grain boundaries and within the Mo2NiB2 grains.

(2) 1.0 ZrO2-MNB cermet is observed to exhibit op-
timal mechanical properties. Its flexural strength and
fracture toughness are determined to be 1 397.33 MPa
and 24.08 MPa.m1/2, respectively. Overall, the flexural
strength and fracture toughness of the ZrO2 ceramics are
noted to increase by 25.94 % and 21.78 %, respectively, as
compared with the MNB cermet.

(3) The strength enhancement results due to the im-
proved dislocation density as well as the grain bound-
ary slip obstruction caused by the interlocked Mo2NiB2
grains. Further, the improved toughness can be attribut-
ed to the crack deflection, crack bridging, transgranular
cracks and ZrO2 phase transformation.
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