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Abstract: Mo-Ni-B-Al as-cast alloys containing 35.5-58.7
wt% Mo, 23.0-57.6 wt% Ni, 3.3-5.2 wt% B, and 2.2-
13.5 wt% Al were synthesized by Self-Propagating High-
Temperature Synthesis (SHS) using a mixture of MoOs,
NiO, B,03 and Al powders in order to obtain low-cost
Mo, NiB, containing hard materials. The first series of ex-
periments were performed using 1.05 times the stoichio-
metric amount of Al. In the second series of experiments,
FactSage thermochemical modeling software was used
to minimize Al increasing the Mo, NiB, formation in the
as-cast alloys. The products were characterized by using
atomic absorption spectrometry (AAS), X-ray diffraction
(XRD), scanning electron microscopy (SEM) and micro-
hardness techniques.
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1 Introduction

Hard alloys are used in a broad range of applications due to
their excellent properties such as high hardness and wear
resistance as well as high toughness. The hard alloys based
on wolfram carbide are the most widely used in various in-
dustrial areas [1]. However, due to the rare and uneven dis-
tribution of tungsten resources, some recent studies have
focused on finding alternative hard materials with less or
no tungsten in composition [2].
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Transition metal borides are known for their unique
physical, chemical and mechanical properties such as
good refractoriness, chemical inertness, high hardness,
and metallic conductivity. Among the ternary boride com-
pounds reported in Mo-Ni-B system, Mo,NiB, is the
promising candidate for the reinforcement phase of the
boride base cermets in wear resistant applications [3, 4].
Mo, NiB, possesses orthorhombic crystal structure, with a
Vickers hardness of 1500-2000 HV. It was found that the ad-
dition of 10-15 wt% Cr into the ternary compound imparts
high elastic modulus that is comparable to that of tung-
sten carbides [2]. Because of the above-mentioned prop-
erties and excellent corrosion resistance, the hard alloys
containing Mo, NiB, have already been applied for plastic
injection molding machine parts, cutters for heat sealers,
drills for sand molds, etc. [4, 5].

There are some reported studies on the Mo, NiB, con-
taining hard alloys in the literature. For example, Takagi
et al. synthesized the hard alloys consisting of Mo, NiB,
complex boride as a reinforcement phase and metallic Ni
as a binder using reaction boronizing sintering method [6—
9]. In their study, these hard materials were formed by in-
situ liquid phase reactions starting from pure elements
or high purity alloy powders. They claimed that the ini-
tial Mo/B ratio has an influence on the formation of com-
plex borides [5]. Moreover, they found that the addition
of different alloying elements to these ternary hard alloys
changes the boride structure that causes remarkable im-
provements in mechanical properties [9]. In their another
study, they proved that Mo, NiB, +Ni two-phase hard alloys
causes significant improvements such as high transverse
rupture strength (1.7 GPa), high fracture toughness and
also superior corrosion resistance in contact with molten
fluorocarbon resin [10]. However, this production method
has some drawbacks such as high energy consumption, ex-
pensive raw materials, and difficulties in large-scale pro-
ductions. Therefore, choosing an inexpensive production
method for these hard materials to increase their abun-
dance and their usage in wider range of applications has
great importance.

c) This work is licensed under the Creative Commons
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Table 1: The amounts of the initial raw materials amount used in the experiments

Series of Exp Exp No MoO; NiO B,03 Al Times the stoich. Al amount
Weight, g
1 Sample A 58.7 22.8 18.5 41.8 1.05
Sample B 57.3 28.9 13.8 39.1 1.05
Sample C 54.6 32.2 13.2 38.4 1.05
2 Sample D 46.9 28.1 25.0 35.0 0.80
Sample E 41.0 34.4 24.6 34.2 0.80
Sample F 28.6 42.9 28.6 30.3 0.70

The self-propagating high temperature synthesis
method (SHS) is a self-sustained combustion process that
is used in the production of many different advanced ma-
terials. SHS methods provide various advantages such
as short process time and low energy consumption that
make them suitable for the production of different ma-
terials including boride based ceramics [11], intermetal-
lic compounds [12], binary or ternary alloys [13], heat
resistant refractory materials [14] etc. The thermite-type
SHS processes, which have highly exothermic reduction-
oxidation reactions, were used in many industrial applica-
tions [16—-18]. Recently, the SHS method was used for the
production of the as-cast Mo, NiB,-Ni metal matrix com-
posites by using a centrifugal machine. Sanin et al. used
metallic oxides and elemental boron as the raw materials
for the aluminothermic-SHS reaction under the acceler-
ation values (a) ranging from 1 to 100 g (g: gravity) [19].
They concluded that the yield of the alloy products in-
creases to nearly 100% by increasing a/g. Nevertheless,
the product capacity, time and energy consumptions are
the limitations in the use of centrifugal machines for the
SHS processes.

Therefore, the present work aimed the production of
hard alloys containing complex borides by using simple
and low cost SHS method under earth-gravity (1g) and am-
bient conditions. The mixtures of MoOs, NiO, B,03 and Al
powders with different ratios were used as the raw mate-
rials. Also utilizing FactSage simulations [20], the thermo-
dynamical mechanisms of simultaneous formations of the
nickel-based solid solutions and boride compounds in Mo-
Ni-B-Al systems were investigated.

2 Experimental Studies

In the SHS experiments, MoOs (Alfa Aesar, 99.5% pure,
particle size <60 pm), NiO (99% pure, particle size<40 pum),
B, 03 (98% pure, particle size<20 pm), Al (99.7% pure, par-

ticle size <60 pm) powders were used as starting materi-
als. B,0O3; was obtained by the calcination of pure boric
acid (Eti Holding Inc. 99.5% pure) in a nickel crucible at
800°C for 2h. The powders with different ratios were pre-
pared and then were dried in an oven at 105°C for 30 min-
utes. After thoroughly mixing of powders in the turbula
mixer, about 140 g of the mixture was placed into a cop-
per crucible with a height of 140 mm and an internal di-
ameter of 50 mm and a wall thickness of 5 mm. Due to the
release of high amounts of gases during the aluminother-
mic process, the experiments were performed in open cru-
cibles under air. A tungsten filament on top of the powder
mixture which is connected to a power supply initiated the
exothermic reaction. After the SHS process, the alloy part
was separated from slag and then was metallographically
prepared for further analysis. The compositions of the ini-
tial reaction mixtures used in the experiments were pre-
sented in Table 1. The first series of experiments were per-
formed using 1.05 times the stoichiometric amount of Al
to achieve full reduction of the different initial oxide mix-
ture. In the second series experiments, the compositions in
the initial mixtures were determined by FactSage thermo-
chemical modeling software [20] to minimize Al content,
increasing the Mo, NiB, formation in the as-cast alloys.

The crystal structure and the phases of the final
products were determined by X-ray diffraction measure-
ments (XRD, PANalytical PW3040/60 with a Cu-Ka radia-
tion). The microstructure, morphology and the composi-
tion of phases were characterized by scanning electron mi-
croscopy equipped with an energy dispersive spectroscopy
(SEM/EDS, Jeol JSM-840) and Image]® image analysis soft-
ware. The elements were analyzed by atomic absorption
spectrometer (AAS, Perkin-Elmer 1100B). The Vickers hard-
ness test (Shimadzu Corporation HMV) with 5N indenta-
tion load was also carried out on the specimens.
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Table 2: The stoichiometrically calculated and actual elemental compositions of the as-cast alloys from the first series of experiments

Exp No wt%
Stoich. Calculated Compositions Actual Compositions

Mo Ni B Mo Ni B Al
A 62.1 28.8 9.11 58.7 23.01 5.22 12.48
B 58.5 34.9 6.6 55 25.55 4.06 13.5
C 54.9 38.9 6.2 52.9 32.04 3.93 8.36

Table 3: The EDS measured elemental compositions for crystalline phases shown in Figures 1(a), (b), and (c)
wt%

No Mo Ni B Al Phase

Figure 1(a) 1 1.30 67.91 30.79 B-NiAl

2 88.57 1.38 10.05 MoB

3 83.31 - 16.69 MoB,

4 78.55 1.61 19.84 MoB,

5 79.04 1.73 19.23 MoB,

Figure 1(b) 1 - 68.95 - 31.05 B-NiAl
2 53.95 20.45 19.39 6.21 Mo, NiB;

3 2.53 68.41 - 29.06 B-NiAl

4 84.72 2.41 12.87 MoB,

5 81.64 3.67 14.69 MoB,

Figure 1(c) 1 4.29 74.34 - 21.37 B-NiAl
2 70.10 16.14 13.76 Mo, NiB,

3 84.98 3.55 11.47 MoB

3 Results and Discussion

The stoichiometrically calculated compositions and the
chemical analysis results of the as-cast alloys from the first

series of experiments obtained by AAS are shown in Ta-

ble 2. The obtained results revealed that the actual alloy
compositions are different from the calculated ones due to
the high amount of Al in the alloys and above-mentioned
SHS nature. The aluminum content in the samples varied

from 8.36 to 13.05 wt%, whereas boron content changed be-

tween 3.93 and 5.22 wt%. The Mo/Ni weight percent ratios
in the obtained samples were detected to be between 2.55
and 1.65.

The backscattered electron (SEM/BSE) images of the
as-cast alloys obtained by 1.05 times the stoichiometric
amount of Al are shown in Figure 1(a-c). The elemental
distributions of the phases in as-cast alloys revealed by
Energy Dispersive Spectroscopy (EDS) scans are listed in

Table 3. The results show that all samples are intermetal-

lic matrix composites (IMCs). The common matrix in the

samples was detected as beta (NiAl) nickel aluminide in-
termetallic phase which is a consequence of high Al con-

tent in the initial reactant mixture. Among the alloys stud-
ied in this work, sample A has the highest Mo content (58.7
wt%). Figure 1a and EDS scans prove that the molybdenum
diboride (MoB,) and molybdenum mono boride (MoB) are
the two reinforcement phases in sample A. As seen in Fig-
ure 1b and 1c, when the nickel contents in the alloys in-
creases, besides the matrix phase, Ni also tends to react
with Mo and B to form a Mo,NiB, ternary phase (light
gray). Figure 1c also confirms that the Mo, NiB, content in-
creases with decreasing Al concentration in the alloy. The
area fractions of distributed particles and overall matrix
were measured by image analysis method from the SEM im-
ages using x500 magnification. The reinforcement/matrix
ratio for alloys A, B and C were found to be 0.92, 0.69 and
1.04, respectively, in rather good agreement with the mea-
sured alloy composition. In fact alloy B, which has low Mo
content and high residual aluminum, show the lowest re-
inforcement/matrix ratio.

Before the second series of the experiments, some
additional thermochemical calculations were employed
to describe the phase transformations occurring during
the SHS process and the solidification. The modeling was
performed by using the advanced “Equilib” module of
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Figure 1: SEM/BSE images of the as-cast alloys from the first series of experiments (x500) a) Sample A, b) Sample B, and c) Sample C.
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Figure 2: Selected phases and T, values of an SHS process versus
Al by FactSage Calculation (40 g MoO3+40 g NiO + 20 g B, O3+ <5-
40> g Al)

FactSage 7.1 software. During the calculations, SGTE 2014
database was selected to detect metallic liquid and solid
solutions in the product. FACT Solutions database was

chosen for the molten slag phase. A stoichiometric com-
pound Mo, NiB, was added to the calculations from a pri-
vate database, whereas all gas and other stoichiometric
solid phases were selected from the FACT Pure Substances
database. It is obvious that as the ratio of the initial compo-
nents changes, the product composition will be different.
However, the following calculation trials were done for a
better understanding of the reaction mechanisms which
predict the important steps involved in the whole process.

In the first trial, 40 g of MoOs, 40 g of NiO and 20 g
of B, 05 were equilibrated with 0-40 g of Al. The reaction
of the process was assumed as adiabatic (AH=0) and the
initial reaction temperature was selected as 25°C. In or-
der to avoid the complexity of the drawing, only the calcu-
lated phases in the liquid alloy, total gas and slag products,
and adiabatic temperature (T,4) values are shown versus
Al addition in Figure 2. The chemical species formed dur-
ing the process and their amounts change largely through
the reduction of oxides with different amount of Al. T,
of the process increases with increasing Al addition due
to the exothermic nature of the SHS reactions. At low Al
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Table 4: FactSage calculated compositions and T, values, and actual elemental compositions of the as-cast alloys from the second series

of experiments.

No wt%
FactSage Calculated Compositions Actual Compositions
Mo Ni B Al Mo Ni B Al T.a(°0)
D 55.15 38.22 5.57 1.05 50.2 42.6 3.28 3.02 2512
E 47.24 46.04 5.42 1.30 43.08 49.27 3.3 2.3 2381
F 34.0 59.71 5.51 0.78 35.51 57.59 4.1 2.2 2233

60 Al) dissolved in the alloy product with a high T,; value

55 1 Mol 1 (-2620°0).

%04 a-Ni (FCC1#1) 3 The second trial of the calculation was done for pre-
< :2 Liquid (LIQUAT dicting the solidification of an SHS produced alloy melt to
‘i 35 ] Mo, 3 estimate the possible microstructures. For this aim, the al-
2 3013 3 loy composition consisting of 50 wt% Ni, 44 wt% Mo, 4
u;; 25 3 Mo,B (M2B_) E wt% B, and 2 wt% Al by mass was selected for the equi-
8 201 Ni Al (FCC,#1) 3 librium solidification model starting from 1600°C down to

15 4 3 100°C. Figure 3 shows that Mo, NiB; is the first solid prod-

104 3 uct in the liquid alloy. The solid solution a-Ni and Mo, NiB,

z i . . . . | . | 3 phases coexist below solidus temperature (1360°C). The
200 400 600 800 1000 1200 1400 1eco  Calculationsuggests that the nucleation of Mo, B and Ni3Al

Temperature, °C

Figure 3: FactSage calculation of a selected SHS alloy for equilib-
rium solidification (50% Ni, 44% Mo, 4% B, and 2 wt% Al, by mass)

additions and T, values, B, 05 first reacts with Al 03 and
forms a slag phase. As seen in the figure, having more than
a certain level of boron (>~3 wt%) in the alloy requires a
high amount of Al, which results in a higher T,; value (>
2400°C) with a dissolution of Al in the as-cast alloy. Since
NiO reduction to metallic nickel generates a high amount
of heat, dominant species in the initial gaseous phase (be-
tween 8-20 g Al) are mainly composed of Mo,0g, M030g
and Mo, 01, due to the evaporation of some MoOs. After a
certain amount of Al (>20 g Al), the simultaneous reduc-
tions of NiO and MoOs3 stimulate the release of gaseous
boron oxide products such as (BO),, B,03, and AIBO,. The
equilibrium conditions were assumed in a closed system
at 1 atm in the simulation. So, it is possible to reduce al-
most all gaseous molybdenum species and some boron ox-
ide particles in the closed system to the alloy phase. In the
experiments, however, the cover of the copper reactor ves-
sel was not sealed enough to prevent gas leakage (i.e. the
molybdenum and boron oxide species) which resulted in
a certain decrease in the alloy recovery.

It was also revealed that even when the stoichiometric
amount of Al (~40 g) was used to attempt to reduce all ox-
ides in the mixture, a considerable amount of Al (5.4 wt%

phases begin at 680°C and 601°C, respectively. The nickel
and molybdenum to form Ni3 Al and Mo, B phases are sup-
plied from a-Ni and Mo, NiB, phases. The subsequent cal-
culations revealed the possibility of MoB and Ni3B phases
depending on Mo/Ni ratio in the alloy. It is noted that Al
concentration in the alloy is also an important parame-
ter for the phase formations. For example, the excess alu-
minum in the initial SHS mixture may lead to some other
possible intermetallics in the alloy such as NisAls, NiAl,
and N12A13 .

On the basis of above FactSage results, in order to de-
crease the aluminum concentration in the alloy, the alu-
minum in the initial mixture has to be less than stoichio-
metric amount required for the full reduction from the ox-
ides. Thus, in the second series of experiments, a relatively
higher amount of B, 03 was used to depress the T,,; value
releasing higher amounts of boron containing gases. The
compositions of the initial mixtures determined by using
FactSage program to obtain the as-cast alloys with high
Mo, NiB, and with low Al concentrations are shown in Ta-
ble 1. The FactSage calculated compositions and T,4 val-
ues and chemical analysis results of the product samples
from the second series of experiments obtained by AAS
are shown in Table 4. The actual alloy compositions were
found similar to the calculated ones. T,; values were rela-
tively low and varied between 2233 and 2512°C. The Mo/Ni
weight percent ratios in the samples were found to be be-
tween 1.18 and 0.62. The aluminum contents in the sam-
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Table 5: The EDS measured elemental compositions for crystalline phases shown in Figures 5(b), 6(b) and 7(b).
wt%
No Mo Ni B Al Phase
Figure 5(b) 1 89.48 2.06 8.47 MoB
p 75.46 17.96 6.58 Mo, NiB,;
3 84.34 7.18 8.47 T'Niz()‘;Alz.sBe,
4 85.74 14.26 Y’'-NizAl
5 74.06 25.94 NiAl
Figure 6(b) 1 85.29 14.71 MoB,
2 70.59 22.41 7.00 Mo, NiB,
3 90.97 5.27 3.77 T-Niyo 5Aly 5Bg
4 87.1 12.9 Y’-NizAl
Figure 7(b) 1 75.95 18.92 5.13 Mo, NiB,
2 71.11 24.65 4.24 Mo, NiB;
3 87.1 12.9 Y'-NisAl
4 92.42 3.83 3.75 T'Niz()‘;Alz.sBe,

Relative Intensity

20 30 40 50 60 70 80
2Theta

Figure 4: XRD analysis of products with compositions of a) Sample
D, b) Sample E, c) Sample F (cMo;NiB;, O 7-Nizg 5Al2.5B¢, ¢ Y'-
NisAl, B 3-NiAl, A Orthorhombic a-MoB, A Tetragonal f-MoB, [J
Hexagonal MoB;)

ples varied from 2.2 to 3.02 wt%, whereas boron contents
changed between 3.3 and 4.1 wt%.

The XRD analyses of the as-cast products obtained
from the second series of experiments by using the initial

mixture of MoOs: NiO: B,0s3: Al are presented in Figure 4.
Unlike the previously produced as-cast alloys, the ma-
trix is mainly composed of 7-nickel aluminum boride (7-
Nio.5Al, 5B¢) and Y’-nickel aluminide (Y’-Ni3Al) phases.
T-borides with a M;3C¢-type cubic structure in ternary Ni-

Al-B system have a rather broad range of homogeneity
and are formed due to partial replacement of Al atoms by
boron [21]. In Figure 4a, the order of the peak intensity

of the phases from highest to lowest was found to be 7-

Nio.sAly sBg, Y'-Ni3Al a and B-MoB, MoB,, B-NiAl, and

Mo, NiB,. Figure 4(b) shows that when the Mo/Ni weight
percent ratio decreased from 1.18 to 0.87, Mo, NiB, appears
to be the main phase in the as-cast alloy. The second rein-
forcement phase detected in the alloy was a-MoB. With the
further increase in Ni content from 49.27 to 57.59 wt%, MoB
phase disappears and 7-Ni,g 5Al, 5B¢ becomes the domi-
nant phase in the as-cast alloy having a high Mo, NiB, con-
tent (Figure 4c).

Selected SEM/BSE images of the three as-cast alloys
from the second series of experiments are shown in Fig-
ures 5 to 7. Also, the elemental distributions of the phases
in as-cast alloys revealed by EDS scans are listed in Table 5.
Figure 5a shows the elongated particles (light gray) which
are distributed throughout the matrix region (dark gray).
The higher magnification SEM image in Figure 5b and the
corresponding EDS analysis presented in Table 5a reveals
the following phases: a) MoB (1, Whitish gray) formed in
the middle of the grains b) elongated Mo, NiB, particles
near the boundaries (2, light gray), and the matrix c) con-
sisting of Ni,gAl3Bg (3, dark gray) with mixture of NizAl
and NiAl (4, black dot) phases.

Figure 6a shows the plate-like particles (light gray)
which are almost uniformly distributed throughout the re-
gion. The higher magnification SEM image shown in Fig-
ure 6b reveals the existence of a) plate-like Mo, NiB, (1,
light gray) particles , b) a-MoB (2, whitish gray) formed in
the coarse Mo, NiB, grains, and c) T7-Niyg 5Al, 5B (3, gray)
and Nis Al (4, dark gray) phases as the matrix.

Figure 7a shows that the plate-like particles (gray)
are much longer and randomly distributed throughout the
region. The higher magnification SEM image shown in
Figure 7b reveals the existence of a) plate-like Mo, NiB,
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Figure 7: SEM/BSE images of the as-cast alloy sample F with the magnifications of a) x500 and, b) x2000
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Figure 8: Variation of hardness values in products with different
compositions

phases (1 and 2) with different Mo/Ni ratios, and b) Ni3Al
(3, dark gray) and 7-Ni»q 5Al, 5sBg (4, gray) phases as the
matrix. The reinforcement/matrix ratios obtained from the
SEM images of alloys D, E and F, were calculated to be 1.22,
1.27 and 0.72 respectively. It becomes more evident in al-
loy F that, as Ni forms the main matrix phases such as
NiAl, NizAl and Ni,q 5Al, 5Bg, the reinforcement content
decreased with a certain amount of Ni in the final product.

Vickers hardness measurements were performed on
the Mo-Ni-B-Al hard alloys with 10 tests each and the av-
erage values are presented in Figure 8. As expected, due to
the different binary or ternary matrix and reinforcements
phases, as well as different reinforcement/matrix ratios,
the alloys showed large deviations in the hardness values
ranging from 843+71.64 HV to 1196+71.19 HV. For example,
the alloys A and B showed relatively lower hardness val-
ues, since high amount of Al resulted in NiAl formation in
the matrix.

The hardness value of alloy C (943 HV+28.78) slightly
increased due to the relatively lower Al concentration in
the matrix and higher ternary boride formation in the re-
inforcement phase. Sample D which has the highest hard-
ness value (1196 HV+71.19), contains four reinforcement
phases (@ and B-MoB, MoB, and Mo, NiB;) and three ma-
trix phases (7-Niyg 5Al, 5Bg, NiAl, and Y’'-Ni3Al). As ex-
pected in alloy F, after a certain value of Ni, the hardness
value decreased due to increasing matrix/reinforcement
ratio in the as-cast alloys. It can be concluded that the re-
inforcing boride phases improved the hardness values of
the composites with NixAl (x=1,3) phase matrix, as also re-
ported in the literature [22].

DE GRUYTER

4 Conclusion

On the basis of the presented modeling and experimental
results of the SHS process of MoO3, NiO and B,05; with
Al to produce Mo, NiB; containing hard materials, the fol-
lowing conclusions can be made: the B,O3 amount was
used higher than its stoichiometric ratio which resulted in
lower adiabatic temperature and lower Al residues in the
products. Also, as the Mo/Ni weight ratio and Al content
decreased, the formation feasibility of Mo,NiB, ternary
boride increased. Therefore, the following phases were de-
tected in the as-cast alloys respectively: tetragonal MoB
and Mo, NiB, as reinforcement phases and Y’-NizAl and 7-
Niyo.5Al, 5B as matrix phases. The average hardness val-
ues in the as-cast alloys varied between 843+71.64 HV and
1196+71.19 HV due to the compositional variations and dif-
ferences in the reinforcement/matrix ratio. Further study
(i.e. different compositions, fracture toughness, wear resis-
tance tests, etc) is needed to properly assess the full poten-
tial of SHS produced Mo-Ni-B-Al as-cast alloys for special
applications.
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