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phases. The duration of ball milling was shown to influence the phase compo-
sition of the products of thermal explosion. The time of milling ensuring the
formation of single-phase Ni;B was determined to be 7 min. The ignition tem-
perature of thermal explosion decreased with the milling time: a decrease by
more than 300 °C was observed for the mixture milled for 15 min relative to the
non-milled mixture. The maximum temperature developed during thermal
explosion increased in the mixture milled for 1 min relative to the non-milled
mixture and then decreased with the milling time reaching the level of the non-
milled mixture after 15 min of milling. The observed dependence of the maxi-
mum temperature on the milling time is related to the net effect of mixing
uniformity improvement between the reactants and a partial transformation of
the reaction mixtures into Ni(B) solid solutions and NizB during milling. The
proposed synthesis route of a single-phase NizB powder has advantages of short
processing time and low-energy consumption.
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Introduction

Nickel boride NizB, an interesting material with
electrical resistivity increasing with temperature [1, 2]
and promising for fabricating heating elements [3]
and catalysts [4, 5], can be synthesized by solution
chemistry methods [4, 6] and solid-state processes
[7-10]. The solid-state synthesis routes are based on
mechanical alloying of Ni-B powder mixtures, which
is followed by annealing of the powders, if well-
crystallized boride phases are to be obtained.

The formation of NizB from the elements is an
exothermic reaction; the heat of formation of Ni3B is
100 k] mol™" [11]. Generally, syntheses based on
combustion reactions can be realized via layer-by-
layer combustion (self-propagating high-temperature
synthesis) or volumetric combustion (thermal explo-
sion) [12]. For compounds having moderate or low
values of heat of formation, the thermal explosion
mode of transformation offers a convenient possibil-
ity of synthesizing the compound using a limited
energy input [13]. The chemical transformation of the
reaction mixture into the products in the thermal
explosion mode is normally induced by heating the
powder mixture at a constant rate until the thermal
explosion is initiated and the temperature starts ris-
ing further due to heat evolution as a result of an
exothermic reaction. Thermal explosion under pres-
sure is used for producing bulk materials from the
synthesized compounds [14] while synthesis without
the application of pressure can be used for the pro-
duction of powders of desired phase compositions.

In our recent studies, synthesis in the thermal
explosion mode has been successfully used for the
production of nickel aluminide NizAl [15], titanium
aluminide TizAl [16] and tungsten carbide WC [17]. It
was found that preliminary mechanical milling of the
powder mixtures dramatically changes the outcome
of thermal explosion in terms of the phase composi-
tion of the synthesized product and its formation
conditions. To our best knowledge, the synthesis of
NizB in the thermal explosion mode has not been
reported previously. Therefore, the goal of the pre-
sent work was to evaluate the synthesis route based
on high-energy ball milling of 3Ni-B powder mix-
tures followed by heating-induced thermal explosion
for the preparation of single-phase NizB and deter-
mine the influence of ball milling on the phase
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composition of the synthesized products and
parameters of thermal explosion.

Materials and methods

Reaction mixtures were prepared using an elec-
trolytic nickel powder (PNE1, 99.5% purity) and an
amorphous boron powder (B-99A, 99.3% purity). The
stoichiometry of the mixtures was 3Ni-1.1B. A higher
boron content in the reaction mixture relative to the
Niz;B phase stoichiometry was taken to compensate
for the losses of boron during ball milling caused by
preferential sticking of this component to the walls of
the milling vials and the surface of the milling balls.
Ball milling of the reaction mixtures was conducted
using an AGO-2 mill, which a high-energy planetary
ball mill with water-cooled vials [15, 16]. The volume
of the milling vials was 160 cm®. Steel balls of 8 mm
diameter were used. The mass of the milling balls
was 200 g, and the mass of the reaction mixture was
10 g. The centrifugal acceleration of balls was
400 m s~ In order to prevent oxidation of nickel and
boron powders, milling was conducted in an atmo-
sphere of argon of 99.998% purity. The powders were
loaded into the vials in a glove box. The milling time
was varied from 1 to 15 min.

Synthesis in the thermal explosion mode was con-
ducted using an induction furnace ILT-0.0005/1.0-
22.0 (power 1 kW, frequency 22 kHz), as described in
Ref. [16]. The programmed heating was monitored
using a furnace thermocouple. The applied heating
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Figure 1 XRD patterns of the 3Ni-B mixture milled for 1, 3, 7,
11 and 15 min.
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Table 1 Lattice parameter

and crystallite size of nickel in Milling time, min Lattice parameter of nickel, A Crystallite size of nickel, nm
zfxttfrl;mmed INEB 0 3.5243 + 0.0001 125 + 10

1 3.5244 + 0.0002 40 + 2

3 3.5247 4+ 0.0003 29 +2

5 3.5250 + 0.0004 19+1

7 3.5257 + 0.0006 15+1

11 3.5269 4+ 0.0009 11 +1

15 3.5272 + 0.0013 9+1

Figure 2 SEM images of the 3Ni-B mixture milled for 1 min (a), 3 min (b), 7 min (c), 11 min (d) and 15 min (e).

rate was 35 °C min~". The ball-milled powders were
poured in an alumina crucible, which was placed in a
graphite crucible heated by the inductor. The tem-
perature of the reaction mixture was measured using
a thermocouple. The signal from the thermocouple
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was transferred to the analog—digital converter and
then to the computer, which allowed recording
thermograms of thermal explosion.

The X-ray diffraction (XRD) patterns of the ball-
milled powders and products of thermal explosion



J Mater Sci (2018) 53:13592-13599

3 '.*. -

L Eioe
TR
2 ﬁ 0%
g 1 {3
e AN ke

3 Fiie,

Figure 3 Microstructure of 3Ni-B agglomerates formed after
milling for 1 min (a), 7 min (b), 11 min (c).

were recorded by means of a D8 ADVANCE powder
diffractometer (Bruker AXS, Germany) equipped
with a one-dimensional Lynx-Eye detector using Cu
Ko radiation. XRD patterns were collected in the
interval 10° <20 < 100° with a step size of
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Figure 4 Thermograms of the 3Ni—B mixtures milled for 1, 7 and
11 min.
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Figure 5 Dependences of the ignition temperature (Tjz,) and the
maximal temperature during thermal explosion (Ty.) on the
milling time of the 3Ni-B mixture. Each value on the curves is an
average of three measurements. The experimental error for each
temperature value shown in the graph is + 15 °C.

A20 = 0.0195° and a counting time of 35.4 s per step.
The XRD phase analysis was performed using ICDD
PDF-4 + database (2011). Refinement of the lattice
parameters from the XRD patterns and calculation of
the crystallite sizes were carried out using TOPAS 4.2
software (Bruker AXS, Germany). The instrumental
contribution to the peak width was calculated by the
method of fundamental parameters [18, 19]. The
morphology of the ball-milled powders and products
of thermal explosion as well as microstructure of the
powder agglomerates of the ball-milled mixture was
studied by scanning electron microscopy (SEM) using
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Figure 6 XRD patterns of the products of thermal explosion of
the 3Ni-B mixture milled for 1, 3, 7, 11 and 15 min.

a Hitachi TM-1000 Tabletop scanning electron
microscope (Japan). The microstructure of the pow-
der agglomerates of the ball-milled mixture was
observed on cross sections of the particles prepared
by mounting and polishing.

Results

Figure 1 shows the XRD patterns of the 3Ni-B mix-
ture milled for different times. XRD lines corre-
sponding to reflections of crystalline nickel become
broader with the milling time. After 15 min of mil-
ling, weak reflections of the NizB phase can be
detected on the XRD pattern of the powder mixture.
The evolution of the crystallite size of nickel with the
milling time can be traced from data presented in
Table 1. During high-energy ball milling, the size of
nickel crystallites decreases very rapidly and reaches
9 nm after 15 min of milling. The formation of com-
posite agglomerates during ball milling is accompa-
nied by dissolution of boron in nickel, which explains
a gradually increasing lattice parameter of nickel
with the milling time (Table 1). The same trend in the
change of the lattice parameter of nickel with the
milling time of Ni-B mixtures was observed in refs.
[9, 10] and attributed to the formation of
metastable interstitial solid solutions of boron in
nickel.
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The calculated adiabatic temperature of the for-
mation of NizB is 977 °C, which is lower than the
temperature of the eutectic between Ni and Ni;B
(1093 °C) [20]. Due to a low adiabatic temperature,
3Ni-B mixtures can be regarded as mixtures of low
calorific value [12]. Therefore, layer-by-layer com-
bustion cannot be realized in the mixtures of this
composition. However, the boride phase can be
obtained by initiating combustion in the thermal
explosion mode.

The initial nickel powder consists of particles of
dendritic shape. After 1 min of ball milling, the
dendritic morphology of the particles is no longer
observed, as nickel starts forming agglomerates with
particles of boron (Fig. 2a). The size and morphology
of the agglomerates evolve with the milling time: the
size distribution of the agglomerates becomes nar-
rower, while the agglomerates become denser
(Fig. 2b—e). The microstructure of the powder
agglomerates obtained in mixtures milled for differ-
ent durations is shown in Fig. 3a—c. After 1 min of
milling, boron-rich and boron-depleted areas can be
seen in the cross section of the agglomerates (Fig. 3a).
After 7 min of milling, the distribution of boron
particles in the nickel matrix becomes quite uniform
(Fig. 3b). A further increase in the milling time does
not change the character of distribution of boron
(Fig. 30).

Upon heating of the non-milled mixtures, notice-
able heat evolution starts at a temperature of
580 + 15 °C. Once the combustion has been initiated,
the temperature of the reaction mixture increases
reaching a temperature of 820 £ 15 °C (the maxi-
mum temperature of thermal explosion). The ther-
mograms of the 3Ni-B mixture milled for different
milling times are exemplified in Fig. 4. The depen-
dences of the ignition temperature and the maximum
temperature developing during thermal explosion on
the milling time of the 3Ni-B mixture are presented
in Fig. 5. The ignition temperatures of the powder
mixtures decrease by more than 300 °C after 15 min
of ball milling.

The phase composition of the products of thermal
explosion is influenced by the preliminary ball mil-
ling. Figure 6 shows XRD patterns of the products of
thermal explosion of the mixture milled for different
milling times. In the product obtained from a mixture
milled for 1 and 3 min, NizB is not the only phase: the
presence of Ni,B and Ni indicates an incomplete
reaction. After 7 min of milling, thermal explosion
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Figure 7 SEM images of the product of thermal explosion of the 3Ni—B mixture milled for 1 min (a), 3 min (b), 7 min (c), 11 min

(d) and 15 min (e).

results in the formation of single-phase Ni;B. In the
SEM images of the products of thermal explosion, no
evidence of extensive melting has been found
(Fig. 7a—e).

Discussion

As can be seen from results of the XRD and SEM
analyses, high-energy ball milling of 3Ni-B powder
mixtures induces significant changes in the structure
of the material, which is reflected in its behavior
during thermal explosion. For chemical reactions in
the thermal explosion mode, the key parameters are

the ignition temperature, the maximum temperature
developed due to the occurrence of an exothermic
reaction, and the phase composition of the products.
It can be assumed that the structural characteristics of
the reaction mixture will influence these parameters
making it possible to control the phase composition
of the products by applying ball milling to the reac-
tion mixture.

An increase in the maximum temperature reached
during thermal explosion of the mixture milled for
1 min appears to be due to better mixing between the
reactants compared with the non-milled mixture. As
the milling time increases, crystallites of the boride
phases start forming, although reflections of these
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phases are not yet seen in the corresponding XRD
patterns. Due to a partial transformation of the
reaction mixture into the boride phases, a lower
amount of heat evolves during the thermal explosion
stage. At the same time, solid solutions of boron in
nickel are metastable phases and their formation is
associated with an increase in the free energy of the
system. So, the observed dependence of the maxi-
mum temperature on the milling time is a net effect
of mixing uniformity improvement and a partial
transformation of the reaction mixture into boride
products and solid solutions during milling prior to
heat treatment.

Ignition of thermal explosion in the ball-milled
3Ni-B mixtures requires lower temperatures than
that needed for the ignition of the non-milled mix-
ture. It was found that the ignition temperature
decreases monotonically with the milling time.
Lower ignition temperatures can be explained by the
crystallite size refinement of nickel and accumulation
of defects in its lattice making the metal more reac-
tive. Furthermore, an increased interface area
between the reactants in the ball-milled mixture
makes it easier to initiate the combustion reaction. As
the temperature of the Ni-NizB eutectic is 1093 °C
and the NizB, Ni,B and NisB; compounds melt con-
gruently at 1156, 1125 and 1031 °C [20], the synthesis
in the thermal explosion mode, during which the
maximum temperatures are well below 1000 °C, can
be considered a predominantly solid-state process.

Conclusions

This study allowed us to draw the following
conclusions:

1. 3Ni-B powder mixtures can react in a thermal
explosion mode producing boride phases; in
order to obtain single-phase NizB from 3Ni-B
powders, mechanical milling of the reaction
mixture is needed to ensure phase uniformity of
the product.

2. During ball milling, along with dissolution of
boron in the crystalline lattice of nickel and
crystallite size refinement of nickel, small
amounts of the NizB phase formed.

3. Structural transformations during ball milling of
the Ni-B mixtures cause a decrease in the ignition
temperature of thermal explosion.
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4. The synthesis route evaluated in the present work

for the preparation of single-phase NizB has
advantages of short processing time and low-
energy consumption; the synthesized NizB pow-
ders are suitable for further processing by sinter-
ing, hot pressing and thermal spraying.
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