
Thermokinetic study on the phase evolution of mechanically
alloyed Ni–B powders

Masoud Nazarian-Samani • Ali Reza Kamali •

Mahboobeh Nazarian-Samani • Roohallah Mobarra •

Saber Naserifar

Received: 24 November 2010 / Accepted: 14 April 2011 / Published online: 1 May 2011
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Abstract A combination of differential thermal analysis

and detailed X-ray diffraction (XRD) analyses were used for

the thermokinetic study of phase evolution during heating–

cooling of the mechanically alloyed (MA-ed) Ni–15 wt% B.

According to the results obtained, different phase transition

sequences led to the formation of nanocrystalline Ni–B alloys

comprising of Ni2B ? o-Ni4B3 and Ni2B ? m-Ni4B3 ? B.

Using the XRD studies, it was found that the Ni2B is the most

stable intermetallic compound in the Ni–B binary phase dia-

gram, and its nanocrystalline nature retained unchanged even

after annealing up to temperatures near the melting point. In

addition, average enthalpy as well as activation energy of

occurred reactions was calculated; the latter was estimated using

two well-known Kissinger and Augis & Bennett methods.

Keywords Ni–B intermetallics � Nanostructured

materials � Heat treatment � Thermal analysis �
Mechanical alloying

Introduction

Ni–B binary phase diagram (Fig. 1) [1] shows several

intermetallics of NiB, m-Ni4B3, o-Ni4B3, Ni2B, and Ni3B,

respectively. These intermetallics have found interesting

applications such as electroless coatings, thin/thick films,

brazing filler metals, and master alloys due to their unique

properties including low melting point compared to ele-

mental constituents, excellent resistance against corrosion

and wear, high electrical conductivity, and appropriate

catalytic characteristics [2–8]. Moreover, they can be

replaced for such noble metals as Ru, Ag, and Pd in certain

electronic applications thanks to their desirable properties

and lower price [3, 6]. Also, nickel borides have success-

fully been used as catalysts for hydrogen generation [9].

It was earlier reported that Ni–B intermetallics such as

Ni3B, Ni2B, and o-Ni4B3 can be produced by an appro-

priate combination of MA and heat treatment [2], and it

was observed that MA of Ni–15 wt% B powders for 10 h

led to the formation of an interstitial solid solution, Ni(B),

while heating of that gave rise to the following phase

evolution:

Ni(B) �!350 �C
Ni(B)þ Ni3B �!700 �C

Ni3Bþ Ni2B ð1Þ

This article deals with the study of phase evolutions of

10 h MA-ed Ni–15 wt% B powders at higher temperatures.

Experimental procedure

A powder mixture of Ni (99.9 wt% purity, 10 lm) and B

(99.9 wt% purity, 3 lm) corresponding to the composition

Ni–15wt% B was MA-ed in a WC vial using WC milling

balls at a powder: ball mass ratio of 1:10. The vial was filled

with high purity argon and sealed with a flexible O-ring to

minimize oxidation during milling. The experiments were
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carried out in a hexane medium using a Fritsch P6 planetary

ball mill at a constant speed of 300 rpm for 10 h. Thereafter,

the powders were held in intermediate temperatures for

removing the hexane from the compound. Details of the MA

process have been published elsewhere [2]. The MA-ed

powders were annealed in a tube furnace under a high purity

argon atmosphere at 1030 and 1050 �C for 1 h and at a

heating rate of 10 �C min-1 to be subsequently cooled rap-

idly. In addition, a small amount of the MA-ed powder was

melted at 1200 �C followed by quenching in order to

determine the phases produced after melting.

The annealed specimens were analyzed in a Seifert

3003TT X-ray diffractometer with Cu Ka radiation at a

slow scan rate of 0.005� s-1. The crystallite size of Ni2B

intermetallic compound, as a major phase at high temper-

atures, was estimated from the X-ray peak broadening by

means of the well-known Williamson-Hall method [10–

12]. In this method, the modified Scherrer’s equation can

be written as follow [13, 14]:

B cos h ¼ 0:9k
d
þ e sin h ð2Þ

B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B2
M � B2

I

q

ð3Þ

where, B is the modified peak full width at half the maxi-

mum (FWHM) of X-ray diffraction (XRD) patterns, h is the

Bragg angle, k is the wavelength of the X-ray used, d is the

crystallite size, e is the lattice strain, BM and BI refer to

milled and annealed powders, respectively. Thus, when

Bcos h was plotted against sin h, a straight line was

obtained with the slope as e and the intercept as 0.9 k/d.

From these, crystallite size, d, and lattice strain, e, were

calculated [13]. It is worth noting that FWHM was obtained

by Lorentzian curve fitting of X-ray peaks. The uncertainties

in the particle sizes were estimated from the errors in the

Lorentzian function, and it was found to be ±1 nm.

The structural change and phase transformation pro-

cesses of the MA-ed powder upon heating was also inves-

tigated using a NETZSCH STA 409 PC/PG differential

thermal analyzer under an Ar flow. About 80–100 mg of the

10 h-milled powder was subjected to differential thermal

analysis (DTA) at different selected heating rates (5, 10, 15,

20, and 50 �C min-1). The temperature covered in the DTA

ranged from room temperature to 1200 �C. Temperature

calibration was accomplished using the melting points of

pure silver and gold standards.

The effective activation energy of different transitions

(Ec) was determined using the Kissinger [15] and the Augis

& Bennett (A&B) methods [16]:

ln
b
T2

p

¼ � Ec

RTp
þ constant ð4Þ

ln
b

Tp � To
¼ � Ec

RTp
þ constant ð5Þ

where b is heating rate, R is gas constant, and To and Tp are

initial and specific temperatures, respectively.

Results and discussions

Thermal phase evolution

Figure 2 presents the DTA analysis of 10 h MA-ed Ni–

15 wt% B powders heated up to 1200 �C at different

heating rates. Clearly, the curves comprise two exothermic

peaks followed by two endothermic ones. It was already

shown that the 10 h MA-ed Ni–15 wt% B powders com-

prise of a saturated solid solution of Ni(B). Also it was

observed that the first exothermic peak is related to the

formation of Ni3B from Ni(B) [2]. The identity of other

peaks can be verified by XRD measurement. For this

purpose, the MA-ed powders were annealed at different

temperatures and the annealed samples underwent XRD

measurements, as shown in Fig. 3.
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Fig. 1 Selected part of Ni–B binary phase diagram [1]
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Identification of the second peak

The second peak appeared at about 700–717 �C, depending

on the heating rate (Fig. 2), can be related to the formation

of Ni2B from Ni3B detected by XRD pattern taken from the

sample annealed at 800 �C, which is in agreement with the

previous study [2]. It is worthy being noted that there are

no strong B–B bonds in Ni3B [9], while existence of these

bonds has been proved in compounds with higher ratio of

boron to nickel contents [17]. Therefore, the transformation

of Ni3B to Ni2B is accompanied by the release of heat.

Identification of third peak

It is clear from Fig. 3 that heating the powder up to about

1030 �C causes the remaining Ni3B peaks to vanish but

o-Ni4B3 peaks to appear. Therefore, the third peak which

appears at 1028–1042 �C (Fig. 2) can be attributed to the

formation of o-Ni4B3. As it can be seen in Fig. 2, the third

peak is an endothermic peak, while it is well known that

nickel borides are formed during exothermic reactions with

enthalpies of formation typically between -300 and

-50 kJ mol-1 [18]. Also, formation of o-Ni4B3 with a high

ratio of boron/nickel should be accompanied with energy

release. The endothermic nature of third peak may be

explained considering partial melting of the heat-treated

sample. The third peak at 1028–1042 �C can be attributed

to the occurrence of following reaction sequence:

Ni2Bþ Ni3B �!Heating to 1028�1042 �C
Ni2Bþ L1

�!Cooling to 25 �C
Ni2Bþ o-Ni4B3

ð6Þ

where L1 is a Ni–B liquid-phase eutectic. According to

Fig. 3, increasing the annealing temperature to 1050 �C

had no considerable effect on the product unless a slight

increase in o-Ni4B3 peaks intensity compared to those of

Ni2B.

Identification of forth peak

It can be recognized from Fig. 3 that the o-Ni4B3 peaks

have vanished and those of m-Ni4B3 and B phases have

appeared upon heating the sample to 1200 �C followed by

its cooling to room temperature, where a complete melting

of the material was achieved. It should be noticed that m-

Ni4B3 is thermodynamically stable at the chemical com-

position of the alloy (Fig. 1). Formation of this phase could

be an indication of equilibrium thermodynamic approach

of the transformation at higher temperatures. Similar to the

case of third peak, the fourth endothermic peak occurred at
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Fig. 2 Non-isothermal DTA curves of Ni–15 wt% B alloy at various

heating rates
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Fig. 3 XRD patterns of heat treated powders at different

temperatures

Table 1 Variations in crystallite size of Ni2B intermetallic com-

pound at different temperatures

Temperature/�C 800 1030 1050

Crystallite size/nm 49 65 72
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the temperature of 1107–1118 �C can be attributed to the

occurrence of following reaction sequence:

Ni2BþNi3B �!Heating to 1028�1042�C
Ni2B

þL1 �!Heating to 1107�1118�C
L2 �!Cooling to 25�C

Ni2Bþm-Ni4B3þB

ð7Þ

where L2 is a Ni–B liquid phase with the composition of

Ni–15 wt% B. Formation of Ni2B ? m-Ni4B3 ? B instead

of NiB ? m-Ni4B3 (Fig. 1) upon cooling of Ni–15 wt% B

melt can be attributed to the non-equilibrium cooling rate

of alloy.

Based on the binary phase diagram of Ni–B (Fig. 1), at

composition of Ni–15 wt% B the stable phases at room

temperature have to be NiB and m-Ni4B3. As it can be seen

from Eqs. 6 and 7, the room temperature phases produced

upon cooling of 10 h MA-ed Ni–15 wt% B powders

annealed at 1028–1042 �C and 1107–1118 �C were

Ni2B ? o-Ni4B3 and Ni2B ? m-Ni4B3 ? B, respectively.

The lack of the formation of equilibrium phases during the

heating of the material mainly can be attributed to the non-

equilibrium condition of the MA-ed powders. However, as

it was mentioned, the product of the reactions approaches

to more thermodynamically stable phases upon thermal

progress of transformations. Obtained results interestingly

recommend a new approach for producing the multiphase

Ni–B intermetallic alloys which cannot be produced by

near-equilibrium processes.

As it can be found from Eq. 7, Ni2B has been stable since

its formation at about 700 �C up to more than 1100 �C. It

should be considered that the structure-type of Ni2B is that of

CuAl2-h, which a distorted fluorite atomic arrangement with

alternate Ni layers has rotated by 45� relative to one another

[19]. It is worthy to notice that if the ratio of boron radius to a

transition metal radius in CuAl2 structures falls in 0.62–1.01,

the corresponding compounds are thermally stable [19, 20].

Therefore, thermal stability of Ni2B with a ratio of 0.738 [20]

can be explained. Variations in crystallite size of Ni2B

intermetallic compound at different temperatures can be

found in Table 1. According to this Table, Ni2B has kept its

fine crystallite size even after heating the powders to a

temperature as high as 1050 �C.

Thermokinetic evaluations

It can be deduced from Fig. 2 that the critical temperatures

increase with increasing the heating rate. Table 2 lists

maximum peak temperatures (Tp) as a function of heating

rate for the four transformations displayed in Fig. 2. The

Table also presents the average values for the enthalpy of

occurred reactions, measured as the area directly under the

peak.

The activation energy of the third and fourth transfor-

mations taking place in this system can be calculated by

using the peak temperatures presented in Table 2 and

Eqs. 4 and 5. The activation energies, presented in Table 3,

were calculated based on the slopes of the plotted data.

These values calculated by both methods were found to be

in excellent agreement.

Conclusions

Phase evolution in the 10 h MA-ed Ni–15 wt% B powders

at the temperature range of 800–1200 �C was found to be

as follows:

Ni2Bþ Ni3B �!Heating to 1028�1042 �C
Ni2B

þ L1 �!Heating to 1107�1118 �C
L2

where the activation energy of reactions corresponding to

the formation of Ni2B ? L1 and L2 was found to be around

2200 and 3100 kJ mol-1, respectively. Production of non-

equilibrium crystalline phases of Ni2B ? m-Ni4B3 ? B

upon heating–cooling of 10 h MA-ed Ni–15 wt% B

Table 2 Enthalpies estimated from integrated areas of DTA curves and corresponding peak temperatures

Heating rate/�C min-1 First peak Second peak Third peak Fourth peak

Tp/�C DH/kJ mol-1 Tp/�C DH/kJ mol-1 Tp/�C DH/kJ mol-1 Tp/�C DH/kJ mol-1

5 350.96 -93.65 700.85 -64.42 1028.45 58.28 1106.96 28.10

10 355.43 -112.91 704.36 -71.18 1031.14 64.62 1108.44 33.32

15 357.04 -128.12 708.12 -87.36 1033.85 91.75 1111.46 51.83

20 360.26 -141.62 711.35 -105.79 1035.71 113.93 1112.85 62.17

50 369.93 -165.77 717.17 -131.73 1042.62 125.78 1117.85 87.43

Table 3 Activation energies of third and fourth peaks calculated

based on Kissinger and A&B plots

Calculation method Third peak Fourth peak

EC/kJ mol-1 |R| EC/kJ mol-1 |R|

Kissinger 2212.88 0.9799 3133.70 0.9713

A&B 2220.53 0.9800 3141.59 0.9714
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powders can introduce a new approach for producing

multiphase nanocrystalline alloys in the Ni–B system.
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