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a b s t r a c t

Ni50.8Ti49.2 alloy powders of different particle shapes and sizes have been prepared by ball milling. The
powder milled for 1 h has large flaky particles and are partially amorphous. The powder crystallized
through a single-stage exothermic transformation upon heating. Powders milled for longer durations
consisted of partially amorphous Ni–Ti, [Fe,Ni] and Ni–Cr–Fe phases, indicating heavy contamination
vailable online 4 December 2008
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from the milling vessel. Upon heating, the milled powders exhibited an endothermic event at ∼400 ◦C.
After annealing at 500 ◦C, the milled powders were fully crystallized. The crystallized powders exhibited
martensitic transformation with reduced heat effect. The critical temperatures of the transformation were
found to decrease with increasing ball milling time.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Pure elemental Ni and Ti powders are often used as raw mate-
ials for the preparation of porous NiTi alloy through reaction
ynthesis [1–5]. Generally, the alloy is formed in solid state via inter-
iffusion reactions between Ni and Ti particles [6]. The porous NiTi
lloys synthesised by hot isostatic pressing [1] and by conventional
intering method [4] exhibit martensitic transformations, but often
ith reduced latent heat, suggesting incomplete formation of the
iTi phase. In fact, all NiTi alloys synthesised via solid-state reaction
rocesses have been found to contain large amounts of Ni3Ti and
iTi2 phases as well as the B2-NiTi [3–6]. These two intermetal-

ic compounds are more thermodynamically favourable than the
iTi phase [6]. Presence of Ni3Ti and NiTi2 in the matrix deterio-

ates the shape memory properties since they do not participate in
artensitic transformation. One way to overcome this problem is
o synthesise porous NiTi from pre-alloyed NiTi powders via simple
olid-state sintering.

Direct preparation of NiTi alloy powders from bulk alloy by
as-atomization [7] and electro-explosion of wire methods [8] has

∗ Corresponding author at: Department of Advanced Materials and Nanotech-
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ecently been reported. The former generally produces large and
pherical particles, which are unsuitable for solid-state sintering
ynthesis due to their low-specific surface areas. To improve this
ondition, Porter et al. [9] further employed ball milling to reduce
he particle size and changed the shape of atomized particles from
phere to flake. The latter produces a wide distribution of spherical
articles, with sizes varying in the range of 10–200 nm. However,
his method is intrinsically expensive and of low-production rate.
n comparison, ball milling has several advantages over both tech-
iques mentioned above, including low cost, high yield and ease of
ontrol of particle size and shape.

NiTi powders prepared by ball milling are usually in amorphous
tate, and require post-annealing to crystallize to show martensitic
ransformation. Crystallized NiTi powders prepared by ball milling
enerally show lower martensitic transformation temperatures and
arger forward and reverse transformation intervals, due to compo-
ition inhomogeneity of the powders [9]. To date, little information
s available in the literature regarding the crystallization and the
elationship between processing parameters and martensitic trans-
ormation of ball milled NiTi powders. This study investigated the
abrication of NiTi powders through ball milling and the transfor-

ation behaviour of the powders synthesised.
. Experimental procedure

Cold-drawn Ni50.8Ti49.2 (at.%) alloy wire of 0.4 mm in diameter was provided
y Fasten Peier Company. The wire was cut into ∼4 mm lengths and then milled

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yfzheng@pku.edu.cn
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n a QM-3A vibratory ball mill (Nanjing University Instrument Plant, China) with
ardened steel balls. The ball-to-powder weight ratio was 20:1 and the milling speed
as 1400 rpm. Acetone was added in the charge as the milling medium. To avoid

verheating, cycles of 0.5 h milling and 1 h rest were performed. Samples of the
illed powders were sealed in quartz tubes under high vacuum and annealed at

00 ◦C for 5 min followed by water-quenching.
The morphology of the powders was observed using a FEI Quanta200 scan-

ing electron microscope (SEM) equipped with energy dispersive spectrometry
EDS) analyzer. X-ray diffraction (XRD) analysis was conducted at room temperature
sing a Panalytical X-pert PRO diffractometer with Cu K� radiation. A Perkin-Elmer
iamond differential scanning calorimeter (DSC) was used to investigate the crys-
allization behaviour and martensitic transformation.

. Results and discussion

Fig. 1 shows SEM micrographs of two milled samples and an EDS
pectrum. After 1 h milling, the NiTi short wires had been broken
nto short sections and flattened into particles of <100 �m thick.
he particles contain numerous small cracks, as indicated by the
rrows in Fig. 1(a). Increasing milling time to 1.5 h reduced the par-
icles to ∼20 �m in size, as shown in Fig. 1(b). Fig. 1(c) shows an
DS spectrum of the sample milled for 1.5 h, revealing some minor
ontaminations of O, Fe and Cr, consistent with the results reported
y Maziarz et al. [10].

Fig. 2 shows XRD patterns of the as-received Ni50.8Ti49.2 alloy
ire and the two milled powders. The original alloy exhibited

wo broad diffraction peaks centred at 2� = 42.4◦ and 78◦, indicat-
ng low level of crystallinity resulting from severe cold-drawing.
fter 1 h milling, these two peaks became much broader. Increas-

ng milling time to 1.5 h induced several small diffraction peaks
top the main peak at 42.4◦, as indicated by the arrows. These
eaks may be indexed to [Fe,Ni]1 cubic [11] [Fe,Ni]2 cubic (JCPDS 37-
474) or Ni–Cr–Fe cubic phases (JCPDS 35-1375) with the following

attice parameters: a = 0.3598, 0.2868 and 0.2867 nm, respectively.
his is consistent with the expectation of Fe and Cr contamination
rom ball milling, as supported by the EDS measurement shown in
ig. 1(c).

Fig. 3(a) shows DSC curves at different heating rates of the
owder milled for 1 h. Each measurement was done on a fresh sam-
le. A strong exothermic event was detected at ∼375 ◦C, which is
ttributed to the crystallization of the milled powder. The crys-
allization temperature was lower than that of sputter deposited
i49.93Ni50.07 (at.%) thin films (∼490 ◦C) [12]. The crystallization
ccurred in a single-stage manner. This is different from the
bservation of Makifuchi et al. [13], who reported a two-stage
rystallization in a Ti50Ni50 (at.%) amorphous powder prepared by
echanical alloying of Ni and Ti elemental powders. The two events

re attributed to the crystallization of NiTi2 and NiTi/Ni3Ti phases.
With increasing heating rate, the exothermic peak shifted

owards higher temperatures. The relationship between the peak
emperature and heating rate is expressed using Kissinger’s equa-
ion [14]: ln(T2/a) = Ec/RT + C, where a is the heating rate (K/min),
c is the activation energy for crystallization, R is the gas constant
8.314 J K−1 mol−1), and C is a constant. This equation defines a lin-
ar relationship between ln(T2/a) and 1/T, as shown in Fig. 3(b).
he crystallization activation energy determined from the slope of
he line is 307 ± 12 kJ/mol. This value is ∼27% lower than that of
sputter deposited Ti49.93Ni50.07 thin film (∼416 kJ/mol) [12]. This

uggests that the ball milled amorphous NiTi powder was less stable
han the sputter deposited amorphous NiTi thin film. This is possi-
ly related to the high density of defects introduced by mechanical
illing and remnant grains which may act as the nucleation site
or crystallization.
Fig. 4 shows DSC curves of the Ni50.8Ti49.2 alloy wire and pow-

ers milled for different times on heating. For the alloy wire, a
ide exothermic event centred at ∼346 ◦C was recorded. This is

bviously related to the severe cold drawing of the wire, and is con-

i
e
m
m
e

ig. 1. SEM images of as-milled Ni50.8Ti49.2 powders after (a) 1 h and (b) 1.5 h milling
nd (c) EDS spectrum of sample (b).

istent with the observation of low level of crystallinity of the wire
hown in Fig. 2(a). After 1 h milling, an exothermic event centred at
375 ◦C for crystallization appeared. The heat intensity of the event

s much increased from that of the original wire, consistent with the

xpectation of the additional severe cold working induced by the
illing. After 1.5 h milling, however, a strong and broad endother-
ic event occurred at 300–500 ◦C, covering the temperature for the

xothermic event. The thermal peak appears to be an overlap of two
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ig. 2. XRD patterns of Ni50.8Ti49.2 alloy wire (a), and powders milled for 1 h (b) and
.5 h (c).

ndothermic events. With further increasing milling time, the first
vent at ∼315 ◦C gradually increased its intensity at the expense
f the second endothermic peak at ∼400 ◦C. These endothermic

vents were found to be irreversible, vanished during the second
eating on DSC, as shown in the figure. A similar phenomenon has
lso been reported in the literature. Shafi et al. [15] observed an
ndothermic reaction upon heating in an amorphous Fe20Ni80 pow-
er prepared by sonochemical decomposition method, and they

ig. 3. (a) DSC curves of 1 h-milled powder upon heating at different heating rates,
b) plot of ln(T2/a) against 1/T.
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ig. 4. DSC curves of Ni50.8Ti49.2 alloy wire and powders milled for different times
pon heating with a heating rate of 20 ◦C/min.

ttributed this event to a concurrent magnetic Curie transition and

rystallization, though without clear explanation. The actual mech-
nism of the endothermic events in the present study is yet to be
nderstood.

ig. 5. XRD patterns measured at room temperature for Ni50.8Ti49.2 alloy wire, 1 h-
illed powder and 1.5 h-milled powder after annealing at 500 ◦C for 5 min.
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Fig. 6. DSC curves of Ni50.8Ti49.2 alloy wire, 1 h-milled powder and 1.5 h-milled
powder after annealing at 500 ◦C for 5 min.

Table 1
Transformation peak temperatures and enthalpy for different Ni50.8Ti49.2 alloy sam-
ples annealed at 500 ◦C for 5 min derived from the corresponding DSC curves.

Samples TA−M (◦C) TM−A (◦C) �HA→M (J/g) �HM→A (J/g)
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[
[

efore milling 14.2 18.3 −3.7 4.0
h milled 12.4 16.3 −2.1 2.3
.5 h milled 9.4 13.0 −1.0 0.9

Fig. 5 shows XRD patterns for the Ni50.8Ti49.2 alloy wire and
he milled powders after annealing at 500 ◦C for 5 min. All three
amples showed mainly the B2 parent phase. Diffraction peaks
orresponding to [Fe,Ni]1 and [Fe,Ni]2/Ni–Cr–Fe phases were also
isible for the sample milled for 1.5 h, as indicated in the inset.

Fig. 6 shows DSC curves of the annealed samples. The original
ire was also given the same annealing treatment for compari-

on. All three samples showed one-stage transformation behaviour.
ransformation temperatures and enthalpy changes determined
rom the curves were listed in Table 1. There seemed to be a gen-
ral decrease of transformation temperatures and enthalpies with
illing time. Several factors might be responsible for the effect of
illing time on the transformation temperature, including the oxi-
ation of Ti, grain refinement and the introduction of Fe and Cr
uring ball milling. TiO2 oxidation layer is easy to form on the sur-

ace of NiTi powder [8,9] and the oxidation of Ti increased the Ni
ontent of the matrix, therefore lowering the martensitic trans-
ormation temperature. It is expected that the grain size of the

[

[
[

[

mpounds 477 (2009) 576–579 579

rystallized NiTi powders decreases with increasing milling time,
ue to higher defect densities which may provide more nucle-
tion sites during crystallization. It is generally considered that
rain refinement can suppress the martensitic transformation [16].
ntroduction of Fe and Cr may cause depletion of Ni in matrix by for-

ation of Ni-containing intermetallic compounds, e.g. [Fe,Ni] and
i–Cr–Fe, thus increasing transformation temperatures. This is dif-

erent from the results shown in Table 1. Therefore, it is suggested,
n the present study, that the oxidation of Ti and grain refinement
re the main reasons for the decrease of transformation tempera-
ures.

. Conclusions

1) Ball milling is effective in reducing NiTi alloy wire cuts into
fine powders. The powders are partially amorphous. Prolonged
milling causes contamination of O, Fe and Cr in the alloy powder.

2) The powder milled for short time (1 h) crystallized in a single-
stage exothermic event. The activation energy of crystallization
is 307 ± 12 kJ/mol.

3) The powder milled for longer times (>1.5 h) showed endother-
mic events upon heating. The powders are found crystallized
after heating to above the completion temperature of the
endothermic events. The mechanism of the endothermic event
is unclear.

4) Martensitic transformation temperatures of the crystallized
powders decreased with increasing milling time.
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