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a  b  s  t  r  a  c  t

TiNi  intermetallic  compounds,  produced  by  a combination  of  mechanical  alloying  and  direct  current  sin-
tering, were  hydrogenated  at several  hydrogen  pressures  at 473  K for  4 h to investigate  their  hydrogen
desorption  and  martensitic  transformation  behaviors.  The  microstructures  and  the  hydrogen  desorp-
tion  properties  were  dependent  on levels  of hydrogen  concentrations.  The  crystal  lattice  of  TiNi  (B2)
phase  expanded  and  TiNi  hydride  formed  with  an  increase  in  hydrogen  pressure.  Two  stage  martensitic
eywords:
iNi shape memory alloy
ydrogen
artensitic transformation
-ray diffraction

and  reverse  transformations  were  observed  at low  hydrogen  concentration.  An  enthalpy  of  martensitic
transformation  was  lower  than  that  of reverse  transformation.  TiNi  (martensite)  phase  was  confirmed
at intermediate  hydrogen  concentration,  suggesting  that  hydrogen-induced  martensitic  transformation
occurred  during  hydrogenation.  No  martensitic  and  reverse  transformations  occurred  at  high  hydrogen
concentration  because  of  the  hydride  formation.
echanical alloying

. Introduction

TiNi alloys have shape memory effect due to thermo-
lastic martensitic transformation between TiNi (B2) parent and
onoclinic martensitic phases. The martensitic transformation

ehaviors are likely to be sensitive to substitutional elements,
olute elements and impurities in the TiNi (B2) matrix. Effect
f hydrogen on the martensitic transformation has been studied
y several researchers. However, the conclusions are still con-
roversial. A multiple stage transformation was reported after
ydrogenation although a single transformation was  observed
efore hydrogenation [1].  While the martensitic transformation
emperature was reported to be lowered by cathodic hydrogen
harging [2],  there were some reports that the transformation
emperature was insensitive to hydrogenation [3,4]. Although dis-
roportional reaction (formation of TiH2 phase, TiNi3 phase and Ni)
as observed after hydrogenation [5],  Burch and Mason [6] and
okoyama et al. [7] attained TiNi hydride phase. Pelton et al. [8]
eported that R-phase or TiNi (martensite) phase was  induced dur-
ng hydrogenation. Such controversial conclusions were thought
o arise from different levels of hydrogen concentrations. Thus,

t is important to investigate a process of hydrogenation and the

artensitic transformation behaviors for the TiNi (B2) phase at dif-
erent levels of hydrogen concentrations. We  have already reported
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a production of TiNi powder alloy by mechanical alloying (MA) [9]
and the bulk alloy by a subsequent direct current sintering [10]. In
this study, influence of hydrogen on the martensitic transformation
behaviors of the TiNi bulk alloy produced by a combination of MA
and direct current sintering was  investigated.

2. Experimental procedure

A bulk sample with the chemical composition of Ti50Ni50 (at.%) was synthesized
by a combination of MA  and direct current sintering. The details of experimental
conditions have previously been reported [9,10].  Gaseous hydrogenation was con-
ducted at several hydrogen pressures (0.5, 1.0, 2.0 and 3.0 MPa) at 473 K for 4 h to
control hydrogen concentrations in the samples by using a high-pressure stainless
vessel. The crystal structures of the samples were determined by X-ray diffraction
(XRD) equipment (Rigaku Ultima IV) using Cu-K� radiation at 40 kV and 45 mA with
a  graphite monochromator at room temperature. The Rietveld refinement of the
XRD patterns was carried out with the Fullprof program [11]. The hydrogen desorp-
tion  temperature was measured by thermal desorption spectroscopy (TDS) (ULVAC
TDS-M202P) under high vacuum condition (10−6 Pa) at a heating rate of 10 K/min.
The martensitic transformation temperature was  measured by differential scanning
calorimetry (DSC) (Shimadzu DSC-60) under argon gas flow (300 ml/min) at heating
and cooling rates of ±5 K/min.

3. Results and discussion

TiNi (B2) (a = 0.301 nm)  phase with a small amount of Ti2Ni
(a = 1.108 nm)  and TiNi3 (a = 0.511 nm and c = 0.834 nm) phases
was obtained in the as-synthesized bulk sample. Martensitic and
reverse transformations were observed for the bulk sample. The

transformation temperatures were 282 K, 264 K, 279 K and 295 K
for Ms, Mf, As and Af, respectively, where Ms is start temperature
for the martensitic transformation, Mf is finish temperature for the
martensitic transformation, As is start temperature for the reverse
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ig. 1. XRD patterns for the as-synthesized bulk sample and the sample hydro-
enated at several hydrogen pressures.

ransformation and Af is finish temperature for the reverse transfor-
ation. The transformation enthalpy was calculated to be 1.65 J/g.

he bulk sample was hydrogenated in this study.
Fig. 1 shows XRD patterns for the as-synthesized bulk sample

nd the samples after hydrogenation at hydrogen pressures of 0.5,
.0, 2.0 and 3.0 MPa. Hereafter, the samples after hydrogenation at
ydrogen pressures of 0.5, 1.0, 2.0 and 3.0 MPa  are represented as
amples 1, 2, 3 and 4, respectively. The XRD intensities of the TiNi
B2) phase decreased with increasing hydrogen pressure. The XRD
eaks at around 2� = 42◦ for Samples 1 and 2 were broad, because
he XRD peaks for the TiNi (B2) and TiNi hydride (a = 0.622 nm and

 = 1.228 nm)  phases were overlapped. Namely, lattice expansion
f the TiNi (B2) phase due to diffusion of hydrogen atoms and for-
ation of the TiNi hydride phase occurred simultaneously in the

ample. The formation of the TiNi hydride phase became clearer
or Sample 3. The TiNi hydride phase formed completely for Sam-
le 4. Bratanich et al. [5] reported a formation of TiH2 phase, TiNi3
hase and Ni after hydrogenation, which is probably because of an

xide in the sample before hydrogenation.

Hydrogen desorption spectra, measured by TDS, for Samples 1,
 and 4 are shown in Fig. 2. Two prominent peak temperatures
ere observed at around 500 and 770 K. It is implied that there are

ig. 2. Hydrogen desorption spectra measured by TDS for the sample hydrogenated
t  hydrogen pressures of 0.5, 2.0 and 3.0 MPa  (Samples 1, 3 and 4).
Fig. 3. DSC curves for the sample hydrogenated at hydrogen pressures of 0.5 and
2.0 MPa  (Samples 1 and 3).

two kinds of hydrogen sites corresponding to two binding energies.
A peak at around 770 K was dominant for Sample 1. The desorp-
tion spectrum for Sample 2 was  very similar to that for Sample
1. The other peak at around 500 K appeared additionally for Sam-
ples 3 and 4. According to a structural analysis for TiNi hydride
[12], hydrogen atoms occupy an octahedral position coordinated
with two  Ni and four Ti atoms. Yokoyama et al. [7] reported that
hydrogen in the TiNi hydride desorbed at comparatively low tem-
peratures (room temperature to 473 K). Thus, the prominent peak
at around 500 K was attributed to hydrogen in the octahedral posi-
tion of the TiNi hydride. The other peak at around 770 K was  thought
to arise from hydrogen evolution from grain boundary or defects, or
decomposition of hydrides of the minor phases (Ti2Ni and TiNi3).
The activation energy for hydrogen desorption can be estimated
from the shift of desorption peak temperature measured at differ-
ent heating rates. This measurement is in progress. The results will
be reported elsewhere.

DSC curves for Samples 1 and 3 are shown in Fig. 3. Marten-
sitic (exothermic) and reverse (endothermic) transformations were
observed. The martensitic and reverse transformation enthalpies
for the Sample 1 were the same, which was  calculated from an
area of the peaks to be 0.69 J/g. The obtained enthalpies are lower
than those of the as-synthesized sample (1.65 J/g). It was due
to formation of the TiNi hydride phase which does not show
any martensitic transformation behavior. Note that two stage
martensitic and reverse transformations were observed in Sam-
ple 1 although the single martensitic and reverse transformations
were observed in the as-synthesized sample. The trapped hydro-
gen in grain boundary or defects was  thought to interrupt the
transformation behaviors. The minor phases (Ti2Ni and TiNi3)
could also be assumed to affect the transformation behaviors after
hydrogenation. A DSC curve for Sample 2 was  very similar to
that for Sample 1. The enthalpies of the martensitic and reverse
transformations for Sample 3 were calculated to be 0.07 J/g and
0.65 J/g, respectively. The enthalpy of the martensitic transforma-
tion was  much lower than that of the reverse transformation. This
difference in the enthalpies was  assumedly attributed to hydrogen-
induced martensitic transformation, that is, TiNi (martensite) phase
was induced during hydrogenation. (The TiNi (martensite) phase
re-transformed to the TiNi (B2) phase after first heating of DSC mea-
surement.) Approximately 13% of the TiNi (martensite) phase was
estimated by calculation of the enthalpies difference. Pelton et al.

[8] reported that hydrogenation of the TiNi (B2) phase could induce
R-phase or martensitic transformations at hydrogen concentra-
tion of 6028 mass ppm, suggesting that hydrogen concentration
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ig. 4. XRD patterns after Rietveld refinement for Sample 3 (a) after hydrogenation
b) and a DSC cycle of martensitic and reverse transformations.

or Sample 3 might be around 6000 mass ppm. No martensitic and
everse transformations were confirmed in the Sample 4 because
f the TiNi hydride formation. The hydrogen concentration for
ample 4 was assumed to be ∼13,000 mass ppm because the max-
mum hydrogen concentration in the TiNi hydride was reported
o be 13,000 mass ppm [6].  It is suggested that hydrogenation of
he TiNi (B2) phase brings about three kinds of influences on the

artensitic and reverse transformations depending on hydrogen
oncentrations: two stage martensitic and reverse transformations
t lower hydrogen concentration (∼6000 mass ppm), hydrogen-
nduced martensitic transformation at intermediate hydrogen
oncentration (around 6000 mass ppm), and no martensitic trans-
ormation at higher hydrogen concentration (∼13,000 mass ppm).

Fig. 4(a) shows XRD patterns after Rietveld refinement for the
ample 3. The Rietveld refinements were performed assuming that
he TiNi (B2), TiNi hydride and TiNi (martensite) phases, using space
roups of Pm3m,  I4/mmm  [12,13] and P21/m [14], respectively. The
mount ratios of the TiNi (B2), TiNi hydride and TiNi (marten-
ite) phases were estimated to be 31%, 58% and 11%, respectively.
ig. 4(b) shows XRD patterns after Rietveld refinement after a DSC

ycle of martensitic and reverse transformations for the Sample
. The TiNi (B2) and TiNi hydride phases were confirmed, but no
iNi (martensite) phase. The amount ratios of the TiNi (B2) and
iNi hydride were estimated to be 45% and 55%, respectively. It is

[

[
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implied that the TiNi (martensite) phase (11%) re-transformed to
the TiNi (B2) phase completely because of the DSC cycle. This is in
good agreement with DSC results.

4. Conclusions

Hydrogen desorption and martensitic transformation behaviors
of hydrogenated bulk TiNi intermetallic compounds, produced by
a combination of MA  and direct current sintering, with different
levels of hydrogen concentrations were investigated. The crystal
lattice of TiNi (B2) phase gradually expanded and TiNi hydride
also formed with an increase in hydrogen pressure. Accelerated
hydrogen desorption occurred at around 500 K and 770 K. The two
stage martensitic and reverse transformations were observed in
the sample hydrogenated at low hydrogen concentration. Although
the enthalpies of the martensitic and reverse transformations were
the same in the sample hydrogenated at low hydrogen concentra-
tion, the enthalpy of the martensitic transformation was lower than
that of the reverse transformation in the sample hydrogenated at
intermediate hydrogen concentration. TiNi (martensite) phase was
induced by hydrogenation at intermediate hydrogen concentra-
tion. No martensitic and reverse transformations were confirmed
at high hydrogen concentration because of formation of the TiNi
hydride completely.
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