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bstract

Machining of TiNi shape memory alloy into a complicated three-dimensional (3D) shape is quite difficult, thus a near-net shape forming of 3D
haped TiNi alloy is attractive and cost-effective. Vacuum plasma spray (VPS) process is one of such near-net shape forming processes. In this
aper, two kinds of thick TiNi layer, Ni-rich and Ti-rich compositions, were fabricated by VPS process and their shape memory effect (SME) and
uperelastic (SE) behaviors were characterized. As-VPS processed Ni-rich TiNi which was subjected to homogenization at 1163 K for 7.2 ks and
D
 

ubsequent aging at 773 K for 18 ks exhibited good martensitic transformation behavior. The recoverable strain of the TiNi alloys due to SME and
E behavior were measured to be 2.4% and 5.0%, respectively. The Ti-rich TiNi alloy also exhibited good martensitic transformation behavior and
ME in the as-homogenized state.
2007 Published by Elsevier B.V.

upere

17

P 18

S 19

p 20

t 21

u 22

t 23

i 24

m 25

P 26

27

i 28

w 29

t 30
O
R

R
E

C
TE

eywords: Vacuum plasma spray (VPS); Near-net shape; Stress–strain curve; S

. Introduction

TiNi shape memory alloys are widely used in many appli-
ations such actuators, due to their excellent shape memory
ffect (SME) and superelastic (SE) behaviors. However, the
iNi alloys have poor cold workability due to their high work-
ardening rate [1]. An elongation of Ti–50.0 at.% Ni alloy is
bout 18% at room temperature. When Ni content exceeds
1.0 at.%, the cold working of such TiNi alloy becomes very
ifficult [2]. Therefore, hot working at around 1073 K is nor-
ally applied to TiNi alloys, which inevitably gives rise to thick

xide layer on the TiNi surface, degrading their SME and SE
roperties. Due to the difficulty of the machining of TiNi alloys,
e must use a tungsten carbide tool whose use life is short, thus,
U
N

C
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ften we end up with using electron discharge machining which
s more costly. One of the solutions to overcome these problems
s use of near-net shape process by powder metallurgy (PM).

∗ Corresponding author. Tel.: +1 206 685 2850; fax: +1 206 685 8047.
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Several researchers reported SME and SE behaviors of as-
M processed TiNi alloys [3–7]. Kato et al. reported about 6%
E and 7% SME strains in TiNi alloy that was hot-isotropically
ressed [3,4]. It is noted that the material produced by PM tends
o eliminate internal voids. In addition, the sintering usually
tilizes solid–solid reaction between powders with the results
hat the particle boundary is weaker than grain boundary, lead-
ng to reduction in the mechanical properties of as-sintered

aterials. Particularly, fracture strain and fatigue properties of
M-processed materials are reduced [4,5].

Vacuum plasma spray (VPS) process is one of the spray-
ng methods. Source powders are injected to plasma stream
here the injected material is melted immediately by a high

emperature plasma jet, and then the molten metal particles are
ccelerated in the plasma jet stream to deposit as overlapping
splats” onto a substrate to form a P/M consolidated deposit. The
ource powders are melted by the plasma jets and the sprayed
(2007), doi:10.1016/j.msea.2007.01.053

ayers become high density. However, during VPS process oxide 34

nd nitrides more likely to form, due to the extremely high tem- 35

erature plasma jet. In particular, titanium in a TiNi alloy has a 36

trong affinity with oxygen, so that titanium oxides or nitrides 37
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Table 1
Results of composition analysis of source powders and sprayed TiNi alloy

NiTi sample (Ni-rich) TiNi sample (Ti-rich)

Original TiNi powder (wt.%) Sprayed TiNi (wt.%) Original TiNi powder (wt.%) Sprayed TiNi (wt.%)

Ni 56.8 (51.9 at.%) 55.6 (51.3 at.%) 54.7 (49.7 at.%) 54.4 (49.5 at.%)
Ti 43.0 (48.1 at.%) 42.9 (48.7 at.%) 45.2 (50.3 at.%) 45.2 (50.5 at.%)
O 0.120 0.230 0.066 0.101
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an be formed easily during the process. Thus, control of atmo-
phere, preferably in high vacuum is desired. Characterization
f as-VPS processed TiNi alloys has been reported by several
esearchers [8–11]. However, the previous studies were focused
n very thin film TiNi (under 100 �m), where the formation of
xide, nitride and other intermetallic compounds were observed.
here have been no studies on SME and SE behavior of sprayed
iNi alloys of relatively large size.

In this paper, the experimental results of VPS processing of
iNi alloys under low oxygen atmosphere will be reported and

heir heat treatment effects on SME and SE behaviors assessed
y compression testing will be examined. The microstructures
f as-VPS processed, heat-treated TiNi alloys are characterized
y XRD and TEM with aim of elucidating the merits of VPS
rocessing of TiNi alloys and the mechanisms responsible for
heir improved SME and SE properties.

. Experimental procedure

Two kinds of TiNi alloy powders, Ni-rich composition and
i-rich composition, were sprayed on a steel pipe substrate of
uter diameter being 31.8 mm with 1.7 mm wall thickness. The
prayed TiNi layers were more than 15 mm thick. The compo-
ition of powders and sprayed materials are listed in Table 1.
ereafter, the Ni-rich sample and Ti-rich sample are called as

NiTi’ and ‘TiNi’, respectively. The composition of the sprayed
aterials is found to be the same as those of the starting pow-

ers. Contaminations by oxygen, nitrogen and carbon were also
bserved in the powders and sprayed materials. However, the
evel of contaminations of NiTi and TiNi remained the same
s the source powders. For characterization of sprayed materi-
ls, the surface layer of as-VPS processed material was taken
ut from substrate and machined to cylindrical bar of diameter
mm. The machined cylinders were subjected to homogenized
eat treatment at 1163 K for 7.2 ks under vacuum atmosphere.
ubsequent aging treatments were also carried out to some of the
omogenized materials in air or vacuum, followed by water or
elium quenching. Transformation temperatures of the as-VPS
rocessed material with and without heat treatment were mea-
ured by differential scanning calorimetry (Perkin-Elmer, DSC
) with heating and cooling rate of 20 K/min and 10 K/min,
U
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espectively. The measured transformation temperatures were
artensitic transformation start (Ms) and finish (Mf), austenitic

ransformation start (As) and finish (Af) and R-phase trans-
ormation start (Rs) and finish (Rf). After the heat treatment,

a
f
I
s

 P
R

O
O

F

0.003 0.025
0.011 0.008
Balance Balance

ompression testing, limited thermal cycle testing and stress
ycle testing were applied to selected specimens. The speci-
ens for the mechanical testing were machined to cylindrical

hape with 5 mm in diameter and 5 mm in height using elec-
rical discharging machine. X-ray diffraction (XRD) was also
erformed to determine the formed phases in the VPS processed
pecimens using Cu K� radiation. Microstructural observations
ere conducted on selected specimens by transmission elec-

ron microscope (TEM) operated at 120 kV. Samples for TEM
bservations were prepared by electro-chemical polishing using
2SO4:methanol = 2:8 (vol.) solution.

. Experimental results

The XRD results of as-sprayed and as-homogenized NiTi
nd TiNi are shown in Fig. 1. The as-sprayed NiTi is found to
e predominantly composed of austenite phase. In addition, the
inor peaks, indicated by open squares in Fig. 1, correspond-

ng to martensite phase are seen in the vicinity of the austenite
hase peak. This is attributed to non-uniform distribution of
iNi composition. After the homogenization, the XRD pattern

s found to be similar to the as-sprayed state, suggesting that
ome degree of the unevenness of composition still remains after
he homogenization. In the case of TiNi specimen, its majority
s composed of martensite phase with austenite phase as minor-
ty. Even though the homogenization treatment was applied, the
iNi specimen is still composed of martensite phase and austen-

te phase. Therefore, the TiNi specimen still has an unevenness of
omposition after the homogenization. However, in both NiTi
nd TiNi samples, no unfavorable oxides, nitrides and inter-
etallic compound phases were observed in theses XRD results.
hese results indicate that theVPS processed materials are com-
osed by TiNi austenite phase and martensite phase dominantly,
nd the amounts of other unfavorable phases remain very mod-
st. Therefore, this demonstrates that VPS process provides
lean NiTi and TiNi materials.

The DSC curves of as-sprayed and as-homogenized NiTi
nd TiNi are shown in Fig. 2. In the case of NiTi, no sig-
ificant transformation peaks were observed in both of the
s-sprayed and as-homogenized specimens. This is because
he transformation temperatures were lower than the temper-
(2007), doi:10.1016/j.msea.2007.01.053

ture range measured by DSC. The estimated Ms temperature 120

rom the composition of NiTi specimen was below 170 K [12]. 121

n contrast, TiNi in the as-sprayed state exhibits the marten- 122

itic and reverse martensitic transformation behavior, where 123

dx.doi.org/10.1016/j.msea.2007.01.053
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Fig. 1. XRD profiles of as-sprayed and as-homo

he measured transformation temperatures were Ms = 339 K,
f = 320 K, As = 351 K and Af = 379 K. After the homogeniza-

ion treatment, the transformation peaks become sharper than
hat of as-sprayed material, and all of transformation temper-
tures were increased as compared with the as-VPS processed
pecimen. The transformation temperatures of as-homogenized
iNi specimen were Ms = 342 K, Mf = 330 K, As = 363 K and
f = 385 K. The changes in the DSC profiles implied that the
nevenness of composition was alleviated by the homoge-
ization. The enthalpy changes in reverse transformation in
s-sprayed and as-homogenized TiNi materials are 26.10 and
5.50 J/g, respectively. These values are found to be higher than
hose of bulk TiNi alloy previously reported [13].

Fig. 3 shows the changes in the transformation temperatures
y the aging at 773 K in the NiTi specimen. The as-homogenized
U
N
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R
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C
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ample (Fig. 3(a)) did not show any peaks. The heat treatment at
73 K for 2.4 ks in air (Fig. 3(b)) caused the R-phase transition
nd martensite phase transition on the cooling, and austenite
hase transition on the heating. However, the transformation

t
t
c
p

Fig. 2. DSC curves of as-sprayed and as-homogenize
 P
R

O
O

F

ed state in (a) NiTi sample and (b) TiNi sample.

eaks are broad. By increasing aging time (7.2 ks, Fig. 3(c)),
he shapes of all peaks become sharper, and the transformation
emperatures are increased. After 18 ks aging (Fig. 3(d)), the
hapes of peaks are slightly sharper than those of the specimen
ith 7.2 ks aging. However, all of transformation temperatures

xcept for Mf are almost the same as those of the 7.2 ks aged
ample. The transformation temperatures after aging for 18 ks
re Ms = 262 K, Mf = 249 K, As = 294 K, Af = 311, Rs = 320 K and
f = 293 K. Fig. 3(e) shows the DSC behavior of the samples
ged in a vacuum atmosphere at 773 K for 18 ks followed by He
uenching. The transformation behavior is similar to the aged
ample under air. However, the transformation temperatures of
e) are higher than those of (d). The reason for change in transfor-
ation temperature by aging in the NiTi specimen is considered

o be due to the crystallization of amorphous phase or precipita-
(2007), doi:10.1016/j.msea.2007.01.053

ion. In this case, we believe that the change in the transformation 158

emperatures were due to precipitation, because the Ti3Ni4 pre- 159

ipitates were observed by TEM (see Fig. 4), and no amorphous 160

hase was detected by XRD and TEM. The detailed mechanism 161

d state in (a) NiTi sample and (b) TiNi sample.

dx.doi.org/10.1016/j.msea.2007.01.053
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f the change in transformation temperatures by precipitations
s described later.

Fig. 4 shows the TEM bright field image of the NiTi sample
hich was homogenized and aged at 773 K for 18 ks under air,
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here the selected area diffraction (SAD) pattern obtained from
he image is shown on the right. The electron beam is almost
arallel to [1 1 0]B2 direction. The several precipitates with
enticular shape are seen. These precipitates were not observed in

F
o
t
u

Fig. 4. TEM image of NiTi sample aging at 773 K for 18 ks under air, wh
 P
R

O
O

F

 PRESS
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he sample of as-homogenized state. By the analysis of the SAD
attern, it is confirmed that the lenticular precipitates exist along
1 1 1)B2 plane. The metastable Ti3Ni4 phase is known to have
enticular shape and they are oriented along the (1 1 1)B2 due
o their coherency with B2 matrix [14]. Therefore, the precipi-
ates observed by this TEM study are identified as Ti3Ni4. The
ormation of Ni-rich precipitation can lead to increasing of Ti
ontent in TiNi matrix. Martensitic and reverse transformation
emperatures are sensitive to alloy composition. Reduction of
.1 at.% Ni leads to an increment of transformation temperature
f about 10 K [12]. Therefore, the transformation temperature
f the NiTi sample is increased by a change in the composition
f TiNi matrix due to aging effect. The enthalpy of transfor-
ations of Fig. 3(d) obtained from the area of DSC peaks are
8.49 J/g for martensitic transformation, −4.12 J/g for R-phase

ransformation and 14.64 J/g for reverse transformation. The val-
es of the enthalpy of the reverse transformation (14.64 J/g) is
omparable to that reported on reverse transformation in a bulk
iNi alloy (15.80 J/g) [13], indicating that the sprayed TiNi alloy
xhibits SME and SE properties similar to bulk materials. The
ffects of the aging treatment were also examined for TiNi spec-
men. No significant change in transformation temperatures was
ound in the aged TiNi sample. The similar results were reported
15]. This is, probably, due to the difference in the precipitation
rocess between TiNi and NiTi.

The results of compression testing of NiTi aged at 773 K for
8 ks under air are shown in Fig. 5, where (a) is the stress–strain
urve tested at Mf temperature (249 K) which exhibits SME
ehavior. The residual strain after un-loading (2.4%) becomes
ero upon temperature increase above Af temperature, as shown
y arrow, indicating perfect SME behavior, Fig. 5(a). The
tress–strain curve tested near Af temperature (304 K) shown in
(2007), doi:10.1016/j.msea.2007.01.053

ig. 5(b) exhibits good SE behavior. The onset stress and strain 202

f the stress-induced martensite are 400 MPa and 2.2%, respec- 203

ively. The strain of slightly over 5.0% can be recovered after 204

n-loading, which is a large superelastic strain. By increasing 205

ere incident electron beam is almost parallel to [0 1 1]B2 direction.
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Fig. 5. Stress–strain curves of NiTi sample aged at 773 K

esting temperature to above Af (320 K) (Fig. 5(c)), the supere-
astic behavior is still observed, but with unrecoverable strain
f 0.8%. This is because the increased testing temperature leads
o increase the onset stress for the stress-induced martensite,
hile reducing the yield stress, hence resulting in partial plastic
eformation.

The stress–strain curves of TiNi in as-homogenized state are
hown in Fig. 6. The TiNi sample tested at room temperature
RT) exhibits SME effect. The recoverable SME strain by heat-
ng at 473 K after deformation is about 4.0% as indicated by
rrow. This value is comparable to that of a bulk TiNi shape
emory alloy. It is noted in Fig. 6(b) that TiNi sample tested at

round Af temperature (384 K) does not show any SE behavior,
.e. only plastic deformation is observed. This is attributed to the
act that the high testing temperature decreases the yield strength
f the TiNi austenite phase, which is below the onset stress for
tress-induced martensite, resulting in the plastic deformation
efore the formation of stress-induced martensite phase. Liu et
l. reported the plastic yielding of TiNi alloy above 350 K, whose

s temperature was about 305 K, due to the same mechanism
entioned above [16].
Fig. 7(a) shows the result of thermal cyclic testing of NiTi
U
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C
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R
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ample aged at 773 K for 18 ks under vacuum. The pre-stress
ompression of 250 MPa was applied on NiTi sample at RT
nd kept during the test. From the stress–strain curve of the
ample shown in Fig. 7(b), it is clear that the sample was in

c
s
s
s

Fig. 6. Stress–strain curves of TiNi sample in as-hom
 P
R

O
O

Fks under air tested at (a) 249 K, (b) 304 K and (c) 320 K.

tress-induced martensite state under pre-stress as indicated
y solid triangle. The strain recovers due to reverse trans-
ormation at 330 K on first heating and deformed again by
artensitic transformation at 297 K on cooling. These testing

emperatures are higher than the As and Ms detected by the
SC without pre-stress, see Fig. 3(e). The constant stress can
romote the martensitic and reverse martensitic transformation
hat take place at higher temperatures. The change in transfor-

ation temperature under constant stress can be estimated by
lausisu–Clapeyron equation as follows [17]:

dσ

dT
= −�H

εT
, (1)

here �H (=−12.45 J/g) is an enthalpy change due to marten-
itic transformation, ε (≈2.5%) a transformation strain and T
≈(Ms + As)/2) is an equilibrium temperature. The estimated
alue of dσ/dT based on �H = −12.45 J/g is 11.0 MPa/K, which
s in good agreement with the experimental value obtained from
ig. 7(a) (dσ/dT = 250 MPa/22 K = 11.4 MPa/K). The recovered
train by first heating is about 1.2%, Fig. 7(a). However, on
he cooling, the strain does not revert to zero, i.e. about 0.13%
ermanent strain remained in the sample at the end of first
(2007), doi:10.1016/j.msea.2007.01.053

ooling cycle. By increasing thermal cycles under constant 252

tress, the permanent strain increases. After 15 cycles, the 253

train–temperature curve is almost saturated. The recoverable 254

train after 15 cycles is about 0.6%. Even though the amount 255

ogenized state tested at (a) RT and (b) 384 K.

dx.doi.org/10.1016/j.msea.2007.01.053


E
D

 P
R

O
O

F

ARTICLE IN PRESS+Model
MSA 22221 1–8

6 H. Nakayama et al. / Materials Science and Engineering A xxx (2007) xxx–xxx

Fig. 7. (a) Results of thermal cyclic testing under constant stress in aged NiTi
s
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Fig. 8. (a) Results of thermal cyclic testing performed under constant stress in
TiNi sample where the samples are homogenized and aged at 773 K for 18 ks
u
w
t

As temperature and yield stress are nearly the same under the 279

applied constant stress condition, thus the sample can go into 280

plastic deformation (hatched) region by increasing temperature 281

before achieving the stress at Af. Here, the direction of SME 282
N
C

O
R

R
E

C
Tample at 773 K for 18 ks under vacuum. (b) Stress–strain curve of the NiTi

ample where the state of sample under pre-stress compression is indicated by
olid triangle.

f the recoverable strain is as small as 0.6%, the repeatable
train–temperature cycle behavior after 15 cycles is considered
seful for use in some applications.

The results of thermal cyclic testing of TiNi sample aged at
73 K for 18 ks under vacuum condition are shown in Fig. 8. The
iNi sample was pre-deformed by 250 MPa compression stress
t RT, where the sample was deformed in martensite state shown
n Fig. 8(b). On the first heating, the sample recovers at 413 K.
owever, the SME strain is small, which is about 0.6%, Fig. 8(a).
n the first cooling, the TiNi sample starts to shrink at 333 K
ue to martensitic transformation. By further cooling, the sam-
le shrinks to shorter length than the iNiTial length. After the
econd cycle, the temperature–strain curves exhibit hysteresis
oop. The permanent strain is accumulated by increasing cycle
umber, while recoverable strain is decreased with increasing
ycle number. The hysteresis loop is almost saturated after 15th
ycle. The available strain after 15 cycles is about 2.2%, which
s relatively large, thus useful range for several applications.
he small SME strain on the first heating is due to the plastic
U
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eformation of the sample. The schematic relationship between
he reverse transformation temperatures (As and Af) and yield
tress (σy) is shown in Fig. 9. In the case of TiNi sample hav-
ng relatively higher transformation temperatures, the stress at

F
A

nder vacuum before testing. (b) Stress–strain curve of the sample tested at RT
here the state of sample under pre-stress compression is indicated by solid

riangle.
(2007), doi:10.1016/j.msea.2007.01.053

ig. 9. Schematic relationship between reverse transformation temperatures (As,

f) and yield stress (σy) of shape memory alloy in stress–temperature diagram.
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ig. 10. Changes in stress–strain curves by stress cycles in NiTi sample aged at
f) 200th cycles.

train is positive, and that of plastic deformation is negative.
herefore, the part of SME strain is canceled out by plastic
eformation of the austenite phase. On the other hand, the NiTi
ample which has lower transformation temperatures, so that the
oints of As and Af can exist in the SME (gray) region and larger
ME strain was observed in the first heating (see Fig. 7(a)).

The results of stress cycle testing of the NiTi sample aged
t 773 K for 18 ks under vacuum are shown in Fig. 10. At the
rst cycle, the sample exhibits SE behavior with the onset stress
f stress-induced martensite being 540 MPa. The first plateau
ith less steep slope at the beginning of stress–strain curve
ith 0–0.4% strain may be due to the stress-induced R-phase

ransformation, because the testing temperature (324 K) is very
lose to Rs temperature (see Fig. 3(e)). After the unloading,
bout 0.3% permanent strain is observed. By increasing number
f cycles, the permanent strain is accumulated up to 1.4% by
0 cycles. The hysteresis loop in the stress–strain curves after
0 cycles becomes narrower, and the plateau due to R-phase
isappeared and the stress-induced martensite transformation
lateau being steeper. The sample after 200 cycles still exhibits
.6% recoverable strain. Furthermore, no cracking was observed
n the sample surface after 200 stress cycles. The onset stress
f stress-induced martensite decreases with increasing number
f cycle, i.e. about 540 MPa at the first cycle being reduced to
bout 380 MPa after 200 cycles. The strain of plateau region also
U
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ecreases with increasing number of cycle. By uni-axial cyclic
esting, certain dislocations, which provide favorable stress field
or formation of martensite, were introduced in the sample, so
s to decrease the onset stress for stress-induced martensite.

s
i
c
T

 P
for 18 ks under vacuum after (a) 1st, (b) 2nd, (c) 10th, (d) 50th, (e) 100th and

. Conclusion

The thick Ni-rich (NiTi) and Ti-rich TiNi (TiNi) shape mem-
ry alloys were successfully fabricated by VPS process. Their
hase transformation behavior, SME and SE, and mechanical
roperties were comparable to those of the bulk specimens
eported by the previous researchers. The following is the sum-
ary of our findings on NiTi and TiNi samples.

.1. NiTi sample (Ni-rich composition)

The NiTi sample in as-homogenized state did not exhibit
ignificant martensitic and reverse martensitic transformation
ehavior as evidenced by the DSC study. The subsequent
ging at 773 K for 18 ks under air and vacuum condition
ed to the excellent martensitic transformation behavior. The
ged NiTi sample tested at Mf and Af showed SME and SE,
espectively, where the strain measured in the stress–strain
urves were more than 2.4% due to SME and 5.0% due
o SE, respectively. The thermal cyclic testing under con-
tant stress was performed. The recoverable strain became
maller with increasing number of cycle. After 15 cycles, the
train–temperature curves were nearly saturated. The stress
yclic testing was also conducted, where the permanent strain
as introduced during the testing. The plateau region due to
(2007), doi:10.1016/j.msea.2007.01.053

tress-induced martensite and its onset stress decreased with 333

ncreasing number of cycle. The recoverable strain after 200 334

ycles was 2.6%, which is useful as an actuator material The 335

EM observation identified the formation of Ti3Ni4 precipi- 336

dx.doi.org/10.1016/j.msea.2007.01.053


 IN+Model
M

8 ce an

t337

t338

4339

340

f341

H342

t343

s344

T345

b346

t347

o348

y349

i350

w351

a352

w353

c354

s355

a356

A357

358

0359

W

R 360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

[ 377

378

[ 379

380

[ 381

382

[ 383

384

[ 385

[15] F. Lopez, A. Salinas-Rodriguez, J.L. Rodriguez-Galicia, Scripta Mater. 34 386
ARTICLESA 22221 1–8

H. Nakayama et al. / Materials Scien

ates by the aging, responsible for increasing transformation
emperatures.

.2. TiNi sample (Ti-rich composition)

The TiNi sample in as-homogenized state showed clear trans-
ormation behavior as evidenced by the DSC measurements.
owever, the aging treatment did not affect the transforma-

ion temperatures. The TiNi sample in the as-homogenized
tate exhibited SME behavior (4.0% recoverable strain) at RT.
he stress–strain curves were obtained at the Af, where no SE
ehavior was observed. The TiNi sample has relatively high Af
emperature, so that the degradation of mechanical properties
ccurred at and above Af. At these temperatures, the sample was
ielded before the formation of stress-induced martensite. Dur-
ng thermal cycle testing, the permanent strain due to the yielding
as introduced during first heating and thereafter. The recover-

ble strain decreased and the strain due to the yielding increased
ith increasing number of cycle. Finally, the temperature-strain

urves are nearly saturated after 15 cycles. The recoverable
train after 15 cycles was about 2.2%, which is also useful as an
ctuator material.
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