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bstract

Martensitic transformation of annealed melt-spun Ti50Ni25Cu25 ribbons is investigated. Experimental results reveal that Ti50Ni25Cu25 ribbons
nnealed at a temperature above or below Tx have identical crystallization behavior and exhibit B2 ↔ B19 martensitic transformation. Ti50Ni25Cu25
ibbons can have good shape memory effect and damping capacity when annealed under appropriate conditions to acquire abundant crystallized
rains with low Cu content. In order to obtain the optimal shape memory effect, it is better to anneal crystallized ribbons at temperature between
g and Tx because crystallization of ribbons is slower and it is easier to control their properties.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

TiNi-based alloys exhibiting thermolelastic martensitic trans-
ormation are known to be the most important shape memory
lloys (SMAs) with excellent shape memory effect (SME) and
uperelasticity [1]. Substituting Cu for Ni in the Ti–Ni binary
MAs has been known to lower the transformation hystere-
is, the superelasticity hysteresis, and the flow stress level in
he martensite state [2,3]. The transformation sequences of
i50Ni50−xCux SMAs are B2 ↔ B19′, B2 ↔ B19 ↔ B19′ and
2 ↔ B19 for x < 5, 5 ≤ x ≤ 20 and x > 20 at.%, respectively

3–5]. Here, B2 is parent phase, B19 and B19′ are orthorhom-
ic and monoclinic martensite, respectively. It was found that
u addition exceeding 10 at.% in Ti50Ni50−xCux SMAs seri-
usly embrittles and reduces the alloy’s workability, and thus
estrains the practical applications of high Cu-content Ti–Ni–Cu
MAs [3,6]. In recent years, melt-spinning techniques have
een utilized to fabricate high Cu-content Ti–Ni–Cu ternary

MAs in order to avoid their intrinsic restriction of workabil-

ty. Ti50Ni25Cu25 ribbon has been widely studied because of
ts small transformation hysteresis, large transformation strain,
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nd one-stage B2 ↔ B19 transformation [7–16]. The as-spun
i50Ni25Cu25 ribbons fabricated using a high cooling rate in

he melt-spinning process are completely amorphous and show
o SME. Therefore, a proper thermal annealing is required to
rystallize the as-spun amorphous ribbons to achieve a good
ME. Several articles have reported the effect of annealing con-
ition on the microstructure, texture, martensitic transformation
nd shape memory property [17–20]. However, up to now, the
nnealing effects on the martensitic transformation behavior of
he crystallized Ti50Ni25Cu25 melt-spun ribbons have not been
lucidated in detail. In this study, Ti50Ni25Cu25 melt-spun rib-
ons are annealed to crystallize at three different temperatures
or differing time intervals. Two of the annealing temperatures
re chosen between glass transition temperature (Tg) and crystal-
ization temperature (Tx) and the other is chosen at a temperature
bove Tx. Thereafter, the effects of annealing on martensitic
ransformation, SME and damping characteristic of the annealed
ibbons are studied by differential scanning calorimetry (DSC)
nd dynamic mechanical analyzer (DMA).

. Experimental procedures
The Ti50Ni25Cu25 amorphous ribbons used in this study
ere prepared by the Institute for Materials Research, Tohoku
niversity, Sendai, Japan, using a single-roller melt-spinning

echnique. The detailed procedure for specimen preparation
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Fig. 1. (a) DSC curve of as-spun Ti Ni Cu ribbon measured at a constant
h
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nd the amorphous characteristics of the as-spun Ti50Ni25Cu25
ibbons are described elsewhere [16]. The as-spun ribbon was
rst cut into test specimens and heated at a constant heating
ate of 20 ◦C/min from room temperature to 550 ◦C using DSC
quipment (TA DSC 2000) to determine its Tg and Tx tempera-
ures. For specimens annealed at temperatures between Tg and
x, the as-spun ribbons were annealed at 435 ◦C and 450 ◦C by
A DSC 2000 in a nitrogen atmosphere. Here, Ti50Ni25Cu25
morphous specimen was first heated and equilibrated at 400 ◦C
nd then heated again to 435 ◦C or 450 ◦C at a constant rate of
0 ◦C/min. Thereafter, the specimen was kept isothermally at
35 ◦C or 450 ◦C for a certain time interval and then promptly
emoved from the DSC cell followed by quenching in water.
or the ribbons annealed at a temperature above Tx, the as-spun
ibbons were sealed in evacuated quartz tubes and annealed
t 500 ◦C in a salt bath for different time intervals and subse-
uently quenched in water. Transformation temperatures of the
forementioned annealed specimens were determined by TA
10 DSC with a heating/cooling rate of 10 ◦C/min. The shape

ecoverable strains of the annealed specimens were measured
y the tensile test under a constant stress of 90 MPa using a
lm tension clamp of TA 2980 DMA with a heating/cooling
ate of 3 ◦C/min. The damping characteristics of the annealed
pecimens were also investigated by TA 2980 DMA with the
ame heating/cooling rate (3 ◦C/min). The amplitude and fre-
uency employed were 10 �m (strain amplitude = 1.2 × 10−3)
nd 10 Hz, respectively. Microstructure observations and
omposition analysis for the annealed ribbons were performed
sing a Philips XL 30 scanning electron microscopy (SEM)
quipped with an energy dispersive spectrometry (EDS). The
DS results are the average of at least five tests in similar
laces. The ribbons for microstructure observations were sealed
n evacuated quartz tubes and annealed at 450 ◦C in a salt bath
or different time intervals followed by quenching in water to
void the formation of oxide layer during the annealing process.
hereafter, the annealed ribbons were etched by the solution of
ClO3: CH3COOH = 5:100 in volume ratio.

. Experimental results

.1. DSC results of amorphous and annealed Ti50Ni25Cu25

ibbons

Fig. 1(a) shows the DSC heating curve of the as-spun amor-
hous ribbon measured at a constant heating rate of 20 ◦C/min.
s shown in Fig. 1(a), a Tg temperature at 400 ◦C and a Tx

emperature at 460 ◦C can be detected. Obviously, there is an
xtended supercooled liquid region between Tg and Tx. Hence,
he isothermal annealing temperatures are chosen at 435 ◦C,
50 ◦C and 500 ◦C. Fig. 1(b) plots the DSC curves of the as-spun
morphous ribbons isothermal annealed at 435 ◦C and 450 ◦C.
n Fig. 1(b), both DSC curves show a single exothermic peak
fter a certain period of incubation time. Moreover, as shown

n Fig. 1(b), the incubation time is shorter and the crystalliza-
ion process is faster when the ribbon is annealed at a higher
emperature. Fig. 2(a–c) shows the DSC cooling curves of the
ibbons annealed at 435 ◦C, 450 ◦C and 500 ◦C, respectively, for

t
2
m
a

50 25 25

eating rate of 20 ◦C/min and (b) the isothermal DSC curves of the as-spun
i50Ni25Cu25 ribbon measured at isothermal annealing temperatures of 435 ◦C
nd 450 ◦C.

ifferent time intervals. As seen in Fig. 2, all specimens exhibit
n asymmetric peak shape of B2 → B19 martensitic transforma-
ion upon cooling, i.e., sharp from the high-temperature side and
mooth from the low-temperature one. This phenomenon is asso-
iated with the fact that the stored elastic energy associated with
artensitic transformation increases with increase in volume

raction of the martensite and retards the forward transforma-
ion. Similar behavior has been observed in Ni42.5Mn50Ti7.5 [21]
nd Ti40.5Ni49.5Zr10 [22] SMAs.

.2. DMA results of annealed Ti50Ni25Cu25 ribbons

Fig. 3(a–c) shows the DMA strain–temperature curves of
i50Ni25Cu25 melt-spun ribbons annealed at 435 ◦C, 450 ◦C and
00 ◦C, respectively, for different time intervals. In Fig. 3, the
ensile stress employed is 90 MPa, which is low enough to for-
id the retained strain following the thermal cycling test. As
llustrated in Fig. 3, the annealed melt-spun ribbons exhibit a
ell-defined shape recovery upon complete crystallization of

he ribbons. Among them, the crystallized ribbons annealed at
35 ◦C, 450 ◦C and 500 ◦C for 30 min, 10 min and 3 min, respec-

ively, exhibit the maximum shape recoverable strain of about
.2%, 2.3% and 2.0%. Fig. 4(a) shows the DMA tan δ and storage
odulus E0 curves of Ti50Ni25Cu25 melt-spun ribbons annealed

t 500 ◦C for 3 min. In Fig. 4(a), for the tan δ curve, a B2 → B19
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ig. 2. DSC curves of Ti50Ni25Cu25 ribbon annealed at (a) 435 ◦C, (b) 450 ◦C
nd (c) 500 ◦C for different time intervals.

ransformation peak and an extra broadening peak are observed
t about −20 ◦C and −75 ◦C, respectively. The extra peak at
75 ◦C is known as a relaxation peak which is not observed

n the DSC curve [23]. Moreover, from Fig. 4(a), the measured
0 curve declines gently in the B2 parent phase while cool-

ng, and drops significantly during B2 → B19 transformation.
fter B2 → B19 transformation is completed, the E0 value of

19 martensite increases quickly with a decrease in tempera-

ure. Fig. 4(b) shows the tan δ curves of the ribbons annealed at
00 ◦C for different time intervals. As illustrated in Fig. 4(b), the
pecimen annealed for 3 min has the highest tan δ transformation

a
o

ig. 3. DMA tensile curves for Ti50Ni25Cu25 ribbon annealed at (a) 435 ◦C, (b)
50 ◦C and (c) 500 ◦C for different time intervals.

eak and relaxation peak with the former having its tan δ value of
.07. When the annealing time is prolonged, both transformation
eak and relaxation peak shift gradually to high temperatures but
heir tan δ values decrease simultaneously. Moreover, as shown
n Fig. 4(b), the ribbon annealed at 500 ◦C for 1 min possesses a
ery low tan δ value and exhibits neither a transformation peak
or relaxation peak.

.3. SEM results of anneale d Ti50Ni25Cu25 ribbons
Fig. 5(a–c) shows the SEM micrographs of ribbons annealed
t 450 ◦C for 3 min, 10 min and 60 min, respectively. The results
f EDS analyses for chemical compositions of points 1–6 are
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ig. 4. (a) DMA tan δ and E0 curves of Ti50Ni25Cu25 ribbon annealed at 500 ◦C
or 3 min and (b) DMA tan δ curves of Ti50Ni25Cu25 ribbons annealed at 500 ◦C
or different time intervals.

lso denoted in Fig. 5. In Fig. 5(a), when the specimen is
nnealed at 450 ◦C for 3 min, only about 40% of the area has
een crystallized in the amorphous matrix with the grain sizes
f 1–3 �m. Obviously, at this annealing condition, the crystal-
ization process is not completed. Moreover, the crystallized
rains (point 1) contain a higher Ti content and a lower Cu
ontent of about 51.74 at.% and 21.51 at.%, respectively, than

hose of the amorphous matrix (point 2). For ribbons annealed at
50 ◦C for 10 min, as shown in Fig. 5(b), more crystallized grains
re developed and their grain sizes increase to about 4–6 �m.
he Ti content of the crystallized grains (point 3) decreases to

t
d
a
v

Fig. 5. SEM micrographs and EDS analyses of Ti50Ni25Cu25 ribbo
ngineering A  476 (2008) 316–321 319

1.29 at.% while the Cu content increases to 24.04 at.%. Com-
aring Fig. 5(b) with (a) reveals that the decreasing Ti content
nd the increasing Cu content in crystallized grains are due
o the diffusion of Ti and Cu atoms between the matrix and
he crystallized grains. After annealing at 450 ◦C for 60 min,
s shown in Fig. 5(c), the crystallized area and grains size are
lmost similar to those in Fig. 5(b). This indicates that the frac-
ion of the crystallized area and the sizes of the crystallized
rains do not increase conspicuously with further annealing
pon complete crystallization. At the same time, as illustrated in
ig. 5(c), the Ti and Cu contents in crystallized grains (point 5)
ecrease continuously to 50.07 at.% and increase to 24.84 at.%,
espectively, and are close to those in the matrix (point 6). This
s because Ti and Cu atoms diffuse continuously between the

atrix and the crystallized grain, and thus the chemical compo-
ition throughout the ribbon eventually approaches equilibrium
fter sufficient annealing. The tendency of the evolution in
icrostructure and the change in composition of the ribbons

nnealed at 500 ◦C are similar to those shown in Fig. 5 [16].
his feature indicates that the crystallization behavior is simi-

ar when ribbons are annealed at temperatures above or below
x.

. Discussion

.1. Martensitic transformation of annealed Ti50Ni25Cu25

ibbons

Fig. 6(a) plots the specimen’s �Hc values of Fig. 2 as a
unction of annealing time. For ribbons annealed at 435 ◦C and
50 ◦C, the measured �Hc value is low when the crystalliza-
ion is incomplete, such as annealing at 435 ◦C and 450 ◦C for
9 min and 4 min, respectively. For ribbons annealed at 500 ◦C,
n the other hand, the low �Hc value is not obtained because
he crystallization process is too rapid. Upon prolonging the
nnealing time, the �Hc value of the ribbons annealed at 435 ◦C
nd 450 ◦C increases and eventually reaches 8.0 J/g, and that
nnealed at 500 ◦C eventually approaches 7.5 J/g. In Fig. 6(a),

he low �Hc value at the beginning of the annealing time is
ue to the insufficient crystallization of the annealed ribbons,
s shown in Fig. 5(a). Upon complete crystallization, the �Hc
alues almost remain constant because the fraction of the crys-

n annealed at 450 ◦C for (a) 3 min, (b) 10 min and (c) 60 min.
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ig. 6. Changes of the (a) �Hc and (b) shape recoverable strain of Ti50Ni25Cu25

ibbons annealed at 435 ◦C, 450 ◦C and 500 ◦C as a function of annealing time.

allized area and the size of the crystallized grains do not increase
onspicuously, as shown in Fig. 5(b and c).

Fig. 6(b) plots the specimen’s shape recoverable strain mea-
ured from Fig. 3 as a function of annealing time. From Figs.
(b) and 6(b), when the ribbon is incompletely crystallized,
uch as the specimens annealed at 435 ◦C, 450 ◦C and 500 ◦C
or less than 20 min, 5 min and 1 min, respectively, no obvious
artensitic transformation and thus no SME or sharp damping

apacity can be obtained. When ribbons are annealed at 435 ◦C,
50 ◦C and 500 ◦C for 30 min, 10 min and 3 min, respectively,
s shown in Fig. 6(b), crystallized ribbons exhibit maximum
hape recoverable strains. Meanwhile, for specimen annealed
t 500 ◦C for 3 min, as shown in Fig. 4(b), its transformation
eak and relaxation peak also exhibit the greatest tan δ val-
es. These features are closely related to the fact that there are
bundant crystallized grains developed in the annealed ribbons
hen the crystallization is finished, as shown in Fig. 5(b). How-

ver, from Figs. 4(b) and 6(b), both the shape recoverable strain

nd the tan δ value of crystallized ribbons decrease with further
ncrease in annealing time. Liu and co-workers [18–20] pro-
osed that formation of excessive B11-TiCu precipitates and the
exture development deteriorate the shape memory and thermo-

5

T
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echanical properties of the crystallized Ti50Ni25Cu25 ribbons
hen they are annealed at temperature above 550 ◦C. In addi-

ion, it has also been reported that Ti50Ni25Cu25 ribbons can
orm precipitates when they are annealed at high temperature
e.g., above 550 ◦C) or for extremely long interval (e.g., 48 h at
10 ◦C) [7,10–12]. Therefore, precipitate formation and texture
ffect do not account for the decreasing shape recoverable strain
nd tan δ value because the annealing temperatures and time
ntervals employed in this study are much lower than 550 ◦C
nd 48 h, respectively. Since the fraction of the crystallized area
nd the �Hc value of the annealed ribbons are almost the same
fter crystallization of ribbons is complete, the decreasing shape
ecoverable strain and tan δ value are not attributable to the
hange in the crystallized area, but are mainly because of the
lteration in composition in the crystallized grains. Nam et al.
3] reported that the maximum recoverable elongation associ-
ted with B2 ↔ B19 transformation decreases with increasing
u content in bulk Ti50Ni50−xCux SMAs. Therefore, the afore-
entioned decreasing shape recoverable strain and tan δ value

f the crystallized ribbons can be attributed to the increasing Cu
ontent in the crystallized grains.

.2. Annealing temperature effect

Experimental results of Figs. 3–6 reveal that the annealing
ondition influences significantly the SME and damping char-
cteristics of crystallized Ti50Ni25Cu25 ribbons. This annealing
ffect is similar whether the ribbons are annealed at a tem-
erature above or below Tx. However, as shown in Fig. 6(b),
f the specimens are annealed at 500 ◦C (above Tx), only the
pecimen annealed for 3 min can possess a good shape recover-
ble strain, say 2.0%. On the other hand, for ribbons annealed
t temperatures between Tg and Tx, the specimens annealed
t 435 ◦C for 25–40 min and those at 450 ◦C for 5–15 min
an all possess shape recoverable strain of above 2.0%. In
ther words, the ribbons annealed at a lower temperature can
cquire good SME over a wider annealing time interval upon
omplete crystallization. This is because the higher the anneal-
ng temperature, the faster the atoms diffuse in between the

atrix and crystallized grains, and thus the SME of annealed
ibbons deteriorates more rapidly. Consequently, from the view-
oint of shape memory applications of melt-spun Ti50Ni25Cu25
ibbons, we expect that the ribbons can possess high shape
ecoverable strain and good damping capacity by appropri-
te control of the annealing conditions. Since the effect of
nnealing on the crystallization behavior and thus the SME of
he crystallized ribbons is similar regardless whether the rib-
ons are annealed at a temperature above or below Tx, it is
referable to choose the annealing temperature between Tg and
x because it is easier to control the annealing condition to
btain higher SME and damping capacity of the crystallized
ibbons.
. Conclusions

In this study, martensitic transformation of melt-spun
i50Ni25Cu25 ribbons annealed at temperatures above and below
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x for different time intervals is investigated by DSC and DMA
ests. Experimental results reveal that shape memory effect and
amping capacity of crystallized Ti50Ni25Cu25 melt-spun rib-
ons are significantly influenced by the annealing condition.
hen the ribbon is incompletely crystallized, no sharp damp-

ng capacity and no good SME can be obtained because no
bvious martensitic transformation occurred in the ribbon. The
rystallized Ti50Ni25Cu25 ribbon exhibits its maximum shape
ecoverable strain and the highest tan δvalue when its crystalliza-
ion process is just completed. This is because, at this time, there
re abundant crystallized grains with the lowest Cu content in
he crystallized ribbons. Both shape recoverable strain and tan δ

alue of the ribbon deteriorate with further prolonged anneal-
ng due to the increasing Cu and decreasing Ti content in the
rystallized grains. Consequently, in view of the shape memory
pplications of melt-spun Ti50Ni25Cu25 ribbons, it is prefer-
ble to choose the annealing temperature between Tg and Tx
ecause it is easier to control the annealing condition to acquire
bundant crystallized grains with lower Cu content, and thus
o obtain better SME and damping capacity of the crystallized
ibbons.
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