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Abstract

Severely cold-rolled Tis; NigoCuy shape memory alloy annealed at 500 °C x 72 h and 650 °C x 1 h exhibits three-stage martensitic transformation
owing to the grain-size effect, i.e., the specimen has small grains near the rolling surfaces and large grains in the central region. The different
grain-size distribution is attributed to the inhomogeneous cold-rolling effect. The three-stage transformation has three pairs of transformation peaks
which are associated with B2, <> B19; transformation of large grains, B2, <> B19, transformation of small grains and (B19; + B19,) <+ B1Y’

transformation of both large and small grains.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

TiNi-based shape memory alloys (SMAs) have great poten-
tial for mechanical, biomedical and sports applications because
of their excellent properties on shape memory effect (SME),
pseudoelasticity (PE) and damping capacity [1]. The substitu-
tion of Cu for Ni in TiNi SMAs has been known to reduce
or prevent the following events: (1) the composition sensitiv-
ity of the starting temperature for martensitic transformation,
M;s [2], (2) the hysteresis of pseudoelasticity [3], and (3) the
flow stress level in the martensitic state [3,4]. TisoNiso_,Cu,
SMAs, with x <30 at.%, have been investigated extensively from
various aspects. Transformation sequences of TisgNiso—,Cu,
SMAs are B2 <> B19’, B2 <> B19 <« B19’ and B2 < B19 for
x<5,5<x<20 and x>20 at.%, respectively [5—7]. Here B2 is
parent austenite, B19 and B19’ are orthorhombic and monoclinic
martensite, respectively.

Multi-stage martensitic transformation is usually found in
aged Ni-rich TiNi SMAs [8-13]. All the complex multi-stage
martensitic transformations appeared in Ni-rich TiNi alloys are
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associated with the heterogeneous stress field caused by Ti3Nig
precipitates and the inhomogeneous distribution of TizNig pre-
cipitates. We have recently reported the occurrence of the
multi-stage martensitic transformations owing to different grain-
size distribution in cold-rolled and annealed bulk TisoNisg
SMA [14] and in annealed melt-spun Tis;Nigzg SMA ribbons
[15]. In the present study, a three-stage martensitic transfor-
mation is found in a cold-rolled and annealed Tis;NigoCug
SMA. The transformation characteristics of this three-stage
martensitic transformation are systematically investigated by
differential scanning calorimetry (DSC), dynamic mechanical
analyzer (DMA) and optical microscope (OM). The cause of
this three-stage martensitic transformation is also discussed.

2. Experimental procedure

Tis1 NigoCug ingot was prepared by conventional vacuum arc-remelting
(VAR) method in which high-purity Ti (99.8 wt.%), Ni (99.9 wt.%) and Cu
(99.99 wt.%) were remelted six times in a high-purity Ar atmosphere. The as-
melted ingot was hot-rolled at 900 °C to a plate of about 2.0 mm thickness by
STANAT TA-515-5-5X8 rolling machine at a constant rolling speed of 10 m/min,
then solution-treated at 900 °C for 1 h and subsequently quenched in water. The
oxidation layer of the plate was chemically etched by a solution composed of
HF:HNO3:H,0 = 1:5:20 (v/v/v) and then polished by #150 sandpapers. After
removing the oxidation layer, the plate became about 1.8 mm in thickness, and
was cut into 75 mm x 20 mm strips with the longitude along the hot-rolling
direction. Thereafter, the strips were cold-rolled to 1 mm in thickness at room
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Fig. 1. DSC result of as hot-rolled Tis; NigoCug specimen.

temperature along the hot-rolling direction by the same rolling machine with
about 2% thickness reduction for each pass. The total reduction in thickness was
about 44%. After cold-rolling, the strips were cut into 35 mm x 4.5 mm x 1 mm
specimens for DMA test and about 30 mg specimens for DSC test, sealed in
evacuated quartz tubes and then annealed in 500 °C and 650 °C salt baths for
different time intervals.

Transformation temperature and enthalpy of cold-rolled and annealed
Tis;NigoCug specimens were determined by TA Q10 DSC equipment at
10 °C/min cooling/heating rate. Their internal friction (tan §) values were deter-
mined by TA 2980 DMA equipment at 3 °C/min cooling rate under 1Hz
frequency and 5 pm amplitude. The testing temperature ranged from +150 °C
to —120°C in both DSC and DMA tests. The cross-sectional microstruc-
ture of cold-rolled and annealed Tis;NigpCug specimens was observed by
Nikon FX-35DX optical microscope (OM). The electro-polish was done under
5V at room temperature. The electro-polishing solution was composed of
CH3COOH:HCI1O4 =5:95 (v/v). From the OM images, the average grain size
of cold-rolled and annealed specimens was estimated by the linear intercept
method [16].

3. Results and discussion

3.1. DSC and DMA results of as hot-rolled Tis;NisgCug
specimen

Figs. 1 and 2 show DSC and DMA results of as hot-rolled
Ti51 NiggCug specimen, respectively. In Figs. 1 and 2, as hot-
rolled Tis; NiggCug specimen shows a two-stage transformation
corresponding to two exothermal peaks, two tané peaks and
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Fig. 2. DMA result of as hot-rolled Tis; NigoCug specimen.

two storage modulus minima during cooling. According to our
previous study [17], the first transformation is B2 — B19, cor-
responds to a sharp exothermal peak, a sharp tan § peak and a
significant storage modulus drop; while the second transforma-
tion is B19 — B19’, corresponds to a broad exothermal peak, a
broad tan § peak and a minute storage modulus drop. Thus the
transformation sequence of Tis NiggCug specimen is the same as
that of TisoNiso_xCuy (5 <x <20at.%),i.e.,B2<>B19 <~ B19
two-stage transformation [5-7]. However, both B2 <> B19 and
B19 < B19' transformation peak temperatures of Tis; NigoCug
specimen are higher than those of Ti5oNig9Cujg specimen [17]
because the former has Ti-rich chemical composition. Moreover,
there is a small temperature shift between the results of DSC and
DMA tests which is attributed to the different cooling/heating
rates and specimen sizes used in these two tests.

3.2. Cross-sectional microstructure of cold-rolled and
annealed Tis;NiqgCug specimen

Fig. 3(a)—(c) show the OM micrographs of cross-sectional
microstructure of cold-rolled Ti5;NiggCug specimen annealed
at 650°C x 1h. Fig. 3(a) reveals that the microstructure in the
central region is quite different from that near the specimen’s
rolling surfaces. The grains in the central region are elongated
along the rolling direction (RD) and the average grain size is
about 23 pm, as calculated from Fig. 3(b) and (c) shows that the
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Fig. 3. OM micrographs of cross-sectional microstructure of cold-rolled
Tis;NigoCug specimen annealed at 650°C x 1 h. (a) The full scope, (b) the
enlarged central region and (c) the enlarged near rolling surface region.
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Fig. 4. DSC results of cold-rolled Tis;NigoCug specimens annealed at
500°C x 72h and 650°C x 1h.

grains near the rolling surfaces are much finer than those in the
central region and the grain size is about 3 wm. This is because
the specimen’s surfaces are in direct contact with the rollers
and suffer more plastic deformation than the central region. The
inhomogeneous microstructure shown in Fig. 3 is quite similar to
that seen in our previous study for the 35% cold-rolled Ti5oNisq
SMA annealed at 500 °C x 3h [14].

3.3. DSC results of cold-rolled and annealed Tis;NigoCug
specimen

Fig. 4 shows DSC results of cold-rolled Tis;NiggCug spec-
imens annealed at 500°C x 72h and 650°C x 1 h. As can be
seen, there are three transformation peaks in both cooling and
heating curves. In order to identify these transformation peaks,
the cooling process is interrupted at each transformation peak
and immediately heats up to obtain the corresponding partial-
cycle DSC curve. The partial-cycle results of the specimens
annealed at 500 °C x 72 h are shown in Fig. 5. In Fig. 5, the solid
line represents the full-cycle DSC curve, and the long-dash line
represents the partial-cycle DSC curve which is interrupted at
the first transformation peak, say 59.6 °C, and a reverse trans-
formation peak appears at 75.7 °C during heating. Since the first
pair of transformation peaks is quite sharp, we conclude that it is
B2 <> B19; transformation associated with the central region
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Fig. 5. The overlapped partial-cycle DSC results for cold-rolled Tis;NizoCug
specimen annealed at 500 °C x 72 h.

of the specimen which will be discussed in greater detail in
the next section. In the same way, the short-dash line in Fig. 5
represents the partial-cycle DSC curve interrupted at the second
transformation peak (47.6 °C), and areverse transformation peak
appears at 61.9 °C during heating. Since the second pair of trans-
formation peaks is also quite sharp, we conclude that it is also
B2, <> B19; transformation associated with the near-surface
region of the specimen. Finally, the partial-cycle DSC test is
interrupted at the third peak (=29.6 °C and shown as the dash-
dot line in Fig. 5), and a reverse transformation peak appears
at 48.0 °C during heating. The last pair of transformation peaks
is quite broad, and we conclude that it is (B19; + B19,) <+B19’
transformation. All the transformations associated with these
three pairs of transformation peaks are highlighted in Fig. 5.

The transformation sequence of cold-rolled Tis;NiggCug
specimen annealed at 650 °C x 1 h, as shown in Fig. 4, is the
same as that of annealed at 500°C x 72h, i.e., the first, sec-
ond and third pair of transformation peaks are associated with
B2 <> B19;, B2, <> B19; and (B19; + B19;) <> B19’ transfor-
mations, respectively. However, the first and second pair of
transformation peaks overlap partially.

3.4. Origin of three-stage martensitic transformation in
cold-rolled and annealed TisjNiy9Cug specimen

In order to clarify the grain-size effect on three-stage marten-
sitic transformation shown in Fig. 4, the cold-rolled and annealed
Tis1 NiggCug specimens are ground from both rolling surfaces to
remove the grains that are smaller than those in the central region.
The thickness of the specimen annealed at 650 °C x 1h is first
reduced from 1 mm to 0.6 mm and then further reduced from
0.6 mm to 0.4 mm. Fig. 6(a) and (b) show the evolution of DSC
curves corresponding to the specimen thickness. In Fig. 6, the
second pair of B2, <> B19; peaks of the 0.6 mm-thick specimen
becomes smaller than that of the 1.0 mm one. Moreover, for the
0.4 mm-thick specimen, B2, <> B19, peaks almost disappear.
Also shown in Fig. 6, the transformation peak temperatures shift
slightly to higher temperatures when the specimen’s thickness
is reduced. This is because the grinding process can eliminate
the suppression effect of the abundant grain boundaries on the
transformation temperature.

The specimen thickness of the TisiNigCug specimen
annealed at 500°C x 72h is also reduced from 1.0mm to
0.4mm. Fig. 7 shows the evolution of DMA cooling curves
corresponding to the specimen thickness. For the DMA curve
of the 0.4 mm-thick specimen, the B2, — B19; peak almost
disappears too.

The aforementioned DSC and DMA results of ground
specimens suggest that the three-stage martensitic transforma-
tion shown in Fig. 4 comes from the grain-size effect. Here,
B2; <> B19; is associated with B2 <> B19 transformation owing
to the large grains in the central region, and B2, <> B19; is also
associated with B2 <> B19 transformation, but attributed to the
small grains near the rolling surfaces. The inhomogeneous cold-
rolling deformation distributed in the specimen implies that the
degree of plastic deformation in the central region is less than
that near the rolling surfaces. As aresult, the grains in the central
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Fig. 6. DSC curves for cold-rolled TisiNiggCug specimen annealed at
650°C x 1 h. (a) DSC cooling curves and (b) DSC heating curves.
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Fig. 7. DMA curves for cold-rolled Tis;NigCug specimen annealed at
500°C x 72h.

region are larger than those near the rolling surfaces after recrys-
tallization and grain growth. Itis well known that the defects such
as grain boundaries can suppress martensitic transformation to
a lower temperature [14]. Therefore, B2, <> B19;, transforma-
tion corresponding to the smaller grains near the rolling surfaces
takes place at lower temperature than B2; <> B19; transforma-
tion corresponding to the large grains in the central region.
Compared with B2 <> B19 transformation, B19 <> B19’
transformation shown in Fig. 4 does not separate into two
B19; <> B19;" and B19, <> B19,’ transformations which corre-

spond to the large and small grains, respectively. This is because
B19 < B19' transformation requires much smaller transfor-
mation strain (~2%) than B2 <> B19 transformation (~8%)
[18]. Therefore, the effect of grain size can be neglected in
B19 <> B19' transformation.

4. Conclusions

The three-stage martensitic transformation occurring
in severely cold-rolled Ti5;NiggCug SMA annealed at
500°C x 72h and 650°C x 1h is investigated by DSC, DMA
and OM. Experimental results show that three-stage martensitic
transformation is attributed to the different grain-size distribu-
tion, i.e., the small grains near the rolling surfaces and the large
grains in the central region. Such distribution is attributed to
the inhomogeneous cold-rolled effect in which the specimen’s
surfaces are in direct contact with the rollers and suffer more
plastic deformation than the central region. The three-stage
martensitic transformation has three pairs of transformation
peaks which are associated with B2; <> B19; transformation
of the large grains in the central region, B2, <+ B19; trans-
formation of the small grains near the rolling surfaces and
(B19; +B19;) <> B19’ transformation of both large and small
grains.
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