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Cold-rolled and annealed Ti_Ni, Cu, shape memory alloy possesses a major (110)[001] texture along the rolling
direction and a minor {111}<uvw> y-fiber texture along the normal direction. The damping capacity of the B2—B19
and B19—B2 martensitic transformation internal friction peaks for the Ti_ Ni, Cu, shape memory alloy was more
pronounced in the rolling direction than in the transverse direction due to the effects of the cold-rolled and an-
nealed textures. The damping capacity of the B19—B19"and B19'—B19 martensitic transformation internal friction
peaks was not noticeable affected by the orientation of the specimen.

Key words: TiNiCu alloys/shape memory alloys, textures, damping, cold-rolled, annealing

INTRODUCTION

Shape memory alloys (SMAs) are known as func-
tional materials because they present unique properties
including the shape memory effect, superelasticity, and
high—damping characteristics [1]. Nickel-Titanium
(TiNi) SMAs exhibit particular good damping capacity
during martensitic transformation; however, they un-
dergo this transformation at temperatures that are not
sufficiently high for most applications. It has been re-
ported that substituting Cu for Ni in TiNi SMAs raises
the martensitic transformation temperatures and further
enhances their damping [2]. The martensitic transfor-
mation sequences of Ti_Ni,, Cu SMAs with x < 30
atomic percent (at,%) are complex and closely related
to Cu content. In Ti, Ni_, Cu SMAs with a Cu content
below 7,5 at,%, the transformation sequence of the al-
loys is B2<»B19’. When the Cu content of the alloys is
between 7,5 at,% and 16 at,%, the transformation se-
quence of the alloys is a two—stage B2<»B19+-B19’. In
Ti Ni, Cu SMAs with a Cu content above 16 at,%,
the transformation sequence is B2«<B19. Here, B2 is
the parent austenite while B19 and B19’ are orthorhom-
bic and monoclinic martensites, respectively. The
damping properties of Ti, Ni,, Cu SMAs with a vari-
ety of martensitic transformation sequences have been
widely investigated [3, 4]. Besides, the SME and super-
elasticity properties found in single crystal SMAs are
dependent on its crystal orientation, and the same ef-
fects in polycrystalline SMAs are affected by texture [5
- 8]. However, the effects of texture on the damping
characteristics of TiNiCu SMAs have yet to be investi-
gated. The main purpose of this study was to investigate
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the effects of textures produced by cold-rolling on the
damping properties of Ti, Ni, Cu,  SMA.

EXPERIMENTAL

The Ti, Ni, Cu,; SMA in this study was prepared us-
ing pure raw titanium, nickel, and copper. The raw mate-
rials were re-melted using a vacuum arc furnace to pro-
duce a Ti Ni, Cu, SMA ingot. The as-melted Ti-
5oNi,,Cu,; SMA ingot was heated to 900 °C before being
hot-rolled to form a plate 2 mm in thickness. Cold-roll-
ing was then applied in the same rolling direction at
room temperature, resulting in a plate of 1 mm in thick-
ness (approximately 50 % thickness reduction). Anneal-
ing was not performed during cold-rolling to avoid the
occurrence of recrystallization. The cold-rolled plate
was cut into test specimens using a diamond saw, sealed
in an evacuated quartz tube, and annealed at 500 °C for
10 min. Crystallographic features of the cold-rolled and
annealed Ti, Ni, Cu,, SMA were determined using a
Rigaku Ultima IV X-ray diffraction (XRD) instrument
with Cu Ka radiation (A = 0,154 nm). Specimens used in
orientation distribution function (ODF) measurements
were cut from the annealed plates to the size of 20,0 mm
x 15,0 mm x 1,0 mm. ODF specimen was mechanically
and electrically polished to a mirror surface. The surface
texture of the specimen was calculated from the X-ray
pole figure measurements. The pole figures were meas-
ured using an X-ray diffractometer with Co-radiation
(D8 DISCOVER, Bruker AXS Gmbh, Germany) with
Co Ka radiation (A = 0,179 nm) at room temperature.
The ODF, including odd terms and ghost correction, was
calculated to an order of | _ = 22 using the series expan-
sion method [9]. Damping properties of the cold-rolled
and annealed Ti. Ni, Cu,, SMA were measured by dy-
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namic mechanical analysis (DMA). Specimens for the
DMA experiments were cut to dimensions of 30,0 mm
X 4,0 mm X 1,0 mm, with the long-axis of specimen in
the directions of 6 = 0° (rolling direction, RD) and 90°
(transverse direction, TD) relative to the direction of
cold-rolling. The tan & values of specimen were deter-
mined using a TA 2 980 DMA equipped with a single
cantilever clamp and liquid nitrogen cooling apparatus.
The experiment parameters used in the DMA tests were
as follows: cooling rate = 3 °C/min, frequency =1 Hz,
and strain amplitude = 8,5 x 10°%,

RESULTS AND DISCUSSION

Figure 1 presents XRD results of the cold-rolled and
annealed Ti, Ni, Cu,, SMA measured at room tempera-
ture. Figure 1 shows a major (110) and a minor (211)
diffraction peaks at approximately 26 = 42° and 77,5°,
respectively. The (200) diffraction peak typically found
in Ti-Ni-Cu SMAs was not observed in this study. In
addition, there is no any pronounced B19 or B19’ mar-
tensite diffraction peaks can be observed in Figure 1,
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Figure 1 XRD spectra of Ti, Ni, Cu,  SMA measured at room
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indicating that the cold-rolled and annealed Ti, Ni, Cu,
SMA is entirely B2 parent phase at room temperature.
Figure 2(a) presents the measured (110) pole figure for
the cold-rolled and annealed Ti_Ni, Cu,, SMA. The
center of the (110) pole figure corresponds to the nor-
mal direction (ND) of the specimen surface. Figure 2(a)
shows two peaks in the (110) pole figure, symmetrically
located in the TD direction. Figure 2(b) shows the cal-
culated (110) pole figure, which is very close to that of
the measured one. The measured and calculated of
(200) and (210) pole figures were also very similar to
each other; however, these figures are not presented in
this study. These results indicate that subsequent ODF
results calculated from (110), (200) and (210) pole fig-
ures will be reliable.

Figure 3(a) presents the three-dimensional ODF re-
sults of the cold-rolled and annealed Ti_ Ni, Cu,, SMA,
calculated from the (200), (110) and (210) pole figures.
Figure 3(b) shows the ¢, = 45° section of the contour
ODF results in Fig. 3(a), in which most of the preferred
orientations are conveniently observed in this section.
Figure 3(b) shows that the cold-rolled and annealed Ti-
5Ni,,Cu,  SMA possesses a y-fiber texture in a line at @
=55°, resembling {111}<uvw> y-fiber texture along the
ND [5]. This y-fiber texture along the ND is correspond-
ing to the shearing effect caused by the friction of roll-
ers during cold-rolling process [8]. Figure 3(b) also
shows a concentrated (110)[001] texture along the RD,
with higher intensity than that of the y-fiber texture, in-
dicating that the (110)[001] texture is the primary tex-
ture in the cold-rolled and annealed Ti, Ni, Cu,  SMA.

Figures 4(a) and 4(b) respectively show the DMA
tan 6 and storage modulus (E-modulus) curves as a
function of temperature along the RD and TD in speci-
mens cut from the same cold-rolled and annealed Ti-
soNi,,Cu,; SMA plate. Figure 4(a) shows that the speci-
men cut along the RD exhibited a pronounced B2—B19
martensitic transformation internal friction peak (tan &
= 0,123) at approximately 33 °C as well as a broad
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Figure 2a The measured (110) pole figure of Ti, Ni, Cu, SMA
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Figure 2b The calculated (110) pole figure of Ti, Ni, Cu,  SMA
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Figure 3a Three-dimensional ODF results of Ti, Ni, Cu, SMA

B19—B19’ peak (tan & = 0,040) at approximately -18
°C in the cooling tan & curve. The specimen cut along
the RD also showed a B19’—B19 peak (tan & = 0,050)
at approximately 38 °C and a significant B19—B2 peak
(tan 4 = 0,168) at approximately 71 °C in the heating tan
d curve. Figure 4(a) also reveals that the cooling storage
modulus curve decreases gently in the B2 parent phase
and then reaches a minimum value of approximately 25
500 MPa during B2—B19 martensitic transformation.
After B2—B19 martensitic transformation is complet-
ed, the storage modulus curve increases with decreasing
temperature. The storage modulus curve also shows a
minimum value of approximately 25 700 MPa during
B19—B2 martensitic transformation in heating. Figure
4(b) shows that the specimens cut along the TD also
exhibited B2—B19 and B19—B19’ martensitic trans-
formation internal friction peaks in the cooling tan
curve and B19’—B19 and B19—B2 peaks in heating.
However, the tan 6 values of the B2—B19 and B19—B2
peaks in the TD sample are only 0,085 and 0,103, re-
spectively. Figure 4(b) also reveals that both the cooling
and heating storage modulus curves show a minimum
value of approximately 26 500 MPa during the B2—B19
and B19—B 2 martensitic transformations.
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Figure 3b The @2 = 45° section of the contour ODF results

According to the ODF results shown in Fig. 3, the
cold-rolled and annealed Ti, Ni, Cu,, SMA possesses a
dominant (110)[001] texture. Previous studies have re-
ported that the (110)[001] texture, which is also observed
in other B2 intermetallic compounds such as NiAl, CoTi,
and TiNiFe [10, 11], exhibits a possible slip plane system
of (001)[100],, [5]. The Schmid factor of (001)[100],, is
much lower in the TD [5], which results in lower internal
friction peaks during the B2—B19 martensitic transfor-
mation. According to the DMA results shown in Figs.
4(a) and 4(b), the tan & values of the B2—B19 and
B19—B2 martensitic transformation internal friction
peaks for the specimen cut along the RD are higher than
those the specimen cut along the TD. This feature indi-
cates that the internal friction of the B2—B19 and
B19—B2 martensitic transformation internal friction
peaks exhibits anisotropic damping properties due to the
effect of the cold-rolled and annealed textures. On the
other hand, the tan 3 values of the B19—B19” martensitic
transformation internal friction peak did not vary be-
tween specimens cut along the RD and that cut along the
TD (approximately 0,04). These results indicate that the
tan & values of the B19—B19’ martensitic transformation
internal friction peak are not noticeably affected by the
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Figure 4a Tan 6 and storage modulus curves of Ti, Ni, Cu,
SMAin 6 =0° (RD)
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Figure 4b Tan & and storage modulus curves of Ti_ Ni, Cu, |
SMAin 6 =90°(TD)

35



orientation of the specimen. This may be due to the fact
that the transformation strain involved in B2—B19 mar-
tensitic transformation (approximately 8%) is much
higher than that of the B19—B19’ martensitic transfor-
mation (approximately 2%) [1]. However, further inves-
tigation will be needed to confirm this.

CONCLUSIONS

Cold-rolled and annealed Ti_Ni, Cu,, SMA shows a
major (110)[001] texture along the RD and a minor
{111}<uvw> y-fiber texture along the ND. The damp-
ing capacity of B2—B19 and B19—B2 martensitic
transformation internal friction peaks exhibited aniso-
tropic damping properties resulting from the effects of
textures. The damping characteristics of the B19—B19’
and B19’—B19 martensitic transformation internal
friction peaks did not show significant relation with the
textures. The anisotropic damping characteristic is cor-
responding to the effect of the texture produced during
the cold-rolling and annealing process.
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