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High damping capacity in a wide temperature range
of a compositionally graded TiNi alloy prepared
by electroplating and diffusion annealing
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a b s t r a c t

A compositionally graded TiNi alloy was prepared by electroplating of Ni coating on TiNi substrate
and diffusion annealing. The temperature range with damping capacity of larger than 0.04 was enlarged
to above 110 1C for the compositionally graded alloy, which was almost 5 times of that for the
homogeneous alloy.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

TiNi shape memory alloys (SMAs) have attracted much attention
from scientific community and industry fields due to their superior
shape recovery properties, high damping capacity and good bio-
compatibility [1–4]. In the case of damping property, two distin-
guished kinds of damping behavior are observed in TiNi SMAs [5],
one is related to the high mobility of martensitic twin boundaries
and the other is due to the martensitic transformation. The former
is responsible for the fact that martensite shows a higher damping
capacity than the parent phase [6]. The latter occurs in a certain
temperature range limited by the transformation interval [3,7],
leading to the inconvenience of practical applications. The fabrica-
tion of compositionally graded (denoted as CG, hereafter) TiNi SMAs
seems to be a possible way to solve this problem because the
transformation temperatures of TiNi alloys strongly depend on their
compositions. Very recently, Meng et al. [8] first prepared an Ni-film
by sputtering deposition and then obtained the CG TiNi SMAs
by diffusion of Ni. Jiang et al. [9] obtained Ti49.6Ni50.4/Ti50.2Ni49.8
laminate by an explosive welding. These CG TiNi SMAs exhibit an
enlarged transformation interval [8,9]. However, until now, no
reports about the damping behavior of CG TiNi SMAs are available.

Electroplating is an attractive method to deposit metallic coat-
ing on alloy substrate, which shows several advantages over the
sputtering deposition, including relatively simple and feasible
process, low-cost and versatility [10]. In the present work, a CG
TiNi alloy was prepared by electroplating of Ni on TiNi alloy
substrate and subsequent diffusion annealing. It is interesting to
note that the CG TiNi alloys show a high damping capacity in a
wide temperature range. This finding may pave a new way to
develop high damping TiNi alloys.

2. Experimental

A commercial Ti49.8Ni50.2 (at%) alloy plate with a thickness of
0.30 mm was used. The electrolytic Ni plate was used as anode and
the Ti49.8Ni50.2 alloy plate with a size of 30 mm�20 mm�0.30 mm
as cathode. Only one side of the plate was electroplated, and the
other was carefully coated with glue which can be easily removed
after electroplating. In order to improve the bonding strength
between the Ni coating and the substrate, the substrate was etched
in a mixed solution of H2SO4 and HCl prior to electroplating. Please
read Ref. [10] for the detailed procedure. The electroplating duration
was 8 min. The Ni-coated TiNi plates were then diffusion annealed at
950 1C in vacuum for 2 h, followed by water quenching.

The phase constitutionwas determined by X-ray diffraction (XRD)
on a Panalytical X-pert’PRO diffractometer at room temperature
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using Cu Kα radiation. The microstructure and Ni content distribu-
tion on the cross-section of the samples were characterized using a
Quanta 200 scanning electron microscope (SEM) equipped with an
energy dispersive spectrometry (EDS) analyzer. The martensitic
transformation behavior was studied by differential scanning calori-
metry (DSC) using a Perkin-Elmer Diamond DSC. The heating and
cooling rates were 20 1C/min. The damping properties were
characterized by a dynamic mechanical analyzer (DMA, Q800).
The samples with a size of 30 mm�5 mm�0.30 mm were mea-
sured in a single cantilever mode at a continuous cooling/heating of
5 1C/min. The strain amplitude was fixed at 3�10�5, and the
frequency was from 0.5 Hz to 5 Hz.

3. Results and discussion

Fig. 1(a) shows the room temperature XRD pattern of the
electroplated coating on a Ti49.8Ni50.2 plate before diffusion
annealing. The pattern can be well indexed by single Ni phase
with a f.c.c structure using the following lattice parameter:
a¼0.354 nm. EDS results also show that the composition of
coating is 100% Ni. The inset of Fig. 1(a) shows the cross-
sectional morphology of Ni coating/Ti49.8Ni50.2 alloy structure.
The Ni coating is about 5.2 μm thick and has a clear and straight
interface with the substrate. With further increasing the electro-
plating duration, the Ni coatings may peel off in some regions
because of the internal stress. After annealing, the Ni concentra-
tion distribution through the thickness of the Ti49.8Ni50.2 plate was
determined by EDS measurements, as shown in Fig. 1(b). It is seen
that a compositional gradient is created, although the used EDS
can only perform a semi-quantitative analysis. The above results
indicate that the combination of electroplating and diffusion
annealing is effective in preparing the CG TiNi SMAs.

Fig. 2 shows the transformation behavior of the TiNi alloy before
and after diffusion annealing. The DSC curve of the homogeneous
sample exhibits a typical single-stage B22B190 martensitic transfor-
mation. The transformation intervals and transformation latent heat
were determined to be ΔTB2-B190 ¼ 44 1C, ΔTB190-B2 ¼ 38 1C and
ΔHB2-B190 ¼ �18:3 J=g,ΔHB190-B2 ¼ 18:9 J=g, respectively. Upon
cooling, the DSC curve of the CG sample shows a single stage B2-
B190 martensitic transformation. The transformation intervals and
transformation latent heats were determined to be ΔTB2-B190 ¼
75 1C and ΔHB2-B190 ¼ �12:4 J=g, respectively. Upon heating, it is
difficult to precisely determine the reverse transformation start
temperature for the CG sample. As compared to the homogeneous
sample, the CG sample showed the lower martensitic transformation
start temperature (Ms). This means that the entire plate depth is totally
penetrated and the Ni content increases, which is consistent with the
previous report [8].

Fig. 3 shows the damping capacity and storage modulus for the
TiNi alloy before and after diffusion annealing. For the homoge-
neous sample, a peak of damping capacity appeared around 75 1C
upon heating, as shown in Fig. 3(a). This is accompanied by a
storage modulus minimum. The peak height is strongly dependent
on the frequency, but the peak position is frequency independent.
This indicates that this damping peak belongs to the transition
type [5]. Therefore, this peak corresponds to the B190-B2 reverse
transformation. The different transformation peak temperatures
determined by DSC and DMA can be ascribed to the cooling rate
effect [11]. With increasing the frequency from 0.5 Hz to 5 Hz, the
peak of damping capacity decreased from 0.12 to 0.04, because the
peak height is proportional to the transformation rate [7]. In the
present work, the temperature range with a damping capacity of
larger than 0.04 is about 25 1C.

After diffusion annealing, the CG sample shows an interesting
damping behavior, as shown in Fig. 3(b). As compared to the results

shown in Fig. 3(a), the following two important features can be
identified. First, the peak values of damping capacity decreased,
which is possibly due to the decreased transformation rate [7].
Second, a relatively flat plateau with a high damping capacity can
be observed. In the present experiment, the temperature range with
a damping capacity larger than 0.04 was extended to above 110 1C.
It should be emphasized that the used DMA instrument can only
cool to about �60 1C. This means that the temperature range with a
damping capacity larger than 0.04 should be larger than the present
value. Anyway, the present results demonstrate that the CG TiNi
SMAs are able to show a high damping capacity in a wide
temperature range. The storage modulus also showed a flat plateau
in the temperature range from �60 1C to about 50 1C, instead of the
minimum observed in Fig. 3(a). This indicates that in this tempera-
ture range, the type of reverse transformation did not change [12].
The wide temperature range with the damping capacity larger
than 0.04 is possibly related to the compositional gradient which

Fig. 1. XRD pattern of the electroplated Ni coating (a) and Ni concentration
distribution as a function of distance to the interface between Ni coating and
substrate (b). The inset of Fig. 1(a) shows the Ni coating on top of the substrate.

Fig. 2. DSC curves of the homogeneous sample and CG sample.
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enlarges the transformation interval of martensitic transformation.
Further work is required to clarify the detailed mechanism.

Furthermore, when the testing temperature is higher than 0 1C,
the peak height of damping capacity depends on the frequency, as
indicated by the double arrows. This may imply that this peak is
related to the B190-B2 reverse transformation. When the testing
temperature was below 0 1C, the damping capacity showed a weak
and reverse dependence on the frequency.

For practical applications, it is of crucial importance to keep the
damping capacity stable. According to the reported results [13,14],
thermal cycling does not significantly influence the height of
damping peak resulting from martensitic transformation, but
shifts the damping peak to lower temperature side. Therefore, it
is suggested that the CG TiNi sample may minimize this influence
to some extent because it shows a high damping capacity over a
wide temperature range.

4. Conclusions

The combination of electroplating of Ni coating and diffusion
annealing is effective in creating the compositional gradient in
TiNi SMAs. The CG TiNi alloy shows a wider transformation
interval and a lower peak of damping capacity than the homo-
geneous alloy. The temperature range with the high damping
capacity of larger than 0.04 is greatly enlarged in the CG sample.

Prime Novelty Statement

In the present study, it has been demonstrated that the
combination of electroplating and diffusion annealing is effective
in preparing the compositionally graded TiNi SMAs. The tempera-
ture range with the high damping capacity of larger than 0.04 was
greatly enlarged to above 110 1C for the compositionally graded
TiNi alloy, which was almost 5 times of that for the homogeneous
alloy. This finding may pave a way to develop the high damping
TiNi alloy used in a wide temperature range.
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Fig. 3. Damping capacity and storage modulus as functions of temperature for the
homogeneous sample (a) and CG sample (b).
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