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In this investigation, the effect of graphite addition on martensitic transformation and damping behavior of
Ni50Ti50 (at.%) shape memory alloy has been studied. It is found that martensitic transformation temperature
decreases obviously with the addition of graphite. Microstructural observation shows that TiC precipitates
and forms whiskers when the carbon content is increased beyond ~0.6%. With the increase of graphite
content, the damping capacity during reverse transformation increases initially and then decreases while the
damping capacity of full martensite is remarkably improved by the addition of graphite particles. It is
proposed that the enhancement of damping capacity can be ascribed to the high damping capacity of graphite
itself, as well as, the increase of the amount of interface between martensite and austenite can be beneficial to
the damping capacity.
.
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1. Introduction

NiTi shape memory alloys (SMAs) are the most successfully
commercialized shape memory material because of their many
superior properties, such as excellent shape memory effect (SME)
and superelasticity, good corrosion resistance, etc. Vacuum induction
melting (VIM) is the most commonly used method in producing
commercial NiTi SMAs [1]. The recommended crucible material is
graphite or calcia (CaO). In the case of a graphite crucible, carbon
content of the alloy is inevitably increased due to the formation of
titanium carbide (TiC) during melting and solidification [2,3]. The
transformation temperatures and shape memory characteristics of
NiTi alloys are very sensitive to the composition, hence, it is essential
to investigate the effect of carbon inclusion on the microstructure and
properties of NiTi alloys.

Frenzel et al. have reported the thermodynamics and kinetics of
TiC formation due to the reaction between molten NiTi and the
graphite crucible, and/or the mold [2–4]. Dunand and co-workers
[5–7] have studied the effect of TiC on phase transformation,
mechanical properties and SME of NiTi alloy produced by powder
metallurgy. They found that TiC particles up to 20 vol.% can
strengthen the material without affecting the SME [5–7]. Shugo
et al. reveal that the fracture strain tends to increase by adding 0.2–
0.5 at.% of carbon [8]. The study on the phase transformation of solid
solution (Ti-50Ni)1− xCx (x=0.1, 0.5 at.%) alloys shows that the
transformation temperature is lower than that of near-equiatomic
NiTi SMAs due to the presence of TiC particles [9].

The outstanding damping property is one of the important
advantages of NiTi alloys. It is reported that graphite particulate can
enhance the damping capacity of CuAlMn SMA [10]. However, little
information about carbon (graphite) addition on the damping
behavior of NiTi alloys is available up to date. The purpose of the
present work is to investigate the effect of carbon (graphite) on the
martensitic transformation and damping property of Ni50Ti50 alloy.
2. Experimental procedures

Ni50Ti50−xCx (x=0, 0.2, 0.5, 1, and 2 at.%) alloys were prepared
from high-purity Ni, Ti and pure graphite particles (the size is
~50 μm). Each ingot was melted six times in a non-consumed vacuum
arc furnace under an argon atmosphere. It is noted that not all
graphite can be included into the NiTi ingot. In order to determine the
real composition of the ingot, chemical analysis is used and the
corresponding samples studied in the following experiments are
Ni50Ti50, Ni50.7Ti49.1C0.2, Ni50.8Ti48.9C0.3, Ni50.8Ti48.6C0.6, and
Ni50.8Ti48.4C0.8. For simplicity, these five samples are denoted as C0,
C0.2, C0.3, C0.6 and C0.8. The as-melted ingots were homogenized at
900 °C for 6 h and then were hot-rolled to a thickness of about
1.0 mm. The specimens were spark-cut from the sheet and annealed
at 850 °C for 2 h in evacuated and sealed quartz capsules followed by
quenching into water. Ni50.8Ti48.4C0.8 alloy shows severe brittleness
compared to other samples and it cracked after the first rolling
process.
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Fig. 1. XRD patterns of NiTiC alloys at room temperature.
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X-ray diffraction (XRD) was carried out on a PANalytical X'pert Pro
diffractometer using Cu Kα radiation. The phase transformation
behavior of the alloys was studied using a Perkin Elmer Diamond
differential scanning calorimeter (DSC). The heating and cooling rate
was 10 °C/min. The microstructure was examined with a Quanta 200
scanning electron microscope.

Damping properties were characterized by a dynamic mechanical
analyzer, (TA DMA, 2980). Samples with a size of 18×1.7×0.8 mm3

were measured in the single cantilever mode at a heating rate of 5 °C/
min, where the selected frequency was 1 Hz and the amplitude range
was from 1 μm to 25 μm.
Fig. 2. SEM images of NiTi samples containing 0.2% (a) and 0.6% (b) carbon.
3. Results and discussion

Fig. 1 shows the XRD patterns of the NiTiC alloys at room
temperature. The capital letters A and M represent the austenite and
martensite phases, respectively. The evolution of the crystal structure
resulting from the carbon addition is clearly observed. With the
increase of carbon content, the matrix phase changed from the B19′
martensite structure to a B2 austenite structure. Due to the strong
intensity of the diffraction peaks of NiTi matrix, the small amount of
TiC or carbon cannot be identified from the diffraction pattern. Further
microstructural analysis by SEM is performed and the details are
presented below.

Fig. 2 shows the SEM images of C0.2 and C0.6. With the variation of
graphite content, the dark particles distributed in the NiTi matrix
exhibit different morphologies. Fig. 2(a) shows that there exist some
sphere particles, which are indicated by a single arrow. In Fig. 2(b),
besides the sphere particles, a large amount of fiber-like inclusions,
marked by a double arrow, can be observed. EDX results confirmed
that the former is pure carbon while the latter is TiC. This implies that
with more addition of graphite, Ti reacts with carbon and forms the
TiC whisker, which is consistent with previous reports [1,3].

Fig. 3(a) shows the transformation behavior of the NiTiC alloys in a
complete thermal cycle. All of the samples show a typical one-step
martensitic transformation. The dependence of transformation tem-
perature and thermal hysteresis (ΔT) on carbon content is summa-
rized in Fig. 3(b). The thermal hysteresis is defined as the difference
between reverse transformation finish temperature (Af) and mar-
tensitic transformation start temperature (Ms). With the increase of
graphite concentration, both Ms and Af decrease. The addition of
graphite also lowers ΔT. The decrease of transformation temperature
can be ascribed to the increase of Ni/Ti ratio due to the substitution of
Fig. 3. (a) DSC curves and (b) the dependence of transformation temperature and
thermal hysteresis on C content of NiTiC alloys.



Fig. 4. The effect of temperature (a) and amplitude (b) on tan δ of NiTiC alloys.
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Ti with C and the formation of TiC. The present results are in good
agreement with previous works [3,9].

Fig. 4(a) shows the dependence of damping capacity on temper-
ature during reverse martensitic transformation with an amplitude of
20 μm. It is seen that, for C0, C0.3 and C0.6 alloys, one damping capacity
peak associated with the reverse transformation upon heating occurs.
The peak values of damping capacity (tan δ) for these three samples
are 0.06, 0.09 and 0.07, respectively. Both Ni50.8Ti48.9C0.3 and
Ni50.8Ti48.6C0.6 have a better damping property relative to Ni50Ti50,
although the tan δ peak of Ni50.8Ti48.6C0.6 is slightly lower than that of
Ni50.8Ti48.9C0.3.

In order to make a further study on the effect of graphite on the
damping properties, dynamic thermal analysis tests are carried out in
the complete martensite condition. Fig. 4(b) shows tan δ as a function
of amplitude in the martensite state for the NiTiC alloys. To obtain the
complete martensite state, C0, C0.2, C0.3 and C0.6 alloys were tested at
20 °C, 10 °C,−20 °C and−100 °C, respectively. It is seen that tan δ of
the martensite increases gradually with increasing amplitude for C0,
C0.2 and C0.3 alloys. Tan δ of C0.6 alloy is larger than that of C0.2 and C0.3
at the whole range of amplitude measurement. The possible reasons
may be the increasing amount of austenite–martensite interface and
graphite particles. However, its tan δ shows the descending trendwith
the increase of amplitude. That is, if the amplitude exceeds 25 μm, the
tan δ of C0.6 will be smaller than that of C0.3, which indicates that too
much TiC particles might deteriorate the damping capacity of NiTi
alloy. The exact reason is yet unclear and must be studied in the
future. In addition, the tan δ of C0.2, C0.3 and C0.6 alloys are higher than
that of C0.

DMA results of Fig. 4 show that a proper addition of graphite could
obviously enhance the damping capacity of NiTi SMAs. Several factors
could be responsible for the effect of graphite addition on damping
properties. Firstly, the high intrinsic damping capacity of graphitemay
contribute to the improvement of damping capacity, which has been
proved in Al [11], Fe [12] and CuAlMn alloys [13]. Secondly, the TiC
phase and graphite particles distributed in the NiTi matrix may
provide the nucleation sites of phase transformation, thus increasing
the amount of interface between martensite and austenite, which can
be beneficial to the damping capacity [14,15]. Finally, the TiC particles
may hinder the movement of interfaces and deteriorates the damping
capacity of NiTi matrix during thermally induced transformation. For
Ni50.8Ti48.9C0.3, the first two justifications play a dominant role leading
to the increase of damping capacity. While for the Ni50.8Ti48.6C0.6 alloy,
the last reasonmay play a crucial role since the amount of TiC particles
present is larger than that of other samples.

4. Conclusions

NiTi shape memory alloys containing TiC particles are obtained by
arc melting high purity Ni, Ti and graphite. When the graphite content
is larger than 0.2%, some graphite reacted with Ti to form TiC while
others remained in the NiTi matrix. Martensitic transformation
temperature decreased noticeably with the addition of graphite.
After proper addition of graphite, the damping capacity of NiTi alloy
may be enhanced.
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