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ABSTRACT

The largest amount of latent heat of the martensitic transformation in Nickel Titanium shape
memory alloy was explored. The measured amounts of heat in the alloys with different
compositions between 48.0 at.% Ni and 51.0 at.% Ni were compared. The largest amounts of
—37.8 J/g in absorption and 34.8 J/g in emission were obtained as the averaged values of several
samples with equiatomic composition. These magnitudes are close to those of novel heat-
storage ceramics, VO (51 J/g) and Ti30s (60 J/g), suggesting the NiTi alloy is potential

candidate for heat storage material.
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Introduction

The solid-state heat pumping [1] is one of the primary objectives of the recent research on phase
change materials (PCMs). The switching of heat flow by means of external potential field is
termed “active caloric effect”. Among various PCMs in solids, shape memory alloy (SMA),
which makes use of the latent heat associated with the stress-induced martensitic

transformation, is a promising candidate for elasto-caloric material [2-5].

As for passive caloric effect, the latent heat storage of PCM has also been relevant to heat-

transfer engineering [6]. The feasibility of SMA for heat storage was studied in this paper. A



candidate for heat storage PCM is expected to show large amount of latent heat. Previous results
listed in Table 1 indicates that the amount of heat of Nickel Titanium (NiTi) alloy was larger
than those of the other SMAs [7-17]. It is known that the alloy undergoes the thermoelastic

transformation from the B2 ordered beta phase to the B19° martensite [18].

A considerable amount of works on the latent heat of the martensitic transformation have been
reported since the beginning of the study on NiTi [19]. The largest value in Table 1 was 35 J/g
[15], modest values were 30.8 J/g [16] and 31.7 J/g [20], and rather small values of 20 J/g were
reported [21, 22]. Present author confirmed the latent heat of 23.6 J/g of a work-hardened and
age-hardened Ti4o sNiso s alloy satisfied the Clausius-Clapeyron relation [23]. It is reasonable to
consider that the value may be different depending on the state of sample. Present study

explored the upper limit value in order to specify the range.

The largest value is of interest not only because of potential engineering application of heat
storage PCM but also because of the need for material constant inherent to crystal lattice, of which
value is appreciated in thermodynamics. If a material includes some lattice defects, the latent heat
would be smaller than that of the perfect crystal. The heat value of lattice shall be used or

calculated in, e.g , phase field method, CALPHAD, and molecular dynamics.

In this study, the largest amount of latent heat was explored by considering;

0] The homogeneous beta-phase free from plastic work and precipitate of second phases.
Mechanical property [23,28] does not matter.

(i) The stability of the beta phase of Ti-rich alloy is limited in narrow composition range of
the phase diagram [24-25], as seen in Fig. 1.

(ili)  The hysteresis in the transformation temperatures, Ms-Mf or Af-As, is the measure of
the homogeneity of composition. The Ms and Mf is the temperatures at which the
martensitic transformation starts and finishes, respectively. The As and Af are those for
the reverse transformation. It was reported that the hysteresis became wide when the
second phase precipitated [26-32].

(iv) The heat resistance between the sample and stage is the major origin of the heat loss in

DSC measurement [33,34].



Materials and methods

Commercial products of NiTi shape memory alloys were supplied by Furukawa techno material

Co. LTD. As-received samples were cold-drawn wires of Ti-48.0, 48.5, 49.0, 49.5, 50.0, 50.5,

50.6 at.% Ni and hot-rolled plates of Ti-49.5, 50.0, 50.5 at.% Ni. These products include carbon

not more than 300 ppm [35]. All samples were solution treated under the following processing;

1) Oxidation layers on the surface of as received wires and plates were removed by the
aqueous solution of hydrofluoric acid and nitric acid.

2) The samples were sealed in the evacuated quartz tubes with titanium getters.

3) The encapsulated samples were annealed at 1,100 “C for 10 h. At this temperature, the
alloys with Ni content larger than 49.5 at.% is in the homogeneity range, as seen in Fig.
1. In this figure, the samples used at present study are plotted by open circles.

4) Rapid quenching into ice water was done to obtain the beta phase at room temperature.

Table 1 Former data on the latent heat per unit weight of various shape memory alloys.

alloy Jig ref. alloy Jig ref.
Cu-Zn-Al 2.3 (4] Ni-Al-Mn-Fe 12.3 [11]
Cu-Al-Ni-Cr 7.4 [7] Ni-30Mn-20Ga 6.3 [12]
Cu-Al-Ni 9.2 [8] Ni-20Mn-25Ga  10.2 [13]
Fe-30Mn-6Si* 6.3 [9] Co-Ni-Ga 1.3 [14]
Ni-36Al 5.9 [10] Ni-Ti ~35 [15-18]

* in mass %

This study used a Shimadzu DSC-60 with the heating/cooling rate of 10 ‘C/min. The values of
temperature and heat flow were calibrated by the melting/solidifying temperature (156.6 “C)
and the latent heat (28.45 J/g) of a 4N purity Indium. The uncertainty in the measured latent
heat was in the range of 2 J/g for NiTi samples, as indicated by error bars, while the range

was limited within +0.5 J/g for pure Indium samples.

In principle, DSC measures the heat flow Q [W/g] of a sample at the heating/cooling rate of a

[K/s] as a function of time # [s]. The latent heat per gram is given as



Q=JQ®dt==[Q(dT , (1)

where [ Q (T) dT is the area of peak in DSC curve of unit mass. This relation indicates that the

peak area changes in proportion to the rate a.

As a rate-independent physical property, the electrical resistance (ER) was measured by the
four-point method with the direct current of 0.1 A. The ER was measured quasi-statically in
slow heating/cooling rate less than 1 “C/min, so that the result would not be affected by the

inertia effect of heat transfer [33,34].
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Fig. 1 The equilibrium phase diagram of NiTi alloy after Murray [25]. The compositions of the

samples used at the present study are plotted by open circles.

Results

It is known that the amount of latent heat in NiTi alloy is different depending on the
composition. A few systematic studies on the composition dependence have revealed that the
maximum in the alloy presented at around the equiatomic composition [15,16]. Present study
was concerned with the maximum value, so that the latent heat of the alloys with composition

around 50.0 at.% Ni was examined.



First, the hysteresis of martensitic transformation of the samples used at present study was
examined. The results of ER and DSC of the solution-treated wires of Ti- 49.5, 50.0, and 50.5
at.% Ni are shown in Fig. 2. The single inflection in ER curve and the single peak in DSC curve
were due to the transformation of the B19’ martensite [19, 26-32]. The ER and DSC curves

showed almost identical Ms and As temperatures with each other.

The transformation temperatures, Ms, Mf, As, Af, were located at the inflection points in the ER
curves; these are listed in Table 2. The inflection occurred in the temperature range between the
Ms and Mf, and the As and Af. The present results show quite narrow hysteresis as compared
with those in the ranges from 20 ‘C to 30 “C in Ref. [16,26,27,29-32]. The result indicates

that the solution treated samples used at present study were homogeneous in composition, as

mentioned above.

Table 2 The transformation temperatures (°C) determined by ER measurement

alloy Ms Mf Ms—Mf  As Af Af—As
Ti-49.5 at. %Ni 66.0 53.8 12.2 83.0 95.7 12.7
Ti-50.0 at. %Ni 535 423 11.2 63.2 74.8 11.6
Ti-50.5 at. %Ni 7.5 -39 11.4 26.6 383 11.7

The DSC results on the transformation temperature and the amount of latent heat are shown in
Fig. 3. The upper and lower figure is the peak temperature of the cusp point in DSC peak during
the reverse transformation and the corresponding amount of latent heat, respectively. Two or
more samples were tested in each composition, and the measured values of the same
composition were scattered in the range of 4 J/g. Similar magnitude of scattering was also seen

in previous results [15,16].

In the upper figure, the peak temperature decreased monotonously with increasing Ni content;

the change was small in Ti-rich side, while rapid decrease in Ni-rich side. Similar changes in the



Ms temperature have been reported [15,16]. In the lower figure, the present data almost agreed
with the interpolation curves in previous studies [15,16]. The largest value observed in TisoNiso

was almost equal to or slightly larger than the solid line of Ref. [15].
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Fig.2 The electrical resistance and DSC curves of the solution treated Ti-49.5, 50.0, and 50.5

at.% Ni alloys. The Ms, Mf, As, Af temperatures are indicated by arrows.

The entropy of the transformation was examined. In constant pressure process, the entropy S

[J/(gK)] is the sum of the infinitesimal change of entropy 8s = 8Q/T and 8Q = Q8t, such that
s .
s=rF =[FPd., @

where Q is the amount of latent heat per gram [J/g] and  the rate of heat flow per gram

[W/g]. The mean value theorem and Eq.1 gives the average approximately,



$)=(Ea=g. ©

where T), is the peak temperature [K] defined above. This approximation may not cause

significant amount of error as long as the hysteresis is narrow.

The entropy was calculated by Eq. 3 and plotted in Fig. 4. The figure agrees with the entropy
0.063 J/(gK) of Tiso sNiso s alloy reported in a previous study [36]. The figure shows that the
entropy was different depending on the composition; the maximum presented at TisoNiso. The

maximum was more marked than that of latent heat in Fig. 3.
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Fig. 3 Changes in the peak temperature and latent heat with Ni content in the solution treated

NiTi alloys. The solid and dotted line in the lower figure is obtained from Ref. [15] and [16],

respectively.
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Fig. 4 The entropy of martensitic transformation calculated from Fig. 3 as a function of alloy

composition.

The evidence for the reliability of measured was given in experiment. The transformation of the
hot-rolled plate of TisoNiso was measured simultaneously with the melting/solidifying reaction of
a pure Indium by setting the NiTi sample on the sample stage of DSC and the Indium sample on
the reference stage. Since the Indium was on the reference stage, the heat flow was measured in

the reversed direction.

As shown in Fig. 5, the solidification heat emitted during cooling run was observed as an
endothermic reaction (a downward peak) and the melting as an exothermic reaction (an upward
one). In this figure, the latent heat of the forward (A to M) transformation and the reverse (M to
A) one of NiTi was 36.2 J/g and —38.6 J/g, respectively, while the values of Indium 28.6 J/g
and —28.3 J/g in accordance with the standard value of 28.45 J/g.

Considering the scattering of heat data, the data were collected from twenty-three samples
prepared from the same plate of TisoNiso. Samples of thin round disks were made in order to be

in thermal contact with the sample stage. The number distributions of the data in absolute values



are shown in Fig. 6(a), and the same data was plotted as a function of peak temperature in Fig.
6(b). It appears in both figures that the data points were distributed at random around the mean
value. The average of latent heat was 34.8 J/g in the forward transformation and —37.8 J/g in
the reverse transformation. The difference may be due to the hysteresis effect, which was the
reverse transformation at higher temperatures than the forward transformation by letting the
entropy of transformation be equal between the forward and reverse transformations. The slope
of the linear approximation of Fig. 6(b) is 0.107 J/(gK). This value agrees with the maximum of

entropy in Fig. 4.
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Fig. 5 The DSC profile of the simultaneous measurements of TisoNiso and Indium. The heating
and cooling run is drawn by red and black line, respectively. The heat flow of Indium was

recorded in the reversed direction. The standard value of the latent heat of Indium is 28.45 J/g.
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Discussion

The magnitude is close to 51 J/g of VO, [37,38] and 60.3 J/g of Ti305[39,40], which have been
known as promising candidates for solid-state heat storage PCM. The density of TisoNiso is 6.5
g/cm?; the largest latent heat per unit volume of NiTi is 245 J/cm?® in absorption and 226 J/cm?

in emission, which are almost equal to those of PCM oxides, 233 J/cm® of VO, and 237 J/cm?® of

Ti30s, as shown in Fig. 7.

In addition to the amount of heat, NiTi SMAs have some advantages in terms of formability,
mechanical robustness, and the wide span of the transformation temperature controllable by

alloying and/or materials processing.
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Fig. 7 The latent heat vs. density plot of SMAs, NiTi and CuAINi, and ceramics, Ti;Os and VO..
The contour line is the amount of heat per unit volume. The present study determined the largest

amount of latent heat in NiTi alloy.

Conclusions
It is demonstrated that the solution treated TisoNiso alloy is a promising candidate for solid-state

heat storage material. The alloy with the transformation hysteresis of 11 “C showed the latent



heat of —37.8 J/g in absorption and that of 34.8 J/g in emission. These values were larger than
the largest value reported so far. Present study obtained the values in a commercial alloy with
conventional purity. The values per unit volume of TisoNisp, —245 J/cm? and 226 J/cm?, are

comparable to those of VO, and Ti3Os, which are heat-storage ceramics under development.
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