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Abstract Dilatation characteristics, thermal diffusivity, and thermal conductivity
of a Ni3Ta shape memory alloy were studied over the temperature range from room
temperature up to 950 ◦C. The Ni3Ta alloy was investigated in both polycrystalline
and single crystal forms. The shape memory effect was positive for the polycrystalline
samples and negative for the single crystal. While the transformation temperature of
the M (martensite) → A (austenite) phase transformation was the same for both types
of alloys and all measurements, the transformation temperature for the reverse phase
transformation A → M was dependent on the maximum cycle temperature. Higher
maximum temperatures of the thermal cycle yielded lower transformation tempera-
tures for the A → M transformation. The thermal diffusivity and thermal conductivity
of the austenite were higher than those of the martensite. No latent heat was found for
the phase transformations.

Keywords Ni3Ta shape memory alloy · Thermal conductivity · Thermal diffusivity ·
Thermal expansion

1 Introduction

The best known and most used shape memory alloy (NiTi) has transformation temper-
atures above room temperature. There are many applications where high-temperature
shape memory alloys (HTSMA) are in demand. However, the use of shape memory
alloys with high temperatures of transformation is complicated by physical processes
occurring at these high temperatures, such as, for example, recrystallization, recovery,
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precipitation, etc. Studies on the high-temperature thermal properties of these potential
alloy material candidates of HTSMA are therefore a necessary condition of their use
in practice.

The shape memory effect is based on the phase transformation martensite ↔
austenite. It is known that this type of phase transformation takes place practically
immediately [1]. However, all literature presenting, for example, DSC results [2,3] or
dilatation results [4,5], shows that the phase transformation takes place in a given finite
time. The martensitic phase transformation is mostly athermal phase transformation
that depends only on the temperature. During heating of a sample, a temperature gra-
dient always occurs in the material. The phase boundary propagates in the direction
of the temperature gradient by a finite rate because the heat conduction and phase
transformation propagate together. The energy balance at the interface between both
phases is [6]
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A is heat flux into the austenite at the interface, uρH is the latent

heat absorption rate and the last term, −λM
(
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)
M, is the heat conducted away from

the moving interface into the martensite. The term u is the interface velocity, ρ is the
density (it is assumed that the densities in both phases are the same), and H is the latent
heat per unit mass. The interface velocity u and temperature are time-dependent. The
total time of phase transformation duration is therefore determined also by the size
and shape of the shape memory material. Often presented values Af and Mf (final
temperatures of the phase transformation) are therefore not material properties. The
thermal conductivity is a very important parameter because it determines the temper-
ature gradient in the sample. The thermal conductivity in the sample is complicated
by the latent heat that is released or consumed during the phase transformation. The
thermal conduction and the phase transformation take place in coordination. The ther-
mal conductivity of the martensite in shape memory alloys is lower than that of the
austenite, as was found for NiMnGa alloys [7,8].

The martensitic transformation is a strain-induced transformation. The lattice strain
is a transformation parameter that determines the physical states of an initial phase and
a product phase, as well as the local intermediate states of the alloy during the phase
transformation. Most of the alloys in the martensitic state show anisotropy of dilatation
characteristics (textured polycrystals or single crystals). In the textured samples, the
same martensitic variants dominate in a certain direction. In these materials, there is
a drop in the temperature dependence of the relative elongation in the phase transfor-
mation temperature range. Dilatation characteristics of Ni3Ta were studied by Firstov
et al. [9]. The forward and reverse martensitic transformations are characterized by
sharp step changes. These changes are consequences of the phase transformation when
the martensite preferential orientations transform into ones of the austenite, and they
occur once more during the reverse phase transformation. The preferential orientation
could not be removed by homogenization annealing. DSC results are also presented,
however, the transformation temperature As differs from that obtained by dilatometry
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by about 25 ◦C. The aim of this work is experimental determination of the thermal dif-
fusivity, thermal conductivity, and the dilatation characteristics of Ni3T shape memory
alloys over the temperature range from room temperature to 950 ◦C. Analysis of the
determined thermal properties will be focused on the influence of thermal history on
the transformation temperatures.

2 Experimental Details

The polycrystalline samples of Ni3Ta were prepared by arc melting stoichiometric
amounts of components in a water-cooled copper crucible under an Ar (6N)-protec-
tive atmosphere. Samples were re-melted three times to ensure good homogeneity.
The microstructure of the polycrystalline sample is shown in Fig. 1. This figure shows
the microstructure in the plane perpendicular to the longitudinal sample axis where
the columnar grains are perceptible. A single crystal of Ni3Ta was prepared in a four
mirror optical furnace using a polycrystalline rod obtained by arc-melting. The rod
was melted under the Ar-protective atmosphere and slowly moved at a speed of (8 to
10) mm · h−1 through the hot zone of focused light. Orientation of the single crystal
was studied by the powder diffractometer MEREDIT. It was found that the crystal has
monoclinic structure at room temperature. The plane parallel to the growth direction
was the (201) plane, and the plane perpendicular to the growth plane was the (040)
plane (P. Beran, J. Vejpravova-Peltierova, unpublished results).

The linear thermal expansion of the samples was measured in a helium atmosphere
using a Netzsch 402E dilatometer over the range of room temperature to 950 ◦C. The
heating and cooling rate was 2 K · min−1. The samples were 6 mm in diameter and
20 mm in length. The longitudinal sample axis was perpendicular to the columnar
grains in the polycrystalline sample.

Samples for the thermal-diffusivity measurements had a diameter of 16 mm and a
thickness of 2 mm. The measurements of thermal diffusivity were performed over the
temperature range from room temperature to 500 ◦C in a helium atmosphere using

Fig. 1 Microstructure of the
polycrystalline Ni3Ta alloy
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the flash method described elsewhere [10]. The accuracy of the measurement was
checked by measuring the thermal diffusivity of an Inconel sample (Inconel is a stan-
dard material for the measurement of thermal diffusivity and thermal conductivity).
The difference between the measured and tabulated values [11] is about ±3 %.

The temperature dependence of the density was calculated from the density mea-
sured at 20 ◦C by weighing the sample in rectified and dried toluene and from respective
values of thermal expansion data. The thermal conductivity was calculated using the
thermal diffusivity, the specific heat, and the density. The specific heat was determined
by calculation using the Neumann–Kopp rule.

3 Results

Dilatation characteristics of the polycrystalline Ni3Ta sample and the single crystal
of Ni3Ta are presented in Fig. 2. It can be seen that the transformation strain of the
polycrystalline sample is positive, in contrast to the single crystalline sample of this
alloy where the transformation strain is negative. There are large differences between
starting temperatures As and Ms in both shown cases. This difference is about 55 ◦C,
and it is not constant but rather depends on the maximum temperature of the thermal
cycle. This dependence is shown for the polycrystalline sample in Fig. 3 and for the
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Fig. 2 Dilatation characteristics of polycrystalline and single crystalline Ni3Ta alloy (heating/cooling rate
of 2 K · min−1)
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Fig. 3 Temperature dependence of the CTE for polycrystalline alloy (heating/cooling rate of 2 K · min−1)
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Fig. 4 Temperature dependence of the CTE for single crystal alloy (heating/cooling rate of 2 K · min−1)

single crystal in Fig. 4. Higher maximum temperatures of the thermal cycle yield
lower Ms values. The effect is more distinguishable for the polycrystalline sample.
Dependence of the starting temperature of the A → M phase transformation on the
maximum temperature of the thermal cycle is shown in Fig. 5. This figure also shows
the results obtained with samples pre-deformed up to 1 % in runs where no perma-
nent length change already occurred. The starting temperature for the M → A phase
transformation was always the same.

Figure 6 shows the temperature dependence of the thermal diffusivity for the Ni3Ta
sample. It can be seen that the thermal diffusivity of the austenite is higher than that of
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Fig. 5 Dependence of the initial temperature (Ms) of phase transformation A → M on the maximum
temperature of the thermal cycle
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Fig. 6 Temperature dependence of the thermal diffusivity

the martensite. The temperature dependence of the thermal conductivity determined
as a product of the thermal diffusivity, the specific heat, and the density is shown in
Fig. 7.

4 Discussion

Figure 2 shows different transformation strains for the polycrystalline sample and
the single crystal. It has been shown in our previous studies that polycrystalline
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Fig. 7 Temperature dependence of the thermal conductivity

samples have mostly textured structures. This is a consequence of the manner of
cooling during preparation. Ni3Ta polycrystalline samples were prepared so that the
temperature gradient during cooling was perpendicular to the longitudinal sample
axis. This manner of cooling makes long grains perpendicular to the sample axis.
Preferential crystal orientations and preferential martensitic orientations are natural
consequences of this preparation. Dilatation characteristics measured in the direction
of the longitudinal sample axis show the transformation strains. Transformation defor-
mation means the relative elongation in the transformation temperature range. This
also includes the relative elongation due to lattice vibrations, but this contribution is
small. We could not measure perpendicular to the longitudinal sample axes, where,
however, we assume negative transformation strain. Positive transformation strain was
found in a Ni–Mn–Ga alloy with the columnar grains perpendicular to the sample axes
[12]. This alloy was prepared by a different method than the Ni3Ta alloy. The samples
were cut from the center and peripheral parts of the cylinder ingot (diameter of 40 mm
and length of 100 mm) parallel to the ingot axes. While samples from the periphe-
ral parts of ingots (columnar grains) had positive transformation strain, the samples
from the center of the ingot (equiaxed grains) were nearly without transformation
strain. When the ingot had a quadratic shape, only columnar grains were found in
the ingot. Strong anisotropy of the textured samples is also perceptible in this case.
During preparation of the single crystal of the Ni3Ta sample, the temperature gradient
had a direction parallel to the sample axes. It can be seen that the direction of the tem-
perature gradient in the sample during its preparation is a determining factor for the
formation of preferential orientations and therefore for the size, direction, and shape
of the transformation strain. The influence of texture on the shape memory effect has
been studied predominantly in NiTi shape memory alloys [13,14]. Casting of this
alloy is often followed by hot working (rolling for strips or drawing for wires), where
preferential crystal orientations are always found.
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Our previous studies of the Ni3Ta alloy have shown the need to study the dilatation
characteristics in thermal cycles with various maximum cycle temperatures. It was
found that the temperature Ms and the shape of the CTE peak during cooling depends
on the maximum temperature of the thermal cycle, so the thermal history determines
the character of the reverse phase transformation. The results are shown in Figs. 3, 4,
and 5. The CTE of the austenite is the same for all the thermal cycles. This means
that, in the austenite, some processes take place that are not connected with volume
or length changes in the sample. These processes are thermally activated.

If the sample is placed in the furnace, the phase transformation always propagates
from the surface to the center of the sample. In the temperature range of the phase trans-
formation, the hetero-phase state of the sample exists. If a coherent interface occurs
between the parent and new phases, then no change in the number of or no movement
of dislocations is assumed. This occurs when the strain associated with the new phase
formation is not very large. If coherence becomes energetically unfavorable, an inter-
phase dislocation network develops and a non-coherent interphase boundary occurs.
A detailed characterization of the non-coherent boundary is presented in [15]. If we
assume a non-coherent boundary in our Ni3Ta alloy, the dislocation network exists
in the martensitic phase. When the reverse phase transformation M → A occurs
in Ni3Ta, then these dislocations are not relaxed and they stay in the austenite. For
this assumption there is evidence from our previous work [16], where a compression
pre-deformed Ni3Ta alloy was heated. Relaxation of dislocations takes place predom-
inantly in the austenite. The same results were found in the work of Firstov [9]. The
amount of relaxed strain was strongly dependent on the temperature. Relaxation of
the compression strain in the Ni–Mn–Ga alloy [17] took place only in the temperature
range of the martensite and during the phase transformation.

The influence of annealing the austenite on the transformation temperature A → M
is evidently due to reconstruction of the dislocation network in this phase. Higher
annealing temperatures yield larger changes in the architecture of the dislocations
and lower transformation temperatures for the reverse transformation. The boundary
between martensitic domains also exists in the single crystal. Therefore, the disloca-
tion network is also presumed in this type of sample. The effect is smaller because
there is a lower density of the boundaries.

Equation 1 shows that the latent heat is an important characteristic influencing the
temperature of the sample in the transformation range during the first-order phase trans-
formations. We have studied the thermal properties of the Ni53.6Mn27.1Ga19.3 alloy
[7], and we have found that the latent heat significantly lowers the sample tempera-
ture when the phase transformation takes place. Temperature decreases of 50 % were
measured by the flash method. No such decrease was found in Ni3Ta. The latent heat
of Ni53.6Mn27.1Ga19.3 has influenced the temperature of the measuring thermocouple
in the dilatation measurement. No similar effect was found in Ni3Ta. The martensitic
phase transformation in Ni3Ta looks like a second-order phase transformation (without
latent heat).

The temperature dependence of the thermal diffusivity is revealed in Fig. 6. The
thermal diffusivity of the austenite is at about 40 % higher than that of the martensite.
An increase in the thermal diffusivity occurs at 327 ◦C. The start of the phase transfor-
mation M → A, as identified by dilatometry, is 325◦C. The thermal diffusivity has the
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same character of temperature dependence as the thermal conductivity (Fig. 7). There
is no peak in the transformation temperature range common for this type of tempera-
ture dependence when the measured specific heat is used for calculation of the thermal
conductivity. The peak in the temperature dependence of the thermal conductivity as a
consequential peak of the specific heat has no physical meaning, since the general heat
conduction equation was derived and solved with the condition that no phase trans-
formations occur in the material (thermophysical properties as the thermal diffusivity,
thermal conductivity, specific heat, and density are not a function of the temperature).
This condition is not evidently fulfilled in the transformation temperature range. The
thermal conductivity of the austenite is always higher than that of the martensite.
There are two processes by which heat is conducted in solids. Heat (energy) can be
transferred by coupling between lattice vibrations or by electronic movement and col-
lisions with atoms. The mean free path that determines the thermal conductivity of
both processes is evidently higher in the austenite than in the martensite. The chief
cause of the low thermal conductivity of the martensite is apparently the large amount
of boundaries between martensitic domains that lower the mean free path.

5 Conclusions

The thermal properties of the polycrystalline and single crystal Ni3Ta alloy were mea-
sured over the temperature range from room temperature up to 950 ◦C. Study of the
dilatation characteristics shows that strains in the transformation temperature range
increased in the polycrystalline alloy and decreased in the single crystalline alloy. The
initial temperature of the phase transformation M → A was the same for both types
of the alloy, and it was independent of the thermal history of the sample. The initial
temperature for the reverse phase transformation, however, depended on the maximum
temperature of the thermal cycle. Higher maximum cycle temperatures yielded lower
transformation temperatures. It is assumed that this effect may occur as a consequence
of a non-coherent inter-phase boundary during the phase transformation A → M when
a stable network of dislocations occurs in the martensite. When the reverse phase trans-
formation M → A occurs in Ni3Ta, these dislocations are not relaxed and they stay
in the austenite. Their architecture changes during the heating of the austenite, and by
this manner the reverse phase transformation is influenced. This process is reversible.

The results obtained by the flash method show that the martensitic phase transfor-
mation occurs without latent heat. The thermal diffusivity and thermal conductivity of
the austenite are higher than those of the martensite. The mean free path for electrons
and phonons is lower in the martensite due to boundaries between martensitic planes.
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