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Abstract

The effect of heat treatment performed at 800 °C, 900 °C and 1000 °C for 1 hour on
structural and martensitic transformation properties of Ni-25.5 at.%Ta high temperature shape
memory alloy has been examined. Morphological observations by SEM-EDS showed that the
heat treatment affected directly microstructural properties of the alloy. Microstructure of the heat
treated samples is composed of intermetallic Ni-rich NisTa and Ta-rich NiTa, compound in the
NisTa matrix. In addition to these phases, orthorhombic Ni;Ta phase was only observed in the
sample heat-treated at 1000 °C. Structural investigations of alloy the samples by XRD indicated
that the martensitic crystal orientation of the samples changed with heat treatments. DSC
measurements revealed that all the samples displayed high temperature shape memory behavior
with martensitic transformation temperatures of above 200 °C. Vicker’s microhardness
measurements showed that the microhardness of the alloy influenced dramatically by applying

heat treatments, especially at 800 and 900 °C.
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Isil islem Uygulanmis Ni-25,5 at. %Ta Yiiksek Sicakhk Sekil Hatirlamah Alasimlarindaki

Yapisal Ozelliklerin ve Martensitik Faz Doniisiimlerinin incelenmesi
Oz

1 saat boyunca 800 °C, 900 °C ve 1000 °C’de gergeklestirilen 1s1l iglemin, Ni-25,5 at.% Ta
yiiksek sicaklik sekil hatirlamali alagiminin yapisal ve martensitik doniisiim 6zellikleri tizerindeki
etkisi incelenmistir. SEM-EDS analizleri ile ger¢eklestirilen morfolojik gozlemler, 1s1l islemin
alasimm mikroyapisal Ozelliklerini dogrudan etkiledigini gosterdi. Isil islem uygulanmig
numunelerin mikroyapisi, NizTa anafazi icerisinde dagilmis olan Ni oraninca zengin NigTa ve Ta
oraninca zengin NiTa, intermetalik bilesiklerinden olusur. Bu ikincil fazlara ek olarak,
ortorombik NisTa fazi1 sadece 1000 °C’de 1s1l igleme tabi tutulmus numunede gozlenmistir. XRD
analizleri ile gergeklestirilen yapisal analizler, numunelerin martensitik kristal yonelimlerinin 1s1l
islemlerle degistigini gdstermistir. DSC oOlglimleri, tim numunelerin 200 °C’nin {izerindeki
martensitik doniistim sicakliklari ile yiiksek sicaklik sekil hatirlama davranisi gosterdigini ortaya
koymustur. Vickers mikro sertlik dl¢iimleri, alagimin mikro sertliginin 6zellikle 800 ve 900 °C’de

uygulanan 1s1l iglemlerden dramatik bir sekilde etkilendigini gosterdi.
Anahtar Kelimeler: Ni;Ta; Martensite; Isil islem.
1. Introduction

Shape memory alloys (SMAs) belong to a specific class of smart materials that can
remember or retain their previous shape when exposed to thermomechanical or magnetic stimuli.
Due to their unique and superior properties, these alloys have become very popular and attracted
great interest in many commercial applications in recent years [1, 2]. Binary Ni-Ti alloy is already
the most well-known and widely used SMA group and its martensitic transformation temperature
is generally below 100 °C. However, at the present time, there is a need for SMAs with higher
martensitic transformation temperatures of above 100 °C for high temperature applications, and
there are many industrial application areas, at which high temperature SMAs are popular, e.g.
sensors and actuators in automotive industry, rocket technologies, nuclear reactor systems and
safety devices [3, 4]. Additionally, high-temperature SMAs should have reason for recoverable

strain levels, long-term stability, plastic deformation, and adequate environmental resistance [5].

In recent years, binary Ni-Ta alloys, which have high melting temperature and exhibit
excellent features in harsh environmental conditions, have attracted attention as a remarkable
candidate material, especially for high temperature applications [6]. In 2008, Firstov et al. [7]

discovered that the intermetallic NisTa compound also exhibited shape memory behavior with a

392



Yildiz (2020) ADYU J SCI, 10(1), 391-402

martensitic transformation temperature of above 300 °C. Thus, a new candidate material has been
joined in SMA family. The martensitic transformation in intermetallic NizTa compound occurs
resulting in transformation of tetragonal austenite phase to monoclinic martensite phase [8]. The
possible phases in the phase diagram of binary Ni-Ta system are liquid solution, Ni-rich fcc-Al,
and Ta-rich bcc-A2 solid solutions and intermetallic NigTa, NisTa, Ni;Ta, NiTa and NiTa,
compounds [9, 10]. However, there have been some uncertainties about crystal structures and
properties of intermetallic phases in the Ni-Ta system. For example; intermetallic NisTa is
polymorphic with three different crystal structures (orthorhombic Pmmn-NizTa, tetragonal
I4/mmm-Ni;Ta and monoclinic P2;/m-Ni3Ta) and which polymorphic phase is stable is still
controversial. In addition, the mechanism of the shape memory effect exhibited by the
intermetallic NisTa phase is also unclear [6]. Eventually, it is very important to understand the
functional behaviors, such as shape memory effect, and characteristics of intermetallic phases in

the binary Ni-Ta system.

The main purpose of this work was to examine the effect of heat treatment performed at
800 °C, 900 °C and 1000 °C for 1 hour on martensitic transformation behavior, morphological
and structural properties of high temperature Ni-25.5 at.% Ta SMA were systematically examined
by means of DSC, XRD, SEM-EDS and Vicker’s microhardness measurements. The effects of
heat treatments performed at high temperatures on some physical properties of the non-

stoichiometric Ni-Ta SMA, which exhibits shape memory behavior, are studied for the first time.
2. Materials and Methods

The Ni-25.5Ta (at.%) alloy was produced by using high purity nickel (Ni) and tantalum
(Ta) powders in an arc-melting furnace under vacuum. The ingot was homogenized at 1400 °C
for 4 hours in a furnace. After the homogenization process, the ingot was cut to different sizes for
heat treatments to be performed at different temperatures. The samples were heat treated at 800
°C, 900 °C, and 1000 °C for 1 hour. Sample groups without heat treatment and subjected to heat
treatment at 800 °C, 900 °C, and 1000 °C temperatures were labeled as NiTa-0, NiTa-800, NiTa-
900 and NiTa-1000, respectively.

Transformation properties of the samples were examined by differential scanning
calorimeter (SII NanoTechnology EXSTAR DSC 7000) measurements taken in a nitrogen gas
atmosphere at a heating/cooling rate of 10 °C/min. Structural analysis of the samples were realized
by taking X-ray diffractometer (Bruker Discover D8 XRD) patterns using Cu K, radiation at room
temperature. Morphological properties and chemical analysis of the samples were studied by

carrying out scanning electron microscope (SEM, LEO EVO 40) images equipped with an
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energy-dispersive X-ray spectrometer (EDS). The Vicker’s microhardness measurements of the
samples were performed by using Emco Test DuraScan at a load of 300 g and repeated for five

times for each sample.
3. Results and discussion

Fig. 1 displays SEM images of NiTa-0, NiTa-800, NiTa-900 and NiTa-1000 samples. In
Fig. 1-a, small-sized gray structures in the matrix of the NiTa-0 sample are clearly visible. From
the EDS spectra, it was concluded that the chemical compositions of the matrix and grey
structures were composed of 73.69 at.% Ni + 26.31 at.% Ta and 16.97 at.% Ni + 83.03 at.%Ta
elements, respectively. According to EDS analyses, it is concluded that this area contains
intermetallic Ta-rich NiTaz, which has 1-3 pum in size, sparsely dispersed in the Ni;Ta matrix.
However, Ta content of grey structures in NiTa-0 sample is much higher than that in
stoichiometric NiTa, compound and it is well-known that NiTa, is only phase with high Ta
content in the binary Ni-Ta system. On account of this, it is thought that high Ta content of grey
structures in the NiTa-0 sample may be a result of homogenization process. From this, it has been
seen that the homogenization condition was not enough to form single phase supersaturated
structure. In addition to small-sized Ta-rich NiTa, precipitate phase in the NizTa matrix (Fig. 1-
a), Ni-rich NigTa precipitate phases were also observed, containing 83.94 at.% Ni + 16.06 at.%
Ta, at different regions of the NiTa-0 sample. Biffi ef a/l. [11] detected intermetallic NisTa and
Ni,Ta precipitates in microstructure of NizsTa»4B; alloy homogenized at 1400 °C for 4 h. On the
other hand, Firstov et al. [7] reported that the NisTa and Ni,Ta precipitate phases located in the
grain boundaries of the Ni;Ta matrix were disappeared after the same homogenization condition
as in Ref. [11]. They did not observe intermetallic NiTa, compounds in their alloy samples.
Eventually, optimal homogenization condition for Ni-Ta alloys are needed to obtain single NisTa

phase structure.
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Figure 1: SEM images of (a) NiTa-0, (b) NiTa-800, (c¢) NiTa-900 and (d) NiTa-1000 alloy samples

The surface morphology of NiTa-800 sample is presented in Fig. 1-b. The heat treatment
at 800 °C led to change in the microstructure of the alloy. The microstructure of NiTa-800 sample
contains a large of cracks. Firstov et al. [7] reported that intergranular cracks were formed on the
surface of Ni3Ta alloy after homogenization process. However, it could be clearly seen that some
secondary phase precipitates in the NiTa-800 sample located in the crack. In order to determine
chemical composition of this secondary phase in the crack, point EDS analysis was made.
According to EDS analysis, its chemical composition is 30.56 at.% Ni + 69.44 at.% Ta and it is
concluded that this phase located in the crack is the Ta-rich NiTa, phase. From here, it was
understood that the Ta-rich NiTa; phase nucleated and grown in the cracks. Also, in Fig. 1-b,
structural agglomerates are observed in some areas of the matrix. According to EDS analysis
taken, it was determined that this agglomerate structure in Fig. 1-b chemically included 72.65
at.% Ni + 27.35 at.% Ta elements and this is close to matrix composition. As a result, these

agglomerates are not any secondary phases.

SEM image of the NiTa-900 sample is shown in Fig. 1-c. It is obvious that microstructural
characteristics of the NiTa-900 sample are similar to that of the NiTa-800. EDS results revealed
that the chemical composition of the gray structures in the crack was 20.13 at.% Ni + 79.87 at.%
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Ta and these gray structures are the Ta-rich NiTa, phase as well as observed in NiTa-800 sample.
In contrast, the agglomerates observed in NiTa-800 sample disappeared in NiTa-900 sample. In

addition, intermetallic NigTa phase was also detected in some regions of NiTa-900 sample.

Fig. 1-d displays SEM image of the NiTa-1000 sample. Its microstructure contains many
cracks and Ta-rich NiTa; phase (23.76 at.% Ni + 76.24 at.% Ta) located in these cracks. The
chemical composition of NiTa-1000 matrix is 74.25 at.% Ni + 25.75 at.% Ta. In addition to these
observations, a big-sized structure located on the crack is also visible in Fig. 1-d. Its chemical
composition was analyzed by taking EDS spectrum and it is identified as NigTa phase with 86.68
at.% Ni + 13.32 at%Ta composition. Apart from similar morphological features of NiTa-1000
sample compared to NiTa-800 and NiTa-900 samples, a phase region exhibiting quite different
morphological features were also observed in the NiTa-1000 sample. Fig. 2 shows the SEM image
of this region. Chemical composition of these structures in Fig. 2 was determined by taking EDS
spectra. According to EDS spectra, thin white structures contained 77.2 at.% Ni + 22.8 at.% Ta.
From the results of EDS spectra, it is thought that thin white structures are orthorhombic NisTa
phase. Aballe et al. [12] showed that prolonged aging process at 800 °C or above could be caused
formation of the stable orthorhombic Ni;Ta phase in Ni-25wt.% Ta-10wt.% Cr alloy by replacing
the b.c.t. NisTa. Likewise, Kosorukova et al. [13] reported that as aging temperature increased
the stable orthorhombic NizTa phase was formed in the Ni3;Ta alloy, as a result of diffusional
phase transformation mechanism. Consequently, the results indicated that heat treatment

performed at 1000 °C led to starts diffusional phase transformation in the Ni-25.5Ta (at.%) alloy.

The crack formation in the microstructure of the binary Ni-Ta shape memory alloy is an
important issue after homogenization process. It is thought that cracks in the Ni-Ta SMA have a
negative effect on its physical properties. Although there are some suggestions to hinder crack
formation in the Ni-Ta SMAs [7], Yildiz [14] reported that it might be prevented from the crack

formation by changing homogenization condition of Ni-Ta SMA.
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Figure 2: A SEM image showing the stable orthorhombic NizTa phase in NiTa-1000 sample
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Figure 3: XRD patterns of (a) NiTa-0, (b) NiTa-800, (c) NiTa-900 and (d) NiTa-1000 samples

XRD patterns of NiTa-0, NiTa-800, NiTa-900 and NiTa-1000 samples are illustrated in
Fig. 3. The XRD results are in good harmony with the SEM-EDS analysis of the samples. Fig. 3
demonstrates that NiTa-0, NiTa-800 and NiTa-900 samples contain structurally four different
phase components: monoclinic martensite NizTa phase (PDF: 01-073-7070), tetragonal austenite
NisTa phase (PDF: 00-018-0893), and intermetallic NigTa (PDF: 00-023-0438) and NiTa, (PDF:
01-072-2592) compounds. However, XRD pattern of NiTa-1000 sample also includes
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orthorhombic NisTa phase (PDF:03-065-2588) in addition to mentioned phases above. The 20
peak positions of the all phases are also in accordance with the literature [7, 8, 15, 16] and the
corresponding phases are marked on patterns. Also, as expected, all samples contained austenite
phase at room temperature [11, 13, 17]. The XRD pattern of NiTa-0 sample display in Fig. 3-a.
Compared to the XRD patterns in Figs. 3-b and c, it is clear that the heat treatments performed at
800 °C and 900 °C resulted in significant changes on the crystallographic properties of the alloy.
The main martensite phase peak located at 20 = 43.8° in the XRD pattern of NiTa-0 sample was
completely disappeared. However, the peak intensity at 20 = 27.4°, which is quite weak in the
XRD pattern of the NiTa-0 sample, increases in the XRD pattern of NiTa-800 sample. As can be
seen from the XRD pattern in Fig. 3-c, intensity of this peak is maximum for NiTa-900 sample.
These results indicated that the heat treatments at 800 °C and 900 °C directly affected the
martensite phase orientation of alloy. Both number and intensities of the NiTa, peaks in Fig. 3-c
were also increased. This is in good agreement with the SEM observations in Figs. 1-b and c.
Finally, from the XRD pattern of NiTa-1000 sample, as shown in Fig. 3-d, it can be clearly seen
that the number of related phase peaks increased considerably. The maximum intensity peak in
Fig. 3-d is the reflection at 20 = 47.9° and the diffraction peaks for martensite and orthorhombic
phases overlapped. This peak does not exist in the XRD pattern of NiTa-900 sample. The intensity
of peak at 26~=27.4° in Fig. 3-d is lower than that in the XRD pattern of NiTa-900 sample.
Consequently, according to the XRD patterns of all samples in Fig. 3, it is revealed that the
crystallographic orientation of martensite phase in the Ni-25.5Ta (at.%) alloy is very sensitive to

heat treatments applied at 800 °C, 900 °C, and 1000 °C.

Reverse (martensite to austenite) and forward (austenite to martensite) transformation
temperatures of the samples were determined by carrying out DSC scans during heating and
cooling curves, as shown in Fig. 4. Austenite start (As), austenite finish (Ar), martensite start (M)
and martensite finish (My) temperatures, transformation hysteresis (A~-My) values are tabulated in
Table 1. The DSC results in Table 1 indicate that all the samples exhibit high temperature shape
memory behavior. It can be also seen that the transformation characteristics of all the samples are
well consistent with works in literature [7, 11]. The reverse and forward transformation
temperatures were not affected strongly by heat treatment, whereas reverse and forward
transformation peak intensities were influenced. The transformation peaks of NiTa-800, NiTa-
900 and NiTa-1000 samples are stronger than those of NiTa-0 sample. It is well-known that the
heat exchanged during martensitic transformation is related to the amount of martensite phase in
the sample [11]. Therefore, it has been concluded that, as a result of heat treatment, the amount
of martensite phase in NiTa-800, NiTa-900 and NiTa-1000 samples increased, compared to NiTa-

0 sample. This is in a good accordance with the XRD patterns.
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Figure 4: (a) DSC scans of the alloy samples on heating and cooling. (b) Variations of transformation
temperatures and hysteresis values of the samples

Table 1: Transformation temperatures and hysteresis values of NiTa-0, NiTa-800, NiTa-900 and NiTa-
1000 samples

A(°C) A{°C) M;(°C) Mi(°C) A+-M((°C)
NiTa-0 356.9 380.7 239.9 2299 150.8
NiTa-800 351.5 377.7 224.7 204.9 172.8
NiTa-900 354.9 375.4 2344 204.7 170.7
NiTa-1000 342.5 379.1 236.6 203.8 175.3

Fig. 5 presents variations of the average Vicker’s microhardness values of NiTa-0, NiTa-
800, NiTa-900 and NiTa-1000 alloy samples. The calculated average Vicker’s microhardness
values of NiTa-0, NiTa-800, NiTa-900 and NiTa-1000 samples are 460+12, 413.4+7.68,
494.2+13.36 and 460.2+£12.96 Hvy3, respectively. The results indicated that heat treatments,

especially at 800 and 900 °C, caused a significant change in the microhardness of the alloy.
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Another remarkable result is that the average microhardness of NiTa-0 and NiTa-1000 samples
are almost the same. Therefore, it has been concluded that the cracks in the microstructure of the
alloy samples did not cause significant changes in mechanical behaviors of the samples. However,
it is believed that differences in the average microhardness values of NiTa-800 and NiTa-900
samples are closely related to the structural properties of these samples. El Bougory [18] reported
that microhardnesses of Nis; Ti4 and NissTiseCos shape memory alloys altered by the effect of
thermal aging and these changes were attributed to change occurring in volume fraction and size
of hard precipitates in the microstructures of alloys and also the morphology of martensite plates.
Aballe et al. [12] noted that heat treatments applied to Ni-Ta-Cr alloys affected the microstructural
properties of alloys, resulting in changes in the hardness of alloys. Kojima ef al. [19] reported that
the microhardness of NisTa compounds subjected to high-energy ion irradiation changed due to

changes in lattice structure of the compound.

520

500 -
2 480

RN
G N
, ~
/ N
/ AN
/ ~
/ N
, N
/ N l
, ~
, N
460 I / A
N /
N ,
N /
N

440 |-

Microhardness/Hv
—

420 - I

1

400 | | | |
NiTa-0 NiTa-800 NiTa-900 NiTa-1000

Figure 5: Variation of the average microhardness values of NiTa-0, NiTa-800, NiTa-900 and NiTa-1000

samples
4. Conclusions

Morphological investigations showed that the microstructure of Ni-25.5Ta (at.%) high
temperature SMAs changed with applying heat treatment at 800 °C, 900 °C, and 1000 °C. The
microstructure of NiTa-0 sample includes intermetallic NigTa and Ta-rich NiTa, compounds
distributed in Ni3zTa matrix, whereas the microstructures of NiTa-800, NiTa-900 and NiTa-1000

samples are consisting of NigTa and Ta-rich NiTa, compounds and many cracks in NizTa matrix.
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SEM-EDS observations also revealed that the NiTa-1000 sample has the stable orthorhombic
NisTa phase, which is a result of heat treatment at 1000 °C. It was observed that volume frictions
of intermetallic NisTa and Ta-rich NiTa, phases are higher than those of the NiTa-800, NiTa-900
and NiTa-1000 samples. Thermal measurements revealed that all the samples exhibited high
temperature shape memory alloy behavior and the heat treatment processes did not affect that.
Structural analysis indicated that XRD patterns of all samples were in good consistent with their
SEM-EDS observations. The XRD results also demonstrated that the martensitic phase
orientation of Ni-25.5Ta (at.%) high temperature SMA was very sensitive to heat treatment. It
was deduced that Vicker’s microhardness values of the samples changed by applying heat
treatment, especially at 800 °C and 900 °C. This was attributed to change in martensitic phase

orientation.
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