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Abstract

The phase transformation, microstructural and mechanical properties of Ti-15V-2Al high temperature shape memory alloy produced
with arc-melting method were investigated by DSC, XRD, SEM and high temperature micro-indenter system. The reverse martensitic
transformation As starting and As finishing temperatures of alloy were obtained to be 195 °C and 285 °C, respectively. In high
temperature microindentation analysis, the alloy were subjected to indentation tests under 5000 mN load for three different
temperatures (24 °C, 250 °C and 450 °C). The hardness and reduced elastic modulus values of the alloy at room temperature (24 °C),
that is, martensite structure, were found to be higher than the values at 450 °C, that is, austenite structure. The effect of temperature on
superelasticity was examined and it was found that the superelasticity value of the alloy was higher at 450 °C compared to its value at
24 °C.
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Ti-V-Al Yiiksek Sicakhik Sekil Hafizah Alasimin Mekaniksel ve
Mikroyapisal Ozellikleri

Oz

Ark eritme yoOntemiyle iiretilen Ti-15V-2Al yiiksek sicaklikli sekil hafizali alasimin faz doniisiimii, mikroyapisal ve mekaniksel
ozellikleri DSC, XRD, SEM ve yiiksek sicaklik mikro ¢entme sistemi ile incelenmistir. Alasimin ters martensitik doniisim As
baslangic ve Af bitis sicakliklart sirasiyla 195 °C ve 285 °C olarak elde edilmistir. Yiiksek sicaklik mikro ¢entme analizlerinde, alagim
ii¢ farkli sicaklikta (24°C, 250 °C ve 450 °C) 5000 mN yiik altinda ¢entik testlerine tabi tutulmustur. Alagimin oda sicakliginda (24
°C) yani martensit yapisindaki sertlik ve elastik modiil degerlerinin, 450 °C'deki yani Ostenit yapisindaki degerlerden daha yiiksek
oldugu tespit edilmistir. Sicakligin siiperelastisiteye etkisi incelenmis ve alasimin 450 °C'deki siiperelastisite degerinin daha yiiksek
oldugu bulunmustur.

Anahtar Kelimeler: Sekil Hafizali Alasim, Yiiksek Sicaklik, Mekaniksel Ozellikler, Ti-Temelli Alasimlar, Siiperelastisite
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1. Introduction

Shape memory alloys are a class of materials that increases
rapidly the area of use at the world with progress of technology.
It has a wide range of applications from textiles to healthcare,
from the automotive industry to the defense industry and from
medicine to the aerospace science industry [1-3]. The
importance of shape memory alloys (SBA) or other name super-
alloys, especially in the aerospace industry, has been rapidly
increasing in recent years [4]. The shape memory alloys to be
used in the aerospace industry needs to have high transformation
temperatures. Alloys with transformation temperatures above
100 ° C are known as high-temperature shape memory alloys
[5]. Nowadays, shape memory alloys used for commercial
purposes are mostly Ni-Ti, Cu and Al based alloy groups [6-9]
and the transformation temperatures that activate the memory
property of these alloys are generally below 100 °C [10-12].

In the aerospace industry, lightness as well as high
transformation temperatures are also very important. The
lightness of the materials to be used in aircraft and space
vehicles will primarily provide fuel savings. In this context, it is
important to produce and develop materials that have both light
and high transformation temperature in the aerospace industry.

The transformation temperatures of Ti-V-Al alloys, whose
densities are almost that of pure Ti (4.5 g / cm 3), are above 100
°C. Therefore, it is a suitable material for use in aircraft engine.
Because of their working environment, they will be exposed to
both high temperature and many times deformations, so the
mechanical properties at high temperatures of these alloys
should be known. However, there are few studies on the
mechanical properties of Ti-V-Al shape memory alloys at high
temperatures under the indentation stress. As far as we know,
there is no study other from our previous studies [13,14]. In the
literature, the mechanical properties of Ti-based alloys have been
investigated either at room temperature (RT) or their properties
under tensile stress have been investigated by tensile test [15].

Dynamic micro-indenter technique is an analysis method
used to determine the mechanical properties of materials [16].
The mechanical properties of Ti-V-Al alloy at RT (martensite),
250 °C (martensite + austenite) and 450 °C (austenite) can be
determined by this analysis technique which can reach to high
temperature.

In the present study, it was aimed to determine the
mechanical properties (hardness and elastic modulus) and
superelastisite at high temperatures (250 °C ve 450 °C) of the Ti-
15V-2Al shape memory alloy, which were designed for use in
aircraft engine parts in the aerospace industry. From the
microindentation analysis, it was determined that while the
hardness and elastic modulus values were higher at 24 °C for Ti-
15V-2Al, it showed better superelasticity at 450 °C.

2. Material and Method

The Ti-15V-2Al (wt. %) alloy was produced by arc-melting
system under argon atmosphere in water-cooled copper crucible.
In the sample production, pure Titanium, Vanadium and
Aluminum (99.9%, 99.99% and 99.99% respectively) were used.
The alloy was melted at least four times to ensure
homogenization. The arc-melted alloy was cut in plate form in
the cutting device for analyses. Leaf-shaped ingots were sealed
into a quartz tube under vacuum. After homogenizing at 900 °C
for 8 hours, rapid cooling was do by dropping into ice water. The
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DSC analyzes were performed to determine transformation
temperatures. The microstructure of alloy with scanning electron
microscopy (SEM) was examined. The crystal structure was
determined by X-ray diffraction (XRD) analysis. The
mechanical analyzes were performed at RT, 250° C and 450 °C
with high temperature micro-indenter device.

3. Results and Discussion

The XRD graph of the Ti-15V-2Al alloy at RT is given in
the Figure 1. From the diffraction pattern, it was observed that
the alloy has an orthorhombic o martensite phase and some -
phase remained unchanged in the structure.
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Fig 1. The XRD of the Ti-15V-2Al alloy

Figure 2 (a) shows the DSC curve of the Ti-15V-2Al alloy
at a heating-cooling rate of 20 °C/min. During heating, the
endothermic peak in the DSC curve represents the transition
from an orthorhombic structure to a cubic structure, ie a reverse
martensitic transformation. Reverse martensitic transformation
temperatures were measured by tangent method according to
DSC curves. The reverse martensitic transformation As starting
and As finishing temperatures of alloy are 195 °C and 285 °C,
respectively (Table 1).

In the DSC analyzes of Ti-15V-2Al alloy, while reverse
martensitic transformation, endothermic peak, was observed
during heating, exothermic peak representing martensitic
transformation was not observed during cooling. This is
attributed to the partial transformation of the § phase to the o’
phase, to the fact that some B phase remains unchanged in the
structure or the DSC cannot be detected due to the low level of
enthalpy of the transformation [17-20].

Figure 2(b) shows the thermal cycle analysis for the Ti-15V-
2Al alloy at 20 ° C/min heating and cooling rate. As seen from
the graph, there was no important change was observed in the
reverse martensitic transformation temperatures as the cycle
number increased which means that the transformation is stable.
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Fig 2. a) The DSC curve and b) The cycle analysis of Ti-15V-2Al alloy at heating-cooling rate 20 °C/min

Fig. 3. SEM photographs of the Ti-15V-2Al alloy at 500 and 2500 magnification

. . Table 2. The reduced elastic modulus and hardness values of
Table 1. The _transfor(natlon temperfture_s with the number of the alloy at three different temperatures
cycles at heating-cooling rate of 20 °C/min

Heating Rate Cycle As (°C) | Af(°C)

Sample Temperature | Hardness | Reduced Elastic
(°C/min) Number (°C) (GPa) Modulus (GPa)
24 5.94 121.8
o T | awew [ s
2 198 290
3 196 288
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Fig. 4. Load-Unload curves of the alloy at 24 °C, 250 °C and 450 °C

Figure 3 shows SEM photographs of the alloy at 500 and
2500 magpnification. In the microstructure of the alloy, it is seen
that it contains B phase as well as o’ martensite phase. This
result is in agreement with XRD analyzes. The acicular
martensite structures and [ phase are indicated by arrows in
Figure 3. In the microstructure analysis, it was determined that
the alloy did not have a completely o martensite structure at
room temperature and that some p phase remained unchanged in
the structure.

Figure 4 shows the load-unload (LU) curves of the alloy. To
determine the mechanical properties of the alloy, LU analysis
were performed at temperatures RT, 250 °C and 450 °C. The
overlap of the LU curves means that the microstructure is
homogeneous [21,22]. The LU curves of the alloy at RT and 450
°C appear to overlap almost. However, there is no overlap in LU
analysis at 250 °C. The alloy consists of martensite twinning at
RT and B phase at 450 °C. At 250 °C, it has two different phases.
At each LU analysis, indent corresponds to a different phase
(martensite or austenite) so the curves do not overlap.

The Figure 5 (a) shows change with temperature of the
reduced elastic modulus and hardness values obtained from the
LU curves for the Ti-15V-2Al alloy. Table 2 gives the reduced
elastic modulus and hardness values of alloy. As seen in Figure
5(b), these values are higher at room temperature (martensite)
than at 450 °C (austenite). This means that the martensite phase,
also known as the low temperature phase, is harder than the
austenite phase; ie high temperature phase.
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Hardness is a measure of the resistance of the material
against deformation. The reason of the higher hardness value in
the martensite structure can be explained by the deformation-
preventing effects of the twinning forming the martensite
structure. It was detected that the elastic modulus values and
hardness of the Ti-12V-4Al alloy obtained in our previous study
were similar to those of the Ti-15V-2Al alloy for both phase
structures [14].

On the contrary, when compared with the Ti-15V-4Al-0.5Cu
alloy, it was determined that the hardness and elastic modulus
value at 450 °C were much lower than the present study [13].

In Figure 5 (b), the variation of superelasticity values (nsg)
calculated from the equation 1 depending on temperature is
given [23]. The SE represents superelasticity of alloy and hc, hf,
hmaks are contact depth maximum depth, final depth,
respectively. The superelasticity of the alloy, which has an
austenite phase at 450 °C, is higher than the martensite structure
at 24 °C. This is associated with the formation or reorientation of
martensite twin structures and it is explained as follows.

The alloy contains martensite at 24 °C and some austenite.
Stress induced martensite plates may form in the austenite when
the load is applied. When the load is removed, the recycling of
these martensite structures is prevented by the existing
martensites and the stress value required for recycling increases.
A higher stress value causes a decrease in superelasticity [4, 24].
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Fig. 5. a) Hardness and reduced elastic modulus and b) Superelastisity values depending on temperature
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At 450 °C, the alloy has the austenite phase and stress
induced martensite formed under stress are more easily recycled
when the applied force is removed and thus superelasticity is
increased.

he — hf

Since the alloy does not complete the austenite
transformation at 250 °C, both austenite and martensite phases
are present in the structure. Superelasticity varies in relation to
the martensite and austenite volume fraction formed in the
structure.

But we do not have information about the volume fraction
of the both phases at 250 °C. Therefore, change in
superelasticity value calculated at 250 °C cannot be explained in
detail. For a more detailed study, simultaneous TEM analyzes
under stress are required, which can be do in rare centers all over
the world. The optical photographs given in Figure 5 (b) belong
to the traces formed in the structure after indentation at 24 °C
and 450 °C. The traces appears rectangular shape due to the tip
geometry with the Vickers indentation. Superelasticity values
were found to be better than the results obtained in our other
studies for both martensite and austenite phases. It is thought
that this situation is caused by martensite twin orientations,
which are affected by the change of V, Al contents.

4. Conclusions and Recommendations

In this study, high temperature mechanical properties,
thermal cycling analysis, microstructure and phase
transformation of Ti-15V-2Al alloy were investigated. The
results are summarized below.

1. In the microstructure of Ti-15V-2Al alloy at room
temperature, it was determined that there was some 3
phase as well as orthorhombic o’ martensite phase.

2. At heating-cooling of 20 °C/min, reverse martensitic
transformation temperatures (As and Af) were found to
be 195 °C and 285 °C, respectively. No exothermic
pike was found for the Ti-15V-2Al alloy while being
cooled from 500 °C to room temperature.

3. Depending on the number of thermal cycles, no
significant change in reverse martensitic transformation
temperatures was observed which means that the
transformation is stable.

4. The hardness values of the alloy were 5.94, 3.27 and
4.51 GPa, and the values of the reduced elastic modulus
were found as 121.8, 37.6, and 59.5 GPa at RT, 250 °C
and 450 °C, respectively. As a result of the mechanical
analysis, martensitic structure at RT was found to be
harder than the austenite structure at 450 °C.

5. It was determined that the superelastic behavior of the
alloy was better at 450 °C than at 24 °C.

When all the results are evaluated, it can be concluded that
the alloy is preferable for high temperature applications.
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