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INTRODUCTION

hape memory alloys (SMAs) are an interesting class of materials which is usually employed in many fields of the
acrospace and civil industry. Thanks to the high resistance against corrosion in many aggressive environments,
SMAs are also used in medicine for construction of prosthesis [1, 2]. In the last years, the use of SMAs in electric
field is more and more increased, especially in piezoelectric and in self-healing devices. In the last decades, several
investigations have been carried out in order to characterize such alloys and take advantage of their peculiar properties in
different applications [3-7].
In particular, SMAs are able to recover the original shape, even after severe deformations. The explanation of this
peculiar behavior is due to both crystallography and thermodynamic properties of SMAs which allow a reversible phase
transition from the parent phase (austenite) to the product phase (martensite) [8-13]. Note that the twinning deformation
mode characterizes the above transition. This is a reversible deformation process and differs from other irreversible
processes, such as the slip deformation mode [9, 11].
It is important to underline that SMAs deformations can be recovered as follows [7-9]:
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1) Shape memory effect, where the recovery of initial shape depends on the material heating up to a critical
temperature;
2) Pseudoelastic effect, where the recovery of initial shape is due to the unloading process, being the critical
temperature lower than the environment temperature.
The microstructure transformation takes place at the material strain threshold up to this deformation level, the stress-
strain behavior is linear with the austenite Young modulus. Over this strain value, the transformation of austenite in
martensite takes place, and the stress-strain behavior is quite similar to a plateau. When the transformation of austenite to
martensite is completed, the stress-strain behavior becomes linear according to the Young modulus of martensite.
In this work, the austenite and martensite volume fractions were measured using XRD analyses for different imposed
strains both in loading and in unloading conditions. Furthermore, the influence of cycling was analyzed and a simple
model able to calculate the microstructure quantities was proposed.

INVESTIGATED ALLOY AND METHODS

n this work, an equiatomic NiTi shape memory alloy, characterized by a pseudoelastic behavior, is investigated. The
alloy was obtained by using a vacuum furnace where a crucible made of ittria was charged using pure Ni and pure Ti
powders. The cast was obtained from melted alloy using centrifugal force obtained by high crucible rotation. The
melting was cooled in a graphite casting molds in rectangular mini-ingots (40x30x10 mm).
From the casting ingots, flat tensile specimens characterized by the shape in Fig. 1 were obtained by electrical discard

machining (EDM).

(. L
“ 16 mm ‘

30 mm

Figure 1: Mini dog-bone tensile specimens: thickness 1 mm.

Tests were performed by means of patented mini-tensile machine that is characterizes by a removing frame (Fig. 2) able to
keep the specimens under scheduled deformation in order to analyze the microstructure.

Screw

Load cell
Ny

Specimen

Figure 2: Removing frame of tensile minimachine.

Diffractions measurements were performed step by step corresponding to 1, 10, 50 and 100 cycles both in loading and in
unloading conditions. For each investigated loading step, the loading frame containing the specimen was removed from
the testing machine, at fixed values of deformation. The specimens, under load condition, were analyzed using a
diffractometer to evaluate XRD spectra. XRD measurements were performed using a Philips X-PERT diffractometer
equipped with a vertical Bragg—Brentano powder goniometer. A step—scan mode was used in the 20 range from 40° to
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90° with a step width of 0.02° and a counting time of 2 s per step. The employed radiation was monochromated CuKa
(40 kV — 40 mA). The investigated steps are loading and unloading conditions. The analyzed diffraction steps conditions
are shown in Tab. 1.

Eeng. 10 loading Eeng, 10 unloading
conditions [%o] conditions [%0]

0.00 -

2.50 9.15

3.33 8.32

4.16 7.49

5.00 6.66

5.83 5.83

6.66 5.00

7.49 4.16

8.32 3.33

9.15 2.50

10.00 0.00

Table 1: XRD analyzed deformations steps in loading and in unloading condition a 1 and 50 cycles.

RESULTS AND DISCUSSION

X-Ray diffractions spectra
onsidering the equiatomic NiTi investigated alloy, the diffraction spectrum of the initial unloaded specimen is
‘ shown in Fig. 3 (Cycle 1, € = 0%). In this spectrum the main peak is measured corresponding to 20=42.27° and a
secondary peak is measured at 20=43.21°.

500
450 |
400
350
300
250
200
150
100 » WAL,
50 ol
0

—Cycle 1 eps 0.00%
Cycle 1 eps 10.00%

Counts

41.0 42.0 43.0 44.0 45.0
20[°]
Figure 3: Diffraction spectra of equiatomic NiTi at eng=0% and at ecng=10% for the first cycle: peaks of Austenite (corresponding to
eeng=0%) and Martensite (corresponding to ecng=10%)
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These peaks correspond to the austenite phase, and no evidence of a different microstructure is shown in the spectrum in
the analyzed angles range. The spectrum corresponding to higher deformation value (eeng=10%) shows the presence of a
single peak in the investigated range (Fig. 3 - Cycle 1, € = 10.00%). This peak corresponds to a fully martensitic structure.
Both spectra imply a microstructure modification from a fully austenitic to a fully martensitic one due to the effect of
deformation.

Removing the imposed deformations, the initial shape is completely recovered, and the spectrum obtained in unloading
conditions (Fig. 4 — Cycle 1, € =0.00% - Unloading) is similar to the initial spectrum (Fig. 3 — Cycle 1 eps 0.00%). This
result implies that the microstructure is fully changed from martensite to austenite phase. This behavior corresponds to a
pseudoelastic SMA behavior, and the differences between the spectra in Fig. 4 are due to the damage generated by the
first loading-unloading cycle as already observed in Di Cocco et al. [12].

As shown in Fig. 5, the spectra obtained after 50 cycles are different from to the spectra obtained after 1 cycle (Fig. 3).
However the ability to recover the initial austenitic structure is not compromised as shown on Fig. 6, where the spectrum
obtained at €eng=0.00% is quite similar to the spectrum obtained in unloading condition at €.,;=0.00% (after 50 cycles).

500
450
400 Cycle 1 eps 0.00% - Unloading
350
300
250
200
150

100 Mo,
50 M - A VA A

0

—Cycle 1 eps 0.00%

Counts

41.0 42.0 43.0 44.0 45.0
20 [°]
Figure 4: Diffraction spectra of equiatomic NiTi at ens=0% both before and after the first cycle.

500
450
400
350
300
250
200
150
100
50
0

Cycle 50 eps 0.00%
Cycle 50 eps 10.00%

Counts

41.0 42.0 43.0 44.0 45.0
26 [°]
Figure 5: Comparison between spectra obtained for at cycle 50: at en=0.00% and ey =10.00%
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Figure 6: Comparison between spectra obtained for at cycle 50 at e,z =0.00% both in loading and in unloading conditions.

Differences in diffraction spectra are not only due to the cycling damage of the investigated alloy but are also due to the
hysteresis as shown in Fig. 7, where the spectrum corresponding to €eng=06.66% in loading condition is compared to the
spectrum obtained at same strain in unloading condition. The presence of different mean peaks implies that the hysteresis
phenomenon allows two different microstructure equilibrium conditions (under loading and unloading conditions,
respectively).
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Figure 7: Compatison between spectra obtained for the first cycle at e,=6.66% both in loading and in unloading conditions.

Microstructure evalnation

Considering all the spectra obtained in the XRD analyses for each investigated condition (Tab. 1), the quantification of
microstructure is performed by means of measure of amplitude of main austenite and martensite peaks. In order to
evaluate the amplitude of main peaks, a ground signal is subtracted from the measure of each peak. The ground values are
obtained from the spectrum at ecg=0.00% for the martensite and from the spectrum obtained at ecng=10.00% for the
austenite. Both the quantification of austenite and the martensite are obtained normalizing to 1 the amplitude of
corresponding mean peaks. In addition, considering that only two phases were observed (austenite and/or martensite), the
measure of microstructure contents is assumed as complement to 1 to the structure characterized by a peak better
identified in XRD analysis.
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As an example, results of structure quantifications, in terms of volumetric quantification, are shown in Fig 8 for the first
cycle and in Fig. 9 for the cycle 50.
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Figure 8: Quantification of microstructure cotresponding to the first cycle: a) loading condition, b) unloading condition.
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Figure 9: Quantification of microstructure corresponding to the cycle 50: a) loading condition, b) unloading condition.

Microstructure prediction model
In this work, a function E is assumed to be associated to microstructural changing in SMAs alloys (Eq. 1). This function
depends on the engineering strain ¢ and by the austenite A or martensite M volume fractions (normalized to 1).

E(e,A,M) )
The infinitesimal variation of Eq. 1 is due to three different contributions:

1) 'The first one is the contribution of imposed strain and it is assumed in proportional form using a constant C
which depends on materials and their conditions (e.g. damage, cycling, and so on);
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2) The second one is the variation of Austenite (Austenite volume fraction);

3) The third contribution is the variation of Martensite (Martensite volume fraction).
In the loading conditions the microstructure transition is from Austenite to Martensite; for this reason, the contribution of
austenite variation is assumed as positive and the contribution of Martensite variation is assumed negative as shown in Eq.

@

dE(g,A,M)=Cdg+ﬁ—ﬂ @
A M

To evaluate the equilibrium conditions of structure the differential form of Eq.2 is imposed to zero as shown in Eq. 3.
The integration of Eq. 3 is shown in Eq. 4, and the integrated form is shown in Eq. 5.

JE =Cds+ M _ @)
A M
dA  rdM
Cle+ [==-[==D 4
Jedz+ [Z- ] 2
A
D=Ce+hA=hM=Ca+h— ®)

Expliciting Eq. 5 in terms of A/M ratio (Eq. 6) and considering the volume fraction of the Austenite as a complement to
1 of Martensite volume fraction (under the hypothesis of presence of only austenite and martensite without any other
phases) the Austenite/Martensite ratio can be expressed by Eq. 7.

wdop_cer o pce_pce ©)
M M

=M ppce @
M

From Eq. 7 is trivial to evaluate the content of Martensite (Eq. 8) and of Austenite (Eq. 9)

1
M=—— 8
1+ De € ®

—C¢
A=1-M=1-—— =¥ ©)

1+ D% 1+ De ¢

The evaluation of parameters C and D is obtained by minimizing square errors of values obtained from Eq. 8 and Eq. 9
and the experimental microstructure quantifications. For example in Fig. 10 the results obtained by Eq. 8 and 9 are plotted
whit the corresponding experimental results shown in Figs. 8 and 9.

Considering all the investigated cycles (1, 10, 50 and 100) the evaluation of C and D parameters are shown in table 2,
where the parameter D can assume only two values (700 in loading conditions and 70 in unloading conditions). This
parameter indicates the hysteresis phenomena of the microstructure transition and it doesn’t depend on the cycles.

The effect of the cycles is taken into account by the parameter C, which is influenced by the cumulative cyclic damage.
Plotting the parameter C as a function of loading cycles in a bi-logarithmic plane, a linear correlation is obtained (Fig. 11).
More evident differences of the C parameter are observed corresponding to low cycles (between 1 and 10 cycles) where
the main damages are observed [12, 13].
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Figure 10: Comparison of microstructure quantifications: a) cycle 1 loading conditions, b) cycle 1 unloading condition, c) cycle 50
loading condition, d) cycle 50 unloading condition.

Gyl L Loading/%nloading
1 1 700/70
10 0.9 700/70
50 0.85 700/70
100 0.8 700/70

Table 2: Evaluation of C and D parameters.

CONCLUSION

XRD diffraction on tensile dog-bone specimens using a non standard mini-tensile machine. Following this

I n this work, the microstructure modification of a pseudoelastic equiatomic NiTi alloy was investigated by means of
procedure, it was possible to obtain the diffraction spectra under imposed deformations. The measured spectra were
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elaborated to evaluate the austenite and martensite volume fractions for each investigated deformation value (both in
loading and in unloading conditions). The analyses were performed after 1, 10, 50 and 100 loading cycles.

The results of experimental quantification of austenite and martensite volume fractions showed a non linear modification
of the microstructure due to imposed strain and the influence of hysteresis.

A simple model was proposed in order to calculate the austenite and martensite volume fractions at different imposed
strains both in loading and in unloading conditions. The model takes into account both the hysteresis phenomenon and
the cycling damage of material by using two parameters:

1) The parameter C (it takes into account the damage due to the cyclic loading);
2) 'The parameter D (it takes into account the hysteresis).

0.0105

0.0100+¢

0.0095+¢

0.0090¢

0.0085+ o

C parameter

0.0080+ o

0.0075

1 5 10 50 100
Cycles

Figure 11: Influence of cycling on C parameter.
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