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The thermodynamic and work-generating behaviours of a Cu-14.86 Zn-5.81 Al (mass. %) shape
memory alloy (SMA) and a three-layer PET heat shrinkable sheath were comparatively discussed.
The experimental CuzZnAl SMA under study experienced a reversible martensitic transformation and
was able to lift over 4.8 mm, during heating-cooling cycles, a load which was 463 times heavier
than the specimen. During heating, the PET fragments underwent up to three glass transitions and
the PET ring-shaped specimens were able to lift over 3 mm, a load which was 1571 times heavier.
By comparing the work generating capacity of CuzZnAl SMA and PET heat shrinkable sheath,
defined as the ratio between total absorbed enthalpy and specific work output, it was found out that
the former has been ten times less effective than the latter.

Keywords: shape memory alloy, heat-shrinkable sheath, work-generating shape memory effect,
martensitic transformation, glass transition.

Recent progresses in material sciences and physics lead to the implementation of the term “phase change materials”
(PCM) which, with the advent and maturation of micro-system technology, encompasses a great variety of materials
undergoing Solid/Liquid, Solid/Gas, Solid/Solid, Liquid/Gas, Mesomorphic/lsotropic, Sol/Gel and Glass transitions [1].
Among these categories, the materials undergoing a Solid/Solid transition represent a promising class of “stimulus
responsive materials” causing reduced environmental impact and high energy coupling efficiency [2]. One of the most
common stimuli, that can trigger Solid/Solid transitions, is temperature and some of the most popular examples of solid
state phase transitions are martensitic transformation and glass transition.

The former is diffusionless and occurs in shape memory alloys (SMAS) while the latter is diffusion controlled and
occurs in shape memory polymers (SMPs) [3, 4]. Although SMAs and SMPs are driven by different types of
transformations, the present paper aims to comparatively emphasize the thermodynamic and macroscopic changes
governing their shape memory behaviour.

Firstly, the crystalline structures of both CuzZnAl SMAs and polyethylene terephthalate (PET) have long period
stacking order along 0z axis. In CuZnAl SMAs martensitic transformation changes the B2 cubic structure of 3 austenite
(A) into 9R monoclinic structure of B,” martensite (M). The crystallographic parameters of 9R unit cell are: a =
0.441-10°m, b =0.268-10°m, ¢ = 1.92-10° m and g = 88.4° [5].

The crystalline structure of PET is formed under controlled cooling conditions and has triclinic unit cell with the
parameters: a = 0.456-10° m, b =0.594-10° m and ¢=1.075-10° m and the angles: a = 98.5°, # = 118° and y = 112° [6].

The properties of both CuZnAl SMA and PET depend upon their actual condition. The former can be in austenitic
or martensitic state while the latter can be amorphous or crystalline and, in addition, its properties depend on both time
and temperature. CuZnAl SMA and crystalline PET have rather close mechanical characteristics. Thus, tensile strength
is 700-800 MPa at CuzZnAl and 45-145 MPa at PET; elongation to failure is 10-15% and 11-35% and tensile elasticity
modulus is 70 GPa and 2.3-10.3 GPa, respectively [7, 8].

In order to develop reproducible strokes, SMAs must experience a reversible martensitic transformation. In
martensitic state, the material is deformed into the so-called “cold shape” and its microstructure comprises mostly stress
induced martensite [9]. During heating, the microstructure retransforms, from stress induced martensite to austenite, and
the macroscopic “hot shape” is instantly recovered, in the same time with the microstructure, by free-recovery shape
memory effect (SME). Thermoelastic martensite is softer than austenite and the SMA is able to develop work-generating
SME. After a number of cooling-deformation-heating cycles, in the framework of a thermomechanical treatment called
training, the SMA is able to instantly recover its hot and cold shapes during heating and cooling, respectively, by two-
way shape memory effect (TWSME) [10, 11].
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The principle of obtaining SME in SMPs depends on the particularities of the conditioning / programming treatment.
After loading, the polymer is cooled in deformed condition and its shape is “frozen” since some polymeric chains
become crystallized, therefore rigid and act as crosslink points. So, the elongated (temporary) shape is kept after
unloading. In the final step, during heating, the micro-crystals melt and stored stresses contribute to the recovery of
permanent shape. The origin of SME in polymers consists in the superior stiffness of micro-crystal parts, which are
formed during the cooling process and become flexible during heating [12].

The present paper aims to comparatively analyse the thermodynamic and work-generating behaviours of a CuzZnAl
SMA and a multilayer PET heat-shrinkable sheath.

Experimental part

Martensitic specimens, with chemical composition Cu-14.86 Zn-5.81 Al (mass. %) were hot-rolled and prepared,
according to the procedure detailed in [13], for differential scanning calorimetry (DSC) analysis and bending work-
generating SME experiments.

The former used specimens lighter than 50 mg, cut with a BUEHLER low speed saw and analysed by means of a
2920 Modulated DSC TA INSTRUMENTS unit, with measuring accuracies of + 0.1 K for temperature and + 1 W/kg
for heat flow, equipped with professional software. The specimens were heated and cooled with 10 K/min, under He +
Ar protective atmosphere [14].

Work-generating SME experiments used 0.5 by 4 by 50 mm lamellar CuzZnAl SMA specimens which were trained
in bending according to the procedure illustrated in figure 1.
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Fig. 1. lllustration of the training procedure Fig. 2. Experimental setup for determining work-generating SME
applied to CuznAl to develop TWSME developed by ring- shaped specimens cut from heat-shrinkable
polymeric sheaths

Being martensitic at room temperature, the specimens (weighing 1.7 g) were bent by the applied load (788 g). During
heating, they became austenitic and lifted the load by simple SME. During cooling, the specimens became martensitic
again (i.e. softer) and lowered the load. During the experiments cinematographic analysis enabled to determine the
vertical displacement position of specimen’s free end corresponding to each temperature value, determined with a
multimeter’s thermocouple fixed under the specimen, in the bending zone [15].

A commercial three-layer heat-shrinkable PET sheath was used for DSC and work-generating experiments. The
former were performed on a NETZSCH differential scanning calorimeter type DSC 200 F3 Maya, with sensitivity: <I.0
W, temperature accuracy of 0.1 K and enthalpy accuracy-generally <1.0%. The device was calibrated with Bi, In, Sn,
and Zn standards as required by DSC tests performed on polymers [16]. The latter employed a special experimental
setup illustrated in figure 2.

In principle, the ring-shaped specimen, weighing approx. 0.7 g, was cut from three-layer PET heat shrinkable sheath
and fastened at one end in a grip, solidary with the resistance frame, while the other end is elongated by the system
formed by the inextensible thread-pulley-load. An insulated electrical resistance heats up the siliconic oil, thus triggering
the shrinkage of PET ring specimen. During shrinkage, the ring lifts the load. In this case, again, cinematographic
analysis enables to associate temperature values (determined with the same multimeter’s thermocouple fixed under the
specimen) with successive vertical positions of the load. The experiment was repeated three times, on three different
specimens, under the effect of three loads: 270, 590 and 1100 g, respectively.
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Results and discussions
DSC experiments

The typical DSC thermogram, recorded with a 25.6 mg fragment cut from CuznAl lamellar specimen, is shown in
figure 3.
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The thermal cycle started at 150°C, where it was demonstrated that the specimen was fully austenitic [17]. During
controlled cooling, direct/ forward martensitic transformation is produced, between Ms and My, being associated with
the heat flow exothermic maximum. Since the transformation is reversible, the heat flow endothermic minimum,
occurring during heating, can be ascribed to the reverse martensitic transformation, to austenite, between the critical

temperatures As and Ar. Direct martensitic transformation released a specific enthalpy of R3¢ = 4+5.7 K] /K g while

CuzZnAl
reverse transformation absorbed hS%"9 = —6 K /Kg , in good agreement with the results found in literature [13].

The DSC thermogram recorded during the heating to 180°C of a 20 mg-fragment cut from a three-layer heat-
shrinkable PET sheath is shown in figure 4.

1 exo Onset  1341°C

1346°C
Delta Cp*  0.115Mg°K)

DSC /(mW/mg)

End 106.7°C
Dela Cp* 0173 J4g°K)
)

40 60 80 100 120 140 160 180
Temperature /°C

Fig. 4. DSC thermogram recorded during heating of a fragment cut from PET
heat-shrinkable sheath, experiencing three glass transitions

It is noticeable that up to three glass transitions can be identified, corresponding to the number of layers. The three
glass transitions occurred between: (i) 45.9 and 51.8°C (with midpoint at 49.3°C); (ii) 101.9 and 106.7°C (with midpoint
at 104.5°C) and (iii) 134.1 and 134.6°C (with midpoint at 134.4°C). They were accompanied by specific heat variations
of 0.146, 0.173 and 0.115 kJ/(kgxK). These results suggest that heat-shrinkage became more and more effective with
temperature increasing, in such a way that additional layers got involved in the process. It is obvious that crystalline
PET cannot store as much energy as a CuZnAl SMA does.

Work-generating SME

The work-generating experiments on CuZnAl comprised repetitive heating-cooling cycles applied by means of a
hot-air gun and a water sprayer, respectively, while monitoring vertical position of specimen’s free end and specimen’s
temperature. Figure 5 summarizes the main results.
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Fig. 5. Summary of work-generating experiments performed on lamellar specimen CuZnAl SMA weighing
1.7 g and lifting a 788 g load, during 20 heating-cooling cycles: (a) cold shape, at the end of cooling in
the 20th cycle; (b) hot shape at the end of heating in the 20th cycle; (c) free end displacement-temperature
variation during the 20th heating-cooling cycle

Figure 5a shows the specimen’s shape at the end of the 20" cycle. Obviously, as an effect of both cooling-induced
softening and bending caused by applied load (which is more than 460 times heavier) the specimen’s free end became
almost vertical. At the end of the heating stage, figure 5b illustrates an obvious lifting of the load, with approximately
4.8 mm. Finally, figure 5c displays the variation of free end’s displacement as a function of temperature. In this case,
generated work has been:

Weyznai = 0.788kg % 0.0048m = 3.7824 x 1073] @)
and the specific work output is given by:
Weuznar = 3.7824 x 1073] /1.7 x 10 3kg ~ 2.225]/kg (2)

By comparing the values of released and absorbed enthalpies (heood = +5.7 KJ/Kg and hpe?™m9 = —6 KJ /K g,

respectively) with that of specific work output, weuznai = 2.225 J/ kg, the work-generating capacity of the CuZnAl SMA
under study can be determined as:

cap. heati
Weuznar = hci%ﬂig/ Weuznal & 2697 ©)
This proves that only a very small part (3.7x10%) of CuZnAl SMA’s energy storage capacity was used for work-
generating SME, even if the load was over 463 times heavier than the specimen.
The initial and final positions of the applied loads, during the three work-generating experiments performed on three
ring-shaped specimens cut from three-layer PET heat shrinkable sheath, are illustrated in figure 6.

Fig. 6. Load-lifting by work-generating SME
performed by a ring shaped specimen (0.7 g) cut from
a multi-layered PET heat-shrinkable sheath:

(a) for a 270 g load; (b) for a 590 g load and (c) for a
1100 g load

It is obvious that the lighter the load the higher the lifting distance. Considering the three glass transitions observed
in figure 4, it is obvious that only the first one located at 49.3°C took place and the second one, located around 104.5°C
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and was only initiated.
By cinematographic analysis, the variation with temperature of load’s vertical displacement, as an effect of PET’s
heat shrinkage, were plotted in figure 7.
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Considering the heaviest load, 1.1 kg and the total lifting distance of 3 mm, the generated work is:
Wpogr = 1.1kg X 0.003m = 3.3 x 1073] @)
Since specimen’s mass is 0.7 g, it follows that specific work output is:
Wpgr = 3.3x 1073 xJ/0.7 X 107 3kg =~ 4.714 ] /kg )

If we consider the enthalpy variation of the first glass transition, by multiplying its specific heat variation 0.146
kJ/(kgxK) with the total thermal range (between 45.9 and 51.8°C) and the enthalpy variation of the second glass
transition, occurring between 101.9°C and the maximum temperature reached during heating (104°C), while considering
the its specific heat variation of 0.173 kJ/ (kgxK), it follows that total enthalpy variation, during heating up to 140°C,
is:
hpgr = [(51.8 — 45.9)K x 0.146K]/(Kg x K)] + [(104 — 101.9)K x 0.173K]/(Kg x K)] = 1.225KJ/Kg  (6)

By comparing total enthalpy variation during heating with specific work output, if follows that the work-generating
capacity of PET three-layer heat-shrinkable sheath, under study is:

Cap.
7
CuZnAlthET/WPETzzeo ")
This ratio shows that, in spite of the fact that it uses only a small part of its energy storage capacity (3.8 x 103 for
work-generating SME, the ring-shaped specimen of PET heat-shrinkable sheath is however ten times more effective as
compared to CuZnAl SMA, in the conditions that it lifts a load which is over 1571 times heavier.

Conclusions

In the case of two different shape memory materials, a Cu-14.86 Zn-5.81 Al (mass %) SMA and a three-layer PET
heat-shrinkable sheath, the thermodynamic behaviour and work-generating capacity were analysed, by comparing the
DSC thermograms and their respective potential to develop work output.

A 25.6-mg fragment cut from CuzZnAl lamellar specimen experienced a reversible martensitic transformation,
between 150 and — 70°C, characterized by a specific absorbed enthalpy of 6 kJ/kg, while the entire 1.7 g specimen lifted
a 788 g load over a distance of 4.8 mm, delivering a specific work output of 2.225 J/Kkg.

A 20 mg fragment cut from a PET three-layer heat shrinkable sheath experienced a complete and a partial glass
transition, when heated to 104°C, characterized by a total specific absorbed enthalpy of 1.225 kJ/kg, while a ring-shaped
specimen, weighing 0.7 g lifted a load of 1100 g over 3 mm, when heated to the same temperature, thus delivering a
specific work output of 4.714 J/kg.

A direct comparison of the two thermodynamic responses enables the following conclusions to be drawn:

-only the solid state transition occurring in CuZnAl SMA has been reversible;
-during heating, CuzZnAl SMA absorbed almost 4.9 times more specific enthalpy as compared to PET heat-
shrinkable sheath.

A direct comparison of the two work output performances reveals the following conclusions:

-the PET specimen lifted a load 1571 times heavier while the load lifted by CuzZnAl SMA specimen was only

463 times;

REV.CHIM.(Bucharest) ¢ 70 ¢ no. 12 ¢ 2019 4370 http://www.revistadechimie.ro



-the specific work output of PET (4.714 J/kg) was at least double than that of CuZnAl SMA (2.225 J/kg);

-the work-generating capacity of PET (3.8x10®) is one order of magnitude larger than that of CuzZnAl SMA
(3.7x10%);

-CuznAl SMA is preferred for actuators development due to its capacity to produce reversible movements.
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