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Shape memory alloys (SMAs) are very interesting smart materials not only for their shape memory and
superelastic effects but also because of their significant intrinsic damping capacity. The latter is exhibited
upon martensitic transformations and especially in martensitic state. The combination of these SMA
properties with the mechanical and the lightweight of fiberglass-reinforced polymer (FGRP) is a promising
solution for manufacturing of innovative composites for vibration suppression in structural applications.
CuZnAl sheets, after laser patterning, were embedded in a laminated composite between a thick FGRP core
and two thin outer layers with the aim of maximizing the damping capacity of the beam for passive
vibration suppression. The selected SMA CugsZn,4Al; ¢ at.% was prepared by vacuum induction melting;
the ingot was subsequently hot-and-cold rolled down to 0.2 mm thickness tape. The choice of a copper alloy
is related to some advantages in comparison with NiTiCu SMA alloys, which was tested for the similar
presented application in a previous study: lower cost, higher storage modulus and consequently higher
damping properties in martensitic state. The patterning of the SMA sheets was performed by means of a
pulsed fiber laser. After the laser processing, the SMA sheets were heat treated to obtain the desired
martensitic state at room temperature. The transformation temperatures were measured by differential
scanning calorimetry (DSC). The damping properties were determined, at room temperature, on full-scale
sheet, using a universal testing machine (MTS), with cyclic tensile tests at different deformation amplitudes.
Damping properties were also determined as a function of the temperature on miniature samples with a
dynamical mechanical analyzer (DMA). Numerical modeling of the laminated composite, done with finite
element method analysis and modal strain energy approaches, was performed to estimate the corre-
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sponding total damping capacity and then compared to experimental results.

Keywords damping capacity, laminated composite, laser pattern-

ing, shape memory alloy, vibration suppression

1. Introduction

Shape memory alloys (SMAs) are smart and functional
materials, very attractive in respect of some well-known positive
features, such as super-elasticity and shape memory effect (Ref 1).
Some of these alloys, such as NiTi- and Cu-based alloys, are also
characterized by high damping properties (Ref 2—4) in the
martensitic state, which are associated to high internal friction
capacity of the these alloys. Combining the lightness of fiberglass
and the damping properties of some SMAs seems to be a very
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attractive proposition for the application of composite materials in
different fields, such as the vibration control and suppression for
automotive, aerospace, civil (Ref 5, 6), and other dynamic
applications (Ref 7-9).

Some interesting examples can be found in literature, in
which mainly NiTi- or NiTi-based SMAs are proposed in the
shape of wires (Ref 10) and thin sheets (Ref 11), as reinforce-
ments of fiberglass-reinforced polymer (FGRP), thanks to their
relevant intrinsic dissipative effect. In spite of many exploratory
studies on potential applications of SMA alloy for passive
damping applications, not many real applications have been
developed. One of the main reasons for this might be the
difficulty in manufacturing SMA composite materials with low
residual stresses at the interface of SMA material-matrix that, in
service, can allow delamination. The second important reason is
the high costs of the SMA alloy for which a sufficient payback of
the financial investment is obtained only with a relatively high
gain of the damping capacity.

The fabrication process of the composite material using
wires becomes very complex for wire positioning within the
matrix as well as the metal wire element delamination.

On the contrary, the problem encountered with the sheets is
the need to perform the patterning and its machining (Ref 12),
which has been considered important to guarantee a good
adhesion between the fiberglass and the inserted elements, as
well as to avoid potential delaminating effects during the
flexural vibration of the structure.
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In this study, a composite material, made of fiberglass-
laminated matrix and embedded with a couple of thin patterned
sheets of SMA, is studied. CuZnAl-SMA was selected as rein-
forcement material for the sheets to be embedded into fiberglass.

The SMA sheets before being inserted into the fiberglass-
laminated matrix were patterned with elliptical holes using the
laser technology. The ratio between the elliptical hole surface
and the SMA sheet total surface was previously investigated by
the authors (Ref 11). The selected alloy was characterized by
means of calorimetric (differential scanning calorime-
try—DSC) and thermo-mechanical analyses (dynamic mechan-
ical analyzer—DMA; and universal testing machine—MTS).
Then, the composite beams were tested by evaluating their total
damping properties. The results were reported and compared
with other SMA/FGRP composites embedded with-NiggTiso.
Cuyo alloy (Ref 11). A numerical simulation approach inte-
grating the experimental results of used SMA was applied for
modeling the composite behavior.

2. Materials Preparation

Pure metals were melted by means of a vacuum induction
melting furnace (Balzers VSG 10) in graphite crucible, for the
production of the required alloy. The nominal atomic compo-
sition of produced SMA is CuggZnysAl;g at.%. The ingots were
hot forged, hot-and-cold rolled down to 0.2-mm-thick sheets
(30-mm width and 200-mm length). Laser microcutting process
was performed using a nanosecond fiber laser to pattern the
SMA sheets. The process parameters, adopted during the
microcutting of the different materials, are reported in Table 1.
A SEM image of the laser patterning is proposed in Fig. 1 and
the main dimensions are reported in Table 2. The choice of this
geometry for the patterning of the SMA sheets was performed
because it already guaranteed the adhesion between the metal
sheet and fiberglass elements increasing the amount of SMA
material requested for improving total damping capacity
(Ref 11). In fact, the amount of SMA material can be
considered almost proportional to the internal friction; so
higher material quantity means higher damping capacity.

The manufactured CuZnAl sheets, after laser microcutting,
were heat treated (750 °C for 30 min) and water quenched.

Once concluded the preparation of the SMA sheets the
composite elements were assembled following the procedure
reported in a previous study (Ref 11). In Fig. 2, the main structure
ofthe composite material is depicted, where two sheets of SMA are
inserted in a sandwich-like structure between bulk and external
layers of epoxy fiberglass. The dimensions of the composite beams
are 5-mm thickness, 25-mm width, and 200-mm length.

Table 1 Main process parameters used in laser microcut-
ting of CuZnAl sheets

Average power 50 W

Pulse frequency 80 kHz
Shielding gas/pressure Argon at 5 bar
Number of laser pass 2

Working distance 0.5 mm

Focal distance 60 mm
Estimated laser spot diameter 23 pm
Process speed 5 mm/s
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3. SMA Characterization

The characterization of the SMAs was carried out to
analyze: (i) calorimetric, mechanical and internal friction
properties of the SMA elements using specimen without laser
patterning; (ii) total damping capacity of the SMA/FGRP
composite.

First, differential scanning calorimetric analysis was per-
formed with a DSC (TA Instrument mod. Q100), calibrated
with a standard indium reference. CuZnAl specimens, of about
10 mg in weight, were scanned at heating/cooling rates of
10 °C/min within the temperature range (10-110 °C). Internal
friction properties of the SMA elements were investigated on
rectangular samples (20 mm x 1 mm) by means of a DMA (TA
Instruments mod. Q800) in tensile configuration with 0.05%
strain amplitude at 10 Hz frequency, at heating/cooling rate of
1 °C/min.

In Fig. 3, DSC scan of CuZnAl alloy, along with a NiTiCu
curve, is presented. Both the curves show typical single step
martensitic transformation (MT) with transformation tempera-
tures above room temperature. As can be observed, the peaks

Signal A= SE1 EHT =2000kY WD= 15mm CZAB-mesh2
0.2mm-in

Fig. 1 SEM magnification of the laser patterning on CuZnAl

Table 2 Main dimensions of the elliptical pattern

Major Minor

semiaxis, semiaxis, . ..

mm mm Major semiaxis Hole surface
Minor semiaxis Total surface

1.5 1 1.5 1.32

Top layer of fiberglass

>Thin sheets of SMA

Internal bulk of fiberglass
Bottom layer of fiberglass

Fig. 2 Representative structure of the SMA/fiberglass composite
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Fig. 3 DSC scan of the investigated materials
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Fig. 4 DMA scan of the investigated SMAs at 0.05% strain
amplitude

have shapes with sharp edges for CuZnAl, while the shapes are
quite smooth for NiTiCu.

DMA scans were performed to measure the internal friction
coefficient, in terms of tan J, to serve as input data for the
following numerical simulation of the composite damping
properties. As shown in Fig. 4, different values of tan & can be
observed for both SMAs as a function of the temperature.
Higher tan § is associated with the martensitic state, which has
to be obtained for the specific application. In the present case,
tan o is about 0.055, at 0.05% strain amplitude, for both the
SMAs for temperatures less than the finishing martensitic
temperature My.

Moreover, the damping properties of SMAs were also
investigated on full-scale samples (20 mm x 200 mm) at room
temperature with a MTS hydraulic machine. Stress-strain
hysteresis loops were performed to measure the corresponding
areas (see Fig. 5 at 0.075% strain amplitude) of the loading and
the downloading steps as well as Young modulus E. The strain
measurements were performed in tensile configuration using
50 mm extensometer gauge length at 0.05 Hz. During the tests,
the deformation amplitude was ranging between 2 x 10~* and
1 x 1073, while the minimum value is about 2-3 x 10~*. In this
characterization, no patterned sheets were tested because it was
previously demonstrated that the presence of the patterning on
full scale does not influence the damping properties of the
alloys (Ref 11).
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Fig. 5 Stress-strain hysteresis loop for CuZnAl and NiTiCu during
MTS tensile test at 0.075% strain amplitude
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Fig. 6 Comparison between tan & for CuZnAl and NiTiCu during
MTS tensile tests

The parameter tan 8, an indicator of the internal friction
property of the SMAs, is calculated as follows (see Eq 1):

tan §; = (Eq 1)

2nW;
where AW; is the energy dissipated in the ith cycle of oscilla-
tion for unit volume, representing the area enclosed within
the stress-strain hysteresis loop, and W; is the maximum
stored energy in the same cycle of oscillation for unit
volume.

Figure 5 shows a representative stress-strain loop for the
two alloys, in which Young modulus and tan § are higher in the
case of CuZnAl than in the case of NiTiCu. This trend is
maintained also by varying the strain amplitude, as shown in
Fig. 6. Moreover, it can be observed that tan § increases
proportionally with the strain amplitude for both the SMA
alloys, as observed in a previous study (Ref 11). Each point of
Fig. 6 is associated to the tan d, measured after 10 cycles to
guarantee the stabilization of the alloy behavior.

Because CuZnAl SMA alloys, compared with NiTiCu,
exhibit higher storage modulus, keeping the storage modulus of
the GFRP constant, they are able to store an higher percentage
of specific elastic energy during the vibration of the composite.
As a consequence, the composite can take the maximum

Volume 21(12) December 2012—2715



Clamped end

Measured vertical displacement

u,u
+1.000=+0D
+§.166e-01
+8.11e-D1
+7.49%-D1
+6.666e-01
+5.8)2=-01
+4.95%¢-D1
+4.165-01
+1.112-01
+2.458=-D1
+1.665-01
+8.114e-D2
-2.062e-D4

AN Freg & TCIB1  [oyckatiion)
rmatisn Feake Factas: #2000 401

Abaqus 6.7

(b)

Tie constraint betweaan
sheet and core

Blate  Abeguy/Sustsd Vemus 67-1  Tou Ass 15 1R S4:40 gt epile Eurips omdesiale 2040

Element shape : quadratic dominant
Mesh size: 0.25 mm

Fig. 7 Representative configuration of the flexural test (a) of the composite beam and the corresponding numerical model (b)

advantage of the higher specific damping of the CuZnAl to
enhance its structural damping.

The comparison between the results obtained from DMA
and MTS tests have a good agreement, considering that the
sample scale is different. Nevertheless, it can be affirmed that
the evaluation of tan d is more correct from MTS measurement,
due to the higher amount of material during the tensile test.
Moreover, the potential errors can be distributed on all the
sample scale in a better way than that occurs in DMA
measurement. On the contrary, DMA analysis can suffer higher
errors, because of the small amount of material involved during
the test. Finally, the discontinuous trend of tan & for CuZnAl
SMA at 0.05 strain amplitude (see Fig. 6) was detected using
two different types of techniques (MTS as well as DMA) on
different sizes of samples, and similar trend was observed. This
fact could be associated to an eventual phase transformation
which is not further investigated here.

At the end, the measured values of tan & have been used, as
input data, in the next section dealing with the numerical
simulation of the composite material.

4. Numerical Modeling

Damping properties of the composite beams were also
evaluated using finite element method (FEM) analysis and the
modal strain energy (MSE) approach, and finally these results
are compared with experimental results. The MSE approach is
defined by the equation as follows (see Eq 2):
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tand = ol; tan ;

N
‘ (Eq 2)

i=1

where tan d is the total damping of the proposed laminated
composite, o; is the ratio of elastic strain energy/total elastic
energy, which is stored in each component, tan 9, is the spe-
cific damping of each component, and N indicates the number
of the components (thin SMA sheets and the matrix).

The strain energy was calculated using a linear elastic,
undamped, modal finite element analysis. The FEM model of the
composite was a solid model with brick elements to simulate the
fiberglass core and shell elements to simulate the patterned SMA
sheets. The constraint between the upper and lower surfaces of
the core and the SMA sheet was a tie constraint. During the
simulation, the composite beam was clamped at one end and the
first flexural deformed shape was taken into account, as shown in
Fig. 7(a). In Fig. 7(b), the characteristics of the used elements
and mesh are reported (Ref 11). The MSE calculations are
performed on an elemental basis and then summed over the
fiberglass core and SMA sheets, respectively.

Table 3 proposes all the physical and mechanical properties
of the investigated materials (NiTiCu, CuZnAl, fiberglass),
which are requested as input data to perform the simulation of
the behavior of the composite beam.

The loss factor of the composite has been calculated
according to Eq 1 and with the following assumptions:

— tan & of the CuZnAl and NiTiCu thin sheets selected from
Fig. 6;
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— tan § of the fiberglass equal to 0.0084.

The loss factor (tan 8) of the oscillatory beam, considered as a
single degree of freedom, when the hypothesis of viscous
damping is done, and at the resonance frequency is twice the
non-dimensional damping (#) of the oscillatory beam. The
numerical values of the non-dimensional dampings are pre-
sented in Table 4.

The main results of the simulation, corresponding to the
damping properties of the beams, made of composite material
in different configurations, are presented in Table 4. In
particular, Table 4 proposes the outputs from the simulation,
in terms of energy stored in the SMA sheets and the fiberglass,
and the estimated non-dimensional damping factor /4 as a
function of the different configurations of the tested beams in
correspondence with the first natural vibration frequency.

Thanks to the addition of SMA sheets inside the beam, a
fraction of the damped elastic energy is stored in these
additional elements and can take advantage from the higher
damping capacity of the SMA alloy with respect to the FGRP.
The elastic energy, stored by the SMA sheets, increases from
10% of the total elastic energy, when we consider NiTiCu alloy,
up to 25% when we consider CuZnAl alloy. The beam with
SMA-CuZnAl patterned sheets gives the better performance in
terms of damping.

5. Composite Testing

The composite characterization was performed on the
beams, prepared as described in Section 2. During these tests,
one end of the sample was clamped, a fixed displacement was
applied to the other one (see Fig. 7a), and the oscillation history
of the free end vertical displacement was acquired by means of
a triangulation laser. Figure 8 shows the temporal evolution of
the displacement of the free end of the beam as recorded during
the tests of sample with NiTiCu thin sheets embedded. As it can
be observed, the displacement decreases in an exponential way
and the velocity of amplitude reduction is proportional to the
damping properties of the beam. Similar trends can be observed
for the FGRP composite beams and for the composite beams
with CuZnAl and NiTiCu inserts.

Table 3 Input data for the simulation of the composite
bars

Input data NiTiCu CuZnAl Glass fiber

Young modulus E, MPa 23,000 78,000 17,000
Poisson coefficient 0.30 0.20 0.35
Density, kg/mm® 6.50x 107 740x107% 1.86x107°

The non-dimensional damping coefficient z can be calcu-
lated from the history of the free end displacement of the beam
versus the the oscillation amplitude as follows (see Eq. 3):

h, = E where §, = ln( n ) (Eq 3)
2n Xn+1

where J, is the logarithm attenuation coefficient, and x, and

X, are the displacement amplitudes of the free end of the

beam at the nth and (n + 1)th oscillations of the transient

response, respectively.

Figure 9 shows the damping capacity of composite beams
under different configurations as a function of the displacement
amplitude/time. The comparison is performed between the
following beams: (i) fiberglass without the SMA sheets; and (ii)
patterned sheets, made of NiTiCu and CuZnAl separately,
embedded in the fiberglass.

As previously shown on the basis of numerical analysis (see
Table 4), Fig. 9 confirms the better performance of the CuZnAl
alloy, able to improve the damping capacity of the composite
material. The maximum error between numerical and experi-
mental results is in the range of 10%.

6. Conclusions

From the present research study, the following conclusion
can be drawn:

— It is possible to realize a composite material by introducing
a SMA metal sheet in a glassfiber-laminated matrix over-
coming the technological limits that have been outlined in
a previously reported literature.
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Fig. 8 Representative decay of composite beam with NiTiCu sheets
in flexural configuration

Table 4 Numerical results of the composite bars at 1 mm displacement

First natural

Core elastic

frequency, Sheet elastic energy stored, Numerical damping Experimental damping
Material Hz energy stored, % % of the composite i of the composite i
Glass fiber 71.1 100 0.425 0.42
NiTiCu 74.3 10.7 89.3 0.59 0.55
CuZnAl 66.1 25 75 0.80 0.75
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Fig. 9 Structural damping coefficient / in function of displacement
for the investigated composite beams

— With the introduction of a metal sheet, no residual stresses
at the interface have been found

— The laser patterning of the SMA sheet allows increasing
the interface adhesion and avoiding composite delamina-
tion.

— In order to find the better composite damping behavior,
two different SMA materials were selected: NiTiCu and
CuZnAl. The storage modulus for copper alloy is higher
than that of the NiTiCu one. The greater the modulus, the
greater the contribution of the metal sheet under an applied
load. Therefore, the copper alloy, which is more stressed,
can act as more effective damping insert.

— Moreover, the copper alloy has another advantage when
considered from an economical point of view, as it is
cheaper than NiTiCu.
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