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In high-speed train operation the flexural modes of the collector play a significant role in the vibrations for
the frequencies over 40-50 Hz. In a previous work it has been established that a possible way to increase the
modal damping of these flexural modes, without deep modification of the collector structure, is to increase
the specific damping of the lateral horns, usually made of glass fiber polymer. Ni-Ti alloy yarns can be used
as “smart fibers” embedded in this conventional material in order to make new horns with increased
damping capacity, with a configuration of laminated composite material. The first step of the work herein
presented consists in setting, through a proper thermal treatment, martensitic structure within the pan-
tograph working temperature range, in order to obtain damping capabilities at low amplitude strain in the
range 104107, Afterwards a series of dynamic tests aimed at identifying the damping capacity of the NiTi
wires has been undertaken. A finite element (FE) model of the SMA composites horn has been finally
validated, comparing the results of dynamic numerical analysis with the results of measurements.
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1. Introduction

In high-speed train operation, dynamic behavior of the
pantograph heavily influences the quality of current collection.
In particular, the flexural modes of the collector play a
significant role in the vibrations for the frequencies over 40-
50 Hz. In this range, the vibration level is high and conse-
quently high are the levels of sparking and the wear rate of the
contact wire and of the contact strip due to electric arcs.

The sources of excitation of these vibrations are mainly two:
the direct dynamic interaction of the collector with the contact
wire of the overhead line, and the air flow acting on the
pantograph. In the latter, both turbulence effects and non-
stationary aerodynamic phenomena, in particular, vortex shed-
ding are involved.

The influence of collector deformability has been confirmed
through wind tunnel tests, as shown in Fig. 1 where the spectral
analysis of the contact force measured during a run-up and run-
down test on a complete pantograph is reported. The contri-
bution of the flexural modes of the collector can be clearly
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identified at 60 and 137 Hz, corresponding to the first and third
flexural modes of vibration of the collector.

In a previous work (Ref 1) it has been established that a
possible way to increase the modal damping of the flexural
mode of the collectors, without deep modification of collector
structure, is to increase the specific damping of the lateral
horns, whose primary function is to prevent an irregular
positioning of the contact wire with respect to the collector.

Since the material of the lateral horns is usually glass fiber
polymer, martensitic Ti-Ni alloy yarns, thanks to the high
damping capacity of the NiTi in its martensitic microstructure,
can be used as “smart fibers” embedded in this conventional
material in order to make new horns with increased damping
capacity, with a configuration of laminated composite material
like the ones reported in (Ref 2-4).

The first step of the work herein presented consists in the
setting of the material structure in order to obtain martensitic
phase in the working temperature range through a proper
thermal treatment. Afterwards, a series of dynamic tests
aimed at identifying the damping properties of the NiTi
wires, under uniaxial vibration tests, has been undertaken.
The same wires have been used to produce composite SMA
prototype.

Moreover, a finite element (FE) model of the SMA
composites horn has been subsequently validated, comparing
the results of dynamic numerical analysis with the results of
measurements (Fig. 1).

The paper is organized as follows:

e modal analysis of a current collector by means of testing
and FE analysis;

e treatment of NiTi wires, experimental damping character-
ization, and modeling of its behavior;

¢ fabrication process of the horn as laminated composite;

¢ simulation of the dynamic response of the horn;
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Fig. 1 Contribution of deformable collector modes to the spectrum
of the contact force related to the effect of incident flow: wind tun-
nel measurement results

Fig. 2 High-speed pantograph in contact with the catenary

[

Fig. 3 Finite element model of the collector A: different parts are
shown in colors (refer to Table 2)

¢ dynamic testing of the horn;
e remarks and future activities.

2. Modal Analysis of the Current Collector

When considering current collectors for high-speed panto-
graphs (see Fig. 2), common feature can be found in their
structure. A current collector of a pantograph is composed at
least of the following parts:

e one or two contact strips (copper or graphite or graphite
with copper powder) that have the function of a sliding
contact for collecting the current from the overhead line.
This is the part that undergoes wear during the normal
operation and excessive wear in case of arcing and contin-
uous sparking;

e a steel or aluminum supporting structure for each contact
strip (or couple of contact strip) that has a structural func-
tion and is connected to the articulated frame of the panto-
graph through the suspensions of the collector;

¢ lateral horns, whose function is to prevent the contact wire
sliding under the collector, that are realized with poly-
meric material or fiber glass.

Analyzing the dynamic behavior of a collector, it can be found
that low damped flexural modes of the collector are present
starting from 50 Hz. In order to evaluate which components are
more suitable for introducing damping, a FE model of the
current collector has been set-up, able to reproduce the
experimentally observed frequencies and mode shapes (Fig. 3
and Table 1). Hexahedral elements (C3D8R) with reduced
integration have been used to the solid parts (contact strip,
connecting blocks, and lateral horns), whereas quadrangular
elements (S4R) have been adopted for the tubular parts (central
supporting beams and lateral tubular beams). The contact
between the different parts has been reproduced forcing the
congruence between the surfaces of adjacent parts.

The model has been validated by means of the comparison
with the experimental results from forced frequency response
and impact tests. It can be observed that the maximum

Table 1 Results of the FE analysis and comparison with experimental data for the collector

Mode no. FE calculated mode shape Exp. freq., Hz FE freq., Hz
1 60.1 60
2 76.9 76.2
3 136 136
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amplitudes occur in correspondence of the horns that play an
important role in the location of the first flexural frequencies of
the collector.

Analyzing the modal shape of the flexural modes, it can be
shown that the horns contribute with a significant portion, from
42% up to 70% of the total strain energy associated to the first
modes, as reported in Table 2.

For this reason it is proposed to use the horns as elements to
increase the damping of the entire collector. The implementa-
tion of horns with laminated composite does not modify the
structure of the collector; therefore, it can be easily imple-
mented in the current design without need of architectural
modification, and eventually proposed for a retrofit of the
existing collectors.

3. NiTi Wires Realization, Characterization,
and Modeling

As is known, NiTi alloys are characterized by a transfor-
mation between an austenitic phase B2 stable at high temper-
ature and a martensitic B19” at low temperature. The
corresponding characteristic temperatures can be properly set

Table 2 Fraction of elastic energy distribution
for the ATR95 FE calculated modes

Mode no.

Parts of the collector Color legend 1 2 3

Horns 1 0.46 0.7 0.42
Connecting bloks 2 0.13 0.09 0.05
Graphite strip 3 0.12 0.02 0.26
Lateral tubular beams 4 0.16 0.16 0.01
Central beam 5 0.13 0.03 0.26
Total 1 1 1

The color legend of Fig. 3 is recalled to distinguish the different parts

both through modifications of their composition and thermo-
mechanical treatments.

In the literature it is well documented that the martensite of
NiTi shows a damping capacity of at least an order of
magnitude higher than classic structural metallic materials
properties (Ref 5, 6).

Considering the expected low strain level of the application
and the service temperature, it has been decided to use NigoTis;
(at.%) alloy in order to have a martensitic temperature range
below 90 °C. The material was melted by VIM furnace in a
controlled argon atmosphere. The ingot was hot forged, hot
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Fig. 5 Sketch of the experimental set-up
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Fig. 4 DSC analysis of the NiTi wire material
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rolled, and cold drawn down to 0.5 mm in diameter and then
heat treated at 700 °C for 20 min in order to obtain an A, of
90 °C as shown in the calorimetric curve (Fig. 4), from which
the characteristic temperatures can be inferred: M; 56.9 °C, M;
76.2 °C, A5 90 °C, and 47 111.5 °C.

In order to determine the damping properties of the NiTi
wires, ordinary vibration tests at ambient temperature in the
frequency range 50-150 Hz have been carried out. The sketch
of Fig. 5 shows the principle of the test set-up: the upper end of
the wire is fixed and connected to a piezoelectric load cell,
while the lower end is connected to an electro-dynamic shaker
through a soft spring, in order to decouple the wire from the
actuator. The wire is preloaded by a couple of springs.
Accelerometers are placed in both extremities of the wire
connections in order to measure the relative elongation of the
wire, eliminating the effect of the residual vibration of the
upper fixation point, which is connected to a supporting
structure placed above the shaker. Since the forces that are
involved are very low, a particular attention was devoted to the
implementation of the set-up. In particular, the use of piezo-
load cells has been preferred with respect to estensimetric ones
in order to enhance the stiffness of the connecting point.

The tests have been carried out applying a sinusoidal
waveform at 60 Hz, corresponding to the frequency of the first
flexural mode of the collector of the pantograph for which the
application is conceived. The range of deformations that have
been investigated are between 0.5 x 107* and 107>. The
parameter tan 0 is defined as:

 m(F/X)

tané—m

(Eq 1)

In Eq 1 F is the complex number that represents the force at
the test frequency, whereas X is the complex number repre-
senting the amplitude of the relative motion of wire extremi-
ties. Figure 6 reports the parameter tan & at 60 Hz as a
function of the axial deformation of the wire. The latter is
calculated through the difference of the acceleration of wire
extremities, obtaining the relative displacements. Every point
represents the results of each single test. Since the damping
parameter is based on the phase difference between force and
mobility signal, it is fundamental to detect the presence of
eventual spurious effects due to the measurement chain, asso-
ciated to the dynamic response of the transducers and the
acquisition data system. An inertial test with the accelerome-
ter placed on a calibrated mass, compared with the measure-
ment of the load cell mounted under the mass, has been
performed. The frequency response function between the load
cell signal and the accelerometer signal is obviously expected

(81 — €0)E) 0 0
(81 — So)El (82 — 81)(E1 +E2) 0
(81 — 80)E1 (82 — 81)(E1 +E2) (8,,, — 8,,,,1)(E1 + E)

to be the value of the mass, with a zero phase lag, but as a
matter of fact a phase lag introduced by instrumentation has
been found. The estimated instrumental phase lag at 60 Hz,
equal to 2° 25, is then subtracted from the phase lag value
measured in the test on the wires.
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Fig. 6 Values of tan d for the tested NiTi wires at preload of 12 N

The results obtained from the tests on the NiTi wires showed
an amplitude dependence of the damping capacity, expressed as
tan & (see Fig. 6). Using the data obtained from the above-
mentioned tests, a simple model has been developed to
reproduce the dependence of the tan & parameter on the strain
amplitude.

State-of-the-art modeling of SMA focuses on the evolution
of austenite-martensite transformation, through thermo-
mechanical model (see, for instance, Ref 7, 8), for strain
values of the order of 1%-+5%, including strain-rate dependence
for low frequency. As mentioned earlier, in the present
application lower strain amplitudes are induced, and the
intrinsic damping of the martensite due to twin boundary
movement is exploited.

For the purpose of phenomenological modeling of the
damping of the examined wires, a friction-type model is
adopted, following the definitions given in Ref 9. Different
elementary hysteresis elements are combined in parallel, giving
the non-linear strain amplitude dependence of the damping
(Fig. 7). In addition, a fraction of the linear-dependent portion
of damping is added with a viscous element. The identification
is carried out following a procedure similar to the one described
in Ref 10 for a related problem. (o, ;) are the n points of the
experimental stress-strain cycle, with strain amplitude 4, used
for the identification procedure. Equating the stress variation
(o1 — 0;) across the (g;_; — g;) intervals to the stress variation
obtained by the model used to reconstruct the stress-strain
cycle, the following equation holds:

Gy — Orpo O] — 0o
Oy2 — Oy G2 — Oy
+ ' (Eq 2)
o +En) Oyn — Oyn-1 Oy — Op—1

where oy; are the viscous contributions, which are set a priori
considering the tan d value of the lowest strain amplitude. From
the previous expression the E; unknowns can be calculated,
while the limiting equivalent stress for each element a,; can be
simply calculated as
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Fig. 7 Basic hysteresis model and combined in parallel used for
the simulation of material behavior
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Fig. 8 Comparison of tan & values obtained from the model with
the measured ones as a function of strain amplitude

The identification of the parameters E; and G, is carried out
considering the stress-strain amplitude at the highest strain
amplitude (1.4 x 107°). The model is then applied for the
simulation of the behavior at lower strain amplitudes. From the
stress-strain loop simulated at each amplitude, the correspond-
ing tan 6 values are calculated. Figure 8 shows the dependence
of tan & on the strain amplitude, compared with the measured
results and with the values from Ref 5 in the same strain
amplitude, although for a lower annealing temperature. The
adopted modeling refers obviously to a constant ambient
temperature since it does no include any temperature effect.

4. Fabrication Process of the Laminated
Composite and the Horn

As mentioned earlier, the proposed laminated composite
consists of two external and one internal mat. The two external
mats are two composite mats made by NiTi wires and epoxy
fiberglass fabric, while the internal mat is made of epoxy
fibreglass fabric. The outer surfaces of the composite mats are
then covered by two epoxy fibreglass layers (see Fig. 9 and
Table 3).

The fabrication process is divided into two steps. First, the
fabrication of the composite mat having the horn shape is
carried out using a metallic sheet in order to give the horn
curvature. In particular, the first epoxy fiberglass fabric is
positioned on the tool, the series of 13 NiTi wires are lined
above the fabric and the second fiberglass fabric covers the
NiTi wires (Fig. 10). Then, the eventual air bubbles are
eliminated making use of a vacuum bag and the composite mat
is cured in autoclave.

In the second step, the laminated composite is assembled,
joining the two composite mats with NiTi wires with the inner
part in epoxy fibreglass and adding the two external clad layers.
In particular, the horn mold is filled with one epoxy fiberglass
layer, the lower composite mat, about 30 layers of epoxy
fiberglass fabric, the upper composite mat, and one final epoxy

1
G =3 E(A—¢g) i=2n (Eq 3) fiberglass layer.
After the cure cycle in autoclave the “horn” is finished as
In the presented application, n = 6. shown in Fig. 11.
EXTERNAL CLAD:
- 1 epoxy fiber glass layer .
COMPOSITE MAT: +
- 13 NiTi wires (0000000000000
- 2 epoxy fiber glass layers : Fl%ém-?;ED
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Fig. 9 Cross section of the laminated composite
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Table 3 Characteristic of the matrix

Matrix Epoxy resin

Fiber Glass EC9 5x136 tex (weft)
Glass EC9 68 tex (warp)

Resin content 32%

Cure temperature 120 °C

Autoclave pressure 6 bar

Autoclave time 6h

13 NiTi wires
®=0.56 mm
preimpregnated
expoxy fiber glass
fabric

Fig. 10  Structure of the external mat

With the same procedure a laminated horn of only epoxy
fiberglass has been fabricated, substituting the NiTi wires in the
two external mats with two additional layers of epoxy fiberglass
fabric, in order for the two horns to have the same height. The
improvement due to NiTi wires in the composite horn has been
established by comparison as shown in the following.

5. Finite Element Model of the Horn

A FE model of the horn fitted with the wires has been
implemented in order to perform the dynamic analysis includ-
ing the behavior of the material by means of the material
behavior model previously presented. In Fig. 12, the FE model
representing the horn and including the NiTi wires is shown
corresponding to the prototype horn made as described
previously. In the dynamic simulation, the horn is clamped at
one extremity, and the initial excitation is a velocity field
corresponding to the first flexural mode, so that the dynamic
response reproduces a decay after an impulse application.

Journal of Materials Engineering and Performance

Fig. 11 Final appearance of the horn in laminated composite

Fig. 12 Finite element modeling of the horn, including the NiTi
wires

Table 4 Results of the simulation of decay test

Strain Frequency, Non-dimensional

Configuration amplitude max Hz damping, %
Fiberglass only 101.4 0.27
NiTi 13 wires 05%x1073 105.5 0.298

0.75x 1073 105.5 0.304

1x1073 105.5 0.336

125 %1073 105.5 0.372
NiTi 20 wires 05%x1073 109.9 0.319

0.75x 1073 109.9 0.329

1x1073 109.9 0.37

125 %1073 109.9 0.419

Based on a DMTA analysis, the fiberglass material charac-
teristics are assumed as follows: Young modulus
1.82 x 10'° Pa, with a non-dimensional damping 4 = 0.0027
associated to the first flexural mode. The behavior of the NiTi
wires is included as a user-defined subroutine for the related
material, with the actual strain condition as input and the
corresponding stress in output. In this way, the strain depen-
dence of the model accounts for the different values of strain
along the horn for flexural vibrations. Moreover, different
values of the vibration and consequently different strain
amplitudes are considered in order to verify the dependence
of the NiTi modeling included in the FE calculation. Table 4
reports the results in terms of non-dimensional damping
obtained respectively for the matrix material only for the
configuration with 13 wires for each of the two external mat
(corresponding to the real prototype) and with a configuration
with 20 wires for each external mat. The non-dimensional
damping 4%, calculated from the logarithmic decrement (see
Fig. 13), increases with amplitude of the strain, as expected
from the model adopted for the SMA. Simulated values of 2%
damping are in the range from 0.27%, related to the fiberglass
matrix alone, up to 0.37%, at the maximum amplitude in the
configuration with 13 NiTi alloy wires.
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Fig. 13 Simulated decay. Upper graph: motion at the tip of the
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Fig. 14 Comparison of experimental non-dimensional damping (#/
rc) related to the first flexural frequency obtained from the decay re-
sponse test on fiberglass only and NiTi composite horns

A secondary effect of the NiTi wires is that the flexural
frequency increases with the number of wires, indicating the
influence of the higher stiffness of the wires.

6. Dynamic Testing of the Horn

Experimental decay tests have been carried out in a single
cantilever configuration on both the fabricated horns (epoxy
fiberglass with NiTi wires and only epoxy fiberglass), in order
to identify the non-dimensional damping values related to their
first flexural mode. The horns have been given an initial
displacement condition and the decay response has been
measured by means of a triangulation laser MEL model
MSL/10 pointing at a distance of 155 mm from the clamp. The
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laser sensor was used in order to provide a non-contact
measurement. Strains at the distance of 30 and 170 mm from
the clamp have been measured by means of strain gages in a
half bridge configuration.

The results of experimental non-dimensional damping
h = r/rc associated to the first flexural mode, calculated from
the logarithmic decrement over five periods, are reported in
Fig. 14 for both the horns, as a function of the mean strain
amplitude of the analyzed periods, measured at the distance of
30 mm from the clamp. Due to epoxy fiberglass initial values
of tan 8 0.54% and to tan & dependence on strain for the NiTi
wires (Fig. 6), damping improvement can be expected when
strains along the horn are higher than 1E-4. The mean value of
the non-dimensional damping # for experimental data has
increased from 0.0027 in the case of fiberglass laminated horn
to the value of 0.003 for the horn containing NiTi wires, which
means an increase of 11% in the non-dimensional damping of
the first flexural mode.

7. Conclusions

A composite material made with fiberglass mats and NiTi
wires has been proposed for an application on the current
collector for pantographs, with the aim of increasing its
damping capacity related to the first flexural mode, keeping the
original configuration, and therefore without any need of
structural modification in the architecture of the collector.

The developed NiTi wires have been produced and dynam-
ically tested at 60 Hz for the determination of damping
parameter tan o. According to the obtained results, a simple
phenomenological model with strain amplitude dependence has
been developed and applied to the simulation of a FE model of
the horn.

A first prototype of the horn has been made too in order to
assess its fabrication process, and it has been tested dynami-
cally in laboratory. NiTi wires collaborate in the composites
since the experimental data obtained for non-dimensional
damping 4 of the first flexional mode increase of 11%.
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