Estudio termomecanico de vigas viscoelasticas
compositas de aleacion de Ni-Ti con memoria de
forma

Thermomechanical response of a viscoelastic Ni-Ti - Shape
Memory Alloy composite beam

Diego Andrés Campo-Ceballos
Corporacion Universitaria Comfacauca
Popayan, Colombia
dcampo@unicomfacauca.edu.co

Flaminio Levy-Neto
Universidade de Brasilia
Brasilia, Brasil
flaminio@unb.br

Emanuelle Pacheco Rocha-Lima
Universidade de Brasilia
Brasilia, Brasil
emmanuel@unb.br

Resumen- En este trabajo se estudio el comportamiento
mecanico de vigas viscoelasticas compésitas de aleacion
de Ni-Ti con memoria de forma (SMAHC), fabricadas con
una barra circular de aleacion de Ni-Ti incorporada en un
tubo cilindrico de polipropileno (PP) de 500 mm de largo,
con un diametro externo de 50 mm y espesor de pared no-
minal de 7 mm, reforzado con una capa de nylon/epoxi. La
barra metalica de Ni-Ti se caracterizo usando: Microscopia
electronica de barrido (MEB); Difraccion de rayos X (DRX) y
analisis térmico diferencial (ATD). La composicion quimica
nominal de la aleacion con memoria de forma es 50.05%
Ni y 49.95% Ti, donde la martensita suave es la fase pre-
dominante a temperatura ambiente. Las temperaturas de
transformacion de fase martensita (M) a austenita (A) fue-
ron Minico= 32 oc, Mfinal =46 oc’ Ainicio =38 °C y Afinal =60
°C. Para temperaturas T<M,__, la barra de Ni-Ti presento la
fase martensitica al 100%, mientras que para temperaturas
T>A,, ., se transform6 completamente en la fase austeniti-
cay el modulo de elasticidad de la SMAHC aument6 en un
factor hasta de tres veces. Este cambio significativo en la
rigidez del Ni-Ti, sin cambio de masa, ha motivado la aplica-
cion de esta aleacion en el control de vibracion de maqui-
nas. Las vigas SMAHC se sometieron a pruebas de flexion
a tres puntos, en el régimen elastico. Los resultados expeti-
mentales mostraron que, en promedio, a 21 °C, el médulo
elastico efectivo a flexion del material de polipropileno (PP)
aumento un 112%, de 757 MPa a 1609 MPa, al incorporar
a este sistema la barra de Ni-Ti y la capa de refuerzo externa
de nylon/epoxi, generando una viga viscoelastica inteligen-
te. Estos liltimos resultados indican que el sistema SMAHC
puede funcionar como una estructura adaptativa.

Palabras Clave- Vigas compuestas adaptativas; con-
trol de vibracion; NITINOL.

Abstract- This investigation is concerned with the me-
chanical behavior of Shape Memory Alloy Hybrid Compo-
site Beams (SMAHC), that consist of a circular bar of Ni-
Ti alloy incorporated in a 500 mm long cylindrical pipe of
polypropylene (PP), with external diameter 50 mm and
nominal wall thickness 7 mm, wound with a nylon/epoxy
layer. The Ni-Ti alloy was characterized using: scanning
electron microscopy (SEM); X-ray diffraction (XRD) and
Differential thermal analysis (DSC). The nominal che-
mical composition of the alloy is 50.05 %Ni / 49.95%Ti,
and the softer martensite is the predominant phase at
room temperature. The approximate martensite (M) to
Austenitic (A) phase transformation temperatures were
Mstart = 32°c’ Mfinal = 46°c’ Astart =38 °C and Afinal =
60°C. For temperature T<M___, Ni-Ti bar presents 100%
martensitic phase, whereas for T>A_ it is fully conver-
ted in the Austenitic phase; and its elasticity modulus
increases by a factor up to three times. This significant
change in stiffness of Ni-Ti, without changing its mass,
has motivated the application of such alloy in machine
vibration control. The SMAHC beams were subjected to
static three-point bending tests, in the elastic regime.
Experimental results showed that, in average, at 21°C,
the PP pipes effective flexural elastic modulus increa-
sed 112%, from 757 MPa to 1609 MPa, when the Ni-Ti
bar and the external layer of nylon/epoxy were incorpo-
rated to the PP pipe, creating a smart beam. These last
results indicate that the SMAHC beam can work as an
adaptative structure.

Keywords- Adaptative composite beams; vibration con-
trol; NITINOL
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1. INTRODUCTION

An attractive characteristic of the so-called
shape memory Ni-Ti alloys, among others, is the
possibility to change their elasticity modulus (E),
by a factor varying from 2 to 3 times, with a mode-
rate increase on the temperature, of approximate
35 °C[1-3].

In particular, the cold elasticity modulus of the
Ni-Ti wires, according to the literature [2], increa-
ses from about E, = 22 GPa, in the martensitic
phase to E, = 66 GPa, in the austenite phase,
when the temperature increases from 21 to 60
°C (E,~3E,). And, since natural frequencies of
structures are affected by stiffness, this inherent
feature of Ni-Ti can be explored in vibration control
[4], for instance, to avoid a resonance problem [5].

The change in the elasticity modulus, from
EM to EA, occurs due to a phase transformation
in the alloy, from Martensite (more flexible) to
Austenite (stiffer) phase, which is fully completed
at about 60 °C. This work is concerned with the
bending stiffness of hybrid beams, composed of a
PP (polypropylene) pipes, endowed with Ni-Ti bars
fixed in a groove on their surfaces and fixed by an
additional wound external layer of nylon/epoxy.
In this work a bar of Ni-Ti was incorporated in the
surface of an already finished polypropylene (PP)
pipe, which caused a groove in it to spin the bar
and generate possible damage in it. The manu-
facture of the beams can be considered from the
manufacture of the pipes incorporating the wire
and guarantee the complete spinning and better
contact with the matrix, in order to perceive a be-
tter response of the increase of the effective ben-
ding modulus of the manufactured beams. Expe-
rimental and analytical setup on the mechanical
behavior of Shape Memory Alloy Hybrid Composi-
te Beams was development as basis on vibration
control systems for industrial pipes that carry hot
water [5].

2. MATERIALS AND METHODS

The hybrid SMAHC beams were subjected to
3-point bending and tested in two conditions: (i)
with the Ni-Ti wires at 25 °C; and (ii) at 60 °C.
In particular, for beams tested in the vertical posi-
tion, the elasticity modulus increased from 18% to

31%, when the wires were heated to 60 °C. Fig. 1,
shows the Ni-Ti bar in vertical position.

Since the Ni-Ti bars (Memory-Metalle GmbH)
need to be heated up to 60 °C, in order to covert
100% of the Ni-Ti martensitic phase into austeni-
te, the specimens were prepared using 500 mm
long PP pipes, with external diameter 50 mm and
nominal wall thickness 7 mm, used in hot water
systems, which can operate in temperatures up to
80 °C.

Fig. 1. CROSS SECTION VIEW OF SMAHC BEAM
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Source: The authors.

The nominal diameter of the Ni-Ti bars is 6mm
and grooves compatible with this diameter were
machined in the PP pipes to accommodate the
bars, as shown in Fig. 2. One thin layer of the
adhesive Araldite F (E=5.1 GPa), which can wi-
thstand up to 80 °C in service, was used to fix
the Ni-Ti bars. For the experiments, 2 pipes with
Ni-Ti bars and filament wound external layers of
nylon/epoxy (i.e. SMAHC beams) were manufactu-
red. Two pipes of pure PP, without Ni-Ti and nylon/
epoxy, were also tested.

Fig. 2. GROOVE IN THE PP PIPES

(a) Schematic View

(b) PP Cross section

Source: The authors.



120

The composite manufacturing process was
performed by cleaning the the pipes surface with
alcohol and throwing hot air to make it clean and
free of grease and dirt. Then the Ni-Ti wire was pre-
pared with the oxide-free surface by the chemical
stripping process with the Kroll reagent (91% Vol
H,0, 6% Vol HNO, and 3% Vol HF). Then, 6 grams
of epoxy resin (Araldite F / HY 956) was prepared
in order to impregnate the pipe groove for the in-
corporation of the steel or Ni-Ti wire into the pipe,
while starting the nylon coil (polyethylene). The
winding process begins by strongly gluing the nylon
tip to the surface closest to the end of the pipe, so
the system is slowly rotated to distribute the nylon
over the entire length of the pipe. This procedure
lasts approximately one and a half hours for each
pipe. Figure 3 shows the manufacturing process.
Finally, when the pipe was wound with the nylon,
another quantity of epoxy resin, this time 40 grams
of resin (32 g araldite F / 8 g HY 956) was prepared
considering a ratio of 100 pp of adhesive to 25 pp
of hardener, and the expected layer volume of 31
cm?, considering the thickness of the desired layer
of t = 1.5 mm taking into account the dimensions of
the incorporated system (Ni-Ti).

In circular winding process with nylon, it was
necessary to know the volumetric fractions of both
fiber and matrix, in order to calculate the effective
bending modulus of this layer. In this case, as the
nylon is wound 90 degrees with respect to the ver-
tical axis x of the beam, the fibers are mechanically
requested in the direction 2, that is, the modulus of
elasticity E2, calculated by the rule of the mixtures.

Considering that initially 61 grams of nylon fi-
ber was used in the winding of the composites with
steel wire, and only 48 grams of nylon fiber for the
composite beams with Ni-Ti wire, the volumetric
fractions of the matrix and fiber, respectively. Ta-
ble 3.10 shows the calculation of the volumetric
fractions of the coiled layer of nylon / epoxy coa-
ting. In addition, considering that the volumetric
fraction of voids can be neglected because it has a
very small value in comparison to the values rela-
ted to fibers and matrices, the volumetric ratio is:

9,+9,=1 (1)

where U, and UJ,, are the fiber and matrix
volumetric fractions, respectively. Equation 1 can
also be written as follows:
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v, V.
pty =1 (2

where V; is the volume of fibers, V,, is the
volume of the matrix and V. is the volume of the
composite.

by replacing the fiber mass and its density, the
mass of the matrix and its density and knowing
the mass of the layer, the density can be calcu-
lated with equation 3 and hence the volume of
the composite and the volumetric fractions of fi-
ber and matrix respectively, as shown in Table I.
Likewise, the volumetric fraction of fiber and ma-
trix was calculated for the coiled coating of the
composite with Ni-Ti wire, because less amount of
nylon fiber was used to try to favor a better impreg-
nation of the epoxy resin in both the tube and in
the fiber of nylon.

My m. _ m.
ot =0,

Table |
PARAMETERS USED FOR THE FABRICATION
OF THE NYLON / EPOXY LAYER

M f nylom (NZ B Tl) = 489 Mm resing — 40(]

m. - mf nylon + M resina

m(‘,
my m m.
v + m VC —
Or  On (o8

Oc=

Volumetric fraction for SMACH

9,=0,55 0,=0,45

Source: The authors.

On the external surface of the pipe, as shown
in Fig. 3, a layer of nylon threads in a matrix of
epoxy resin (Araldite F) was wound to hold the Ni-
Ti tightly.

Using the MTS-810 Universal Machine, at a
rate of 1 mm per minute, and a load cell of 1
KN; following the standard test methods [6], four
beams were subjected to 3-point bending in the
elastic regime at 21 °C, two pure PP beams and
two SMAHC beams, as shown in Fig. 4. And, be-
sides the tests at 21 °C (room temperature), the
Ni-Ti wires were also heated up to 56 °C, using
a heat gun, in order to transform the martensi-
te phase of Ni-Ti into austenite. The diagrams of
shear forces, bending moments (M), inclinations
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and the elastic deflections of the beams are pre-
sented in Fig. 5.

Fig. 3. WINDING OF NYLON/EPOXY EXTERNAL LAYER
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Source: The authors.

Fig. 4. TEST SETUP FOR THE CIRCULAR BEAMS
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Source: The authors.

In the tree point test presented in Figs. 4, the
maximum displacement ( @Wwm.x, deflection at the
middle point) of the beams, which is related with
the static applied force (P), is given by eq. (4):

_ _PL
wmax _W (4)

During the tests carried out in the MTS-810
machine MTS-810, Ww.x as well as P were mea-
sured. Thus, knowing the span, L=467 mm, and
the moment of inertia | of the cross section of the
beam, the experimental elasticity bending modu-
lus of the beam can be obtained using eq. (4). For
the pure PP pipe itself, Inertia |, is given by eq.
(5), where d=d_ and d =d_  was calculated from
radius in Fig. 6.

— T (g4 g4
I_ 64 (de dz) (5)
The elasticity flexural modulus of the SMAHC

beams, ExF, can also be obtained analytically, using
a procedure described in [6,7,8] by means of eq. (6).

1 N
Bo=1 550
Er=1Y Eelf=
W ka=1

IL{ EtzUbOItuba + Eajt[iolﬂa + E;ev%tlrewest} ( 6 )
Yy

where: Iyyis the global moment of inertia of the
cross section shown in Fig.5; E ¥ is elasticity mo-
dulus of a single layer, and Iyyk is the moment of
inertia of a simple layer. Iyy=| is given by eq. (7)

4 4
ext dint

64

beam

wdy, | ( 7ds
Ibeam = 64f + <Tf

+%(7"3—T?) (7)

*Dﬁ+—”(

where: d, is the diameter of the Ni-Ti bar; D is
the distance from the global centroid to the Ni-Ti
bar centroid; r, is the external radius of the nylon/
epoxy layer; and rl is its internal radius. The elas-
ticity modulus of the nylon/epoxy layer, calculated
using micromechanics approach (1/E, = v, /E, +
v_/E_)[8], is 1700 MPa. The volume fractions are
v, =55% of nylon and v_ =45% of epoxy, E. =1 GPa
and E_=5.1 GPa.

In addition to the configuration presented in
Fig. 1, where the Ni-Ti bar is at 0° from axis y, the
SMAHC beams where also tested with the Ni-Ti
bars at 90° and 180°, as shown in Fig. 6.

Fig. 5. MOMENT OF INERTIA MODELS
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Source: The authors.

Fig. 6. SMAHC BEAMS TESTED WITH THE NI-TI BARS AT 0°, 90° AND 180°

r

o .
148 4L |

) ! 1
O O 1
.f' L A £ K 180°

Source: The authors

121



122 ITECKNE Vol. 16 Nimero 2 « ISSN 1692-1798 « ISSN Digital 2339 - 3483 « diciembre 2019 « 118-125

3. EXPERIMENTAL AND THEORETICAL RE- Fig. 7. EDS AND SEM DATA OF NI-TI BAR SURFACE
SULTS 11 T i

Samples of the Ni-Ti bars, protected by an inert 5 ‘
atmosphere of nitrogen, were tested in a Netzsch
DSC 200 F3 Differential Scanning Calorimeter.
The transformation temperatures M_ (Martensite
Start), M, (Martensite Finish), A_ (Austenite Start),
and A, (Austenite Finish) are presented at Table |I.

Table II.

TRANSFORMATION TEMPERATURES OF THE NI-TI ALLOY,
OBTAINED BY DSC

Bmeiy g Gt w

Martensite phase | T(°C) | Austenite Phase | T(°C)
Ms 46 A_(°C) 38

S

Mf 32 A (°C) 60

f

Source: The authors.

On the other hand, scanning electron micros-
copy with energy dispersive spectroscopy (EDS)
analysis (JEOL model JSM 7001F) (Fig. 7) were
used on the Ni-Ti Bar surface. This test shows that
it consists of Ti and Ni elements at the largest
area. The atomic weights (at.%) of Ti and Ni ele-
ments are very close to the nominal compositions
of Nitinol in spite of minor variations by different
manufacturers [9]. Results of atomic and weigh
percentages are shown in table lll.

On the other hand, XRD analysis, shown in fig
8, were recorded in the Bruker AXS D-8 Advance
XRD machine in the 26 range of 10° to 100° with
scan speed of 1°/min, and increments of 0.05°,
CuKa = 1,5418 A. The peak of the |110]| Cubic
reflection gives an idea of the austenitic phase
transformation in Ni-Ti alloy, cubic phase (ICDD,
PDF 65-7711) [11]. Eight peaks (M1 to M8) were
associated with X-ray reflection peaks correspon-
ding to martensitic phase at room temperature,
monoclinic phase (ICDD, PDF 27-344). It shows
a crystallographic distortion in NiTiNol transition
[14].

Table Il
EDS RESULTS OF NI-TI BAR SURFACE

Element Count wt. % at. %

Ti 39409 44,95 50,02

Ni 14861 55,05 49,98

Source: The authors. Source: The autors.
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Fig. 8. XRD SPECTRA OF NI-TI BAR AT ROOM TEMPERATURE
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Source: The authors.

First, from the three point bending tests in the
MTS-810 machine, the force, P, as well as the
deflection at the middle section (x=L/2) of the
beams, @W..., were recorded and plotted. The
SMAHC beams were tested in three configurations
(see Fig. 6). Typical P versus Wm.: curve for a PP
beam[12], is shown in Fig. 7. Using equation (1)
their experimental bending modulus were obtai-
ned. And, from equations (2) to (4), the respective
analytical flexural modulus, E , were calculated.
Two SMAHC and two PP beams were tested.

Fig. 9. FORCE VS DEFLECTION OF A TWO PP BEAMS
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The average bending modulus of the PP beams
was 757 MPa. All the three-point bending tests
were carried out in the elastic regime, with the
maximum applied deflections, @Wm., limited to
about 1% of the span (L=467mm). Following the
same test, the average results from SMAHC at
room temperature (21°C) are presented in Ta-
ble IV. These results indicate, as expected, that
the contribution of the Ni-Ti bars in the bending
stiffness is significantly higher for the 0° and
180 °configuration, in comparison with the 90°
configuration (see Fig. ©6).

Table IV.
AVERAGE VALUES OF EFFECTIVE BENDING MODULUS (MPA) AT NI-TI
MARTENSITE STATE (21°C)
N -
Config | Experimental | Theoretical 7% of Theoretical
value

E,- 1321,45 1433,17 92
Eqo- 881,02 1080,29 82
E g0 1256,31 1433,17 88

Source: The authors.

The average results at 56° C are presented in
Table V.

Table.V.
AVERAGE VALUES OF EFFECTIVE BENDING MODULUS (MPA) AT NI-TI
AUSTENITE STATE (56°C)
N .
Config. | Experimental | Theoretical % of Theoretical
value

E,. 1649,30 3041,75 54
Eqgor 851,24 1080,29 79
E . eor 1571,10 3041,75 52

Source: The authors.

The results of Table V also confirm that the Ni-
Ti bars are more effective to increase the bending
stiffness when they are in the 0° and 180° con-
figurations.

4. DISCUSSION

The experimental results showed that the in-
corporation of Ni-Ti bars in the PP pipes, hold by
an external layer of nylon/epoxy, in average, at
21 °C, increased the bending stiffness of the PP
beam by 92 %. And, these experimental results
at 21 °C were very close to the theoretical predic-
tions, in the range from 88% to 92%, as presented
in Table 4. Literature has shown that, in bending
[14], Ni-Ti martensite deformation results from the
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migration of variant interfaces, while in compres-
sion the deformation mechanism is mainly due to
the generation and movement of lattice defects.
These mechanisms are clearly seen in the avera-
ge values of effective bending elasticity modulus,
table 2. Interestingly, the results are quite similar
below approximately 100 MPa; however, above
this stress the curves diverge rapidly. When the
SMAHC material is loaded in pure bending, limited
portions of the beam reach stress levels required
to detwin the martensite. Close to the neutral axis,
in bending, both tension and compression, the
beam material remains elastic. Shape memory is
dependent on internal stresses and dislocation
structures, the elastic material will likely not expe-
rience increase of elasticity modulus value during
training.

On the other hand, the transformation of from
martensite to austenite and vice versa of Ni-Ti Bar
of SMACH beam, will also vary spatially through
the configurations of the beam due to the re-
lationship between stress and transformation
temperature. The result of this variation will be a
larger difference between the apparent transfor-
mation start and finish temperatures. The effec-
tive bending elasticity modulus variation through
the thickness of SMACH beams will also affect the
vibration control phenomena. The SMAHC beams
austenitic transformation induced by temperature
was explored when temperature of the Ni-Ti bars
increased from T=21° C (Ni-Ti in the martensite
phase) to 56° C (Ni-Ti in the austenite phase) the
bending stiffness increased about 25%.

The correlation of the experimental results
shown in table 3, with the theoretical predictions,
at 56° C, in the range from 52% to 54%, were not
as good as those at 21° C, in the range from 88%
to 92%, table 4. This suggests that bending mo-
dulus of the PP, figure 9, probably decreased with
elevation of temperature (from 881,02 MPa in ta-
ble 4 to 851,24 MPa, shows in table 5, for EQ0°),
and this was not taken into account in the analyti-
cal model for 3EM. In fact, in these experiments,
the Ni-Ti bars were in the longitudinal direction of
the PP pipes. Both, the applied loads and the Ni-Ti
bars belong to the symmetry vertical plane of the
beam and supports the PP pipe common bending
behavior, leading to bigger mechanical strokes wi-
thin the transformation temperature range.
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One of the most important parameters in the
research on composites is the manufacturing me-
thods, so important aspects such as the repeata-
bility of composite characteristics are guaranteed
[13], [14]. With regard to the manual winding
device, the manufacturing time and the geome-
tric arrangement of the fibers to be wound in the
process are the major drawbacks. The technique
can be improved with a system that adjusts with
constant movement as a function of the amount
of fiber used for winding [13],[14]. A motor with
speed control next to the device can be thought
of, however, any error in the speed control inserts
vibration in the distribution of the fiber which can
affect the repeatability of the process.

CONCLUSIONS

A cylindrical composite beam manufacturing
methodology was developed using a manual win-
ding device designed to adequately handle hybrid
beams to be wound with nylon (polyethylene) and
impregnated with epoxy resin. The 90° circum-
ferential winding process was successfully done,
distributing the nylon fiber (polyethylene) and im-
pregnating with resin homogeneously through the
entire length of the beams.

Polypropylene pipes were mechanically tested
in the elastic regime to evaluate the elastic modu-
lus in flexion in a three-point test device designed
according to ASTM D790-07 applying a force at a
speed of 1 mm / min up to the maximum deflec-
tion of 5 mm (1% of span).lt has been theoretically
and experimentally verified in three-point bending
tests that the orientation of the steel wire or Ni-Ti,
in relation to the plane of application of the load,
has a strong influence on the mechanical proper-
ties of the composite beam used, that is , for 90°
orientation there is no significant contribution of
the mechanical properties of the thread to the
value of the effective modulus of elasticity; howe-
ver, for the 0° and 180° orientations, the contri-
butions are much higher by a factor close to 1.5
times.

The bending modulus of composite cylindrical
beams with Ni-Ti bar, showed increases of 18% to
31% that are associated to the effects of the pha-
se change of Ni-Ti wire, from martensite to aus-
tenite, induced under conditions of temperature
increase in the composite, from 21° C to 56° C.
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This effect gave the composite the adaptive cha-
racter and can be used in environments where it
is required and under two preferential orientations
of 0° and 180° degrees with respect to the axis of
application of the load [14].

These last results indicate that the SMAHC
beams can work as an adaptive structure using
the shape memory effect and high damping ca-
pability of NITINOL and the future research on
viscoelastic behavior, as reported in [15], [16], is
necessary for a clear understanding of basic fea-
tures and trends of a vibration control systems for
industrial processes, new materials and applica-
tions. Viscoelasticity and phase-transformation
effects on the resulting dynamic responses are
more pronounced in these materials [17] and are
used for the developing damping materials with in-
creased damping capacity over a wide band [18].
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