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Abstract

This study presents the debonding propagation in single NiTi wire shape memory alloy into linear low-density
polyethylene matrix composite the study of using the pull-out test. The aim of this study is to investigate the pull-out tests
to check the interfacial strength of the polymer composite in two cases, with activation NiTinol wire and without
activation. In this study, shape memory alloy NiTinol wire 2 mm diameter and linear fully annealed straight shape were
used. The study involved experimental and finite element analysis and eventually comparison between them. This pull-
out test is considered a substantial test because its results have a relation with behavior of smart composite materials. The
pull-out test was carried out by a universal tensile test machine type (Laryee), load capacity (50 kN), and a test speed of
Imm/min. The finite elements modeling was performed by ANSYS V.15. The results of pull-out test showed that in the
activation of NiTinol wire embedded in host matrix linear low-density polyethylene (LLDPE), the deboned force was
about 74 N, but for the case without activation, it was about 106 N. Deboned shear stress for the case with activation was
about 0.73 MPa, but for the case of without activation, it was about 1.05 MPa. ANSYS result for deboned shear stress in
case with activation was about 0.8 MPa. As for the case of without activation, deboned shear stress was about 0.99 MPa.
The activation of the ratio of deboned shear stress and deboned force decreased by 30.47% and 30.13%, respectively. The
error ratio between experimental and ANSYS results was equal to 8% for the case with activation and 5.7% for the case
without activation.
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1. Introduction

Composite materials are ordinarily employed in
structures which require lightweight, yet strong
components. There is still a need to enhance these
materials, and there is a push to produce materials
that have smart properties, which are able to sense,
actuate and respond to the surrounding
environment. The applications of SMAs in industry
are many and variable, for example biomedical,
space structures, automobile, vibration, shape
control of wings for aero-structures and
helicopters. SMAs are also applied in biomedical
field, such as heart stents and orthodontics.

Martials without embedded shape memory alloys
are nominal materials, but when SMAs are
embedded in them, they become composite smart
materials.

It is an important test method commonly used
to study the interfacial adhesion goodness,
interfacial properties and elastic stress transfer
between wires and matrix [1, 2].

The bonded forces between fiber and host matrix
in composite materials play significant role. These
forces, which are between the wire and host matrix,
depend on the interfacial force.

Jonnalagadda et al. [3] studied the effect of
different surfaces treatments of NiTinol wires into
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host material to find the bond force utilize pull-out
tests. Several curing was inspected: untreated, acid-
etched, hand sanded, and sandblasted. The highest
bond force was provided by sandblasting, while
acid etching and hand sanding were less effective
manners of improvement the bond force properties.

N. A. Smith et al. [4] studied the improvement
of adhesion bond between the NiTi wire and Silane
coupling agents as the host matrix. Black oxide-
coated NiTi wire (0.03 inch diameter, NiTinol
Devices and Components, A;80°C) was excavated
(20 min. sonication in conc. H>SOy), degreased
(Hexanes, Isopropyl alcohol and Ultrapure H.O
[Millipore]; 20 min. sonication in each solvent),
and exposed to a base/acid sequence to enhance the
concentration of surface hydroxides (20 min.
sonication in 1 M NaOH, 5 min. sonication conc.
H,S0O4). X-ray Photoelectron Spectroscopy was
employed. The results indicated increasing of
interfacial bonded roughly 100%.

Sadrnezhaad et al. [5] estimated the bond
conduct between NiTinol and a silicone matrix for
medical applications. NiTinol wires with various
surface curing were examined by (SEM), and pull-
out tests were led to determine the Morph-logical
and bonding interactions with the silicone host
matrix. Acid and oxidization increased the fricative
forces at the interface which produced an increase
in the bond force.

Xiaoling Wang and Gengkai Hu [6]
investigated the influence of temperature on the
stress transfer during a pull out of a SMA fiber
from an elastic matrix. The results proved that the
increase of temperature decreases the stress
intensity factor.

Wambura Mwiryenyi Mwita [7] studied the
effect of embedded NiTinol wire (1 mm diameter)
into polyurethane matrix in a silicon mold, pre-
strain technique was employed to stretch the wire
by 3%. Pull-out test and four-point bending test
were performed. Increasing in the flexural stiffness
(EI) and fracture stress intensity factor (Kic) of the
composites plate was deduced. It was shown that
the deboned force decreased when activating SMA.

Payandeh et al. [9] investigated the effect of the
transformation on the debonded inception in
without pre-strained NiTinol wire-epoxy matrix
composites. NiTinol wires were embedded in an
epoxy coupon to achieve 6% and 12% NiTinol
wires volume fractions. Epoxy coupons with
NiTinol wires volume fractions of 6% were tested
in tension at 20°C, 80°C, and 90°C, whereas samples
with NiTinol wires volume fractions of 12% were
examined at 80°C and 90°C. Increasing the NiTinol

wires volume fraction improved the mechanical
conduct of the composite.

Mattia Merlin et al. [9] investigated the effect of
different surface treatments on the shape memory
alloy NiTinol wires into Polyester (PE) and Vinyl
Ester (VE) polymeric matrices. NiTinol wire of
diameter 0.5 mm was employed as fiber in this
research. Three types of recovery strain used, the
first 4%, the second 5% and the third 6%. Two
types of chemical etching and a chemical bonding
with a Silane coupling agent were carried out on
the surfaces of the wires. The results showed that
the wires embedded in the PE resin indicated the
maximum pull-out forces and the highest
interfacial adhesion. Eventually, it was found that
the debonding induced by strain recovery is
strongly related to the propagation towards the
radial direction of sharp cracks at the debonding
region.

The aim of this research is to investigate pull-
out tests to check the interfacial strength of the
polymer composite in two cases, with activation
NiTinol wire and with-out activation.

2. Experimental Work

The experimental work is divided into two
parts, the first part is manufacturing the injection
mold for the composite model, and the second part
is preparing the NiTinol wire to injection. The
testing is classified into two types, the first test is
the pull-out test without activation NiTinol wire,
and the second test is the pull-out test with
activation NiTinol wire.

2.1 The Used Materials

(1) The matrix (Host):
In this work, a linear low density polyethylene
(LLDPE) host material with a density about (0.92-
0.93) gm/cm® was used [10]. Melting temperature
of the host material is about 122.7°C, which was
obtained by DSC test. Plastic in form of grains was
obtained from the Sabic Company in Saudi Arabia.
(i1) The NiTinol wire:
In this research, a high temperature about
80°C*10°C NiTinol wire, full annealed, (2 mm),
with a straight shape and black color was
employed, it consists of (Ni-55%, H-0.001%, O-
0.05%, N-0.001%, C-0.05%, Ti-Balance),
exported from Nexmetal Inc. §780 19th Alta Loma,
California 91701.

The general properties of NiTinol wire are
shown in table (1):
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Table 1,

Mechanical properties of NiTinol wire [11]
Property Value
Color Black
Primary Fiber Direction (Unidirectional)
Density (kg/m?) 6450
Thermal expansion coefficient 6.6-11
(10°K™)

Resistivity (uQ cm) 80-100
Thermal conductivity (W m*K!)  10-18
Melting temperature (K) 1573
Heat capacity (J kg K™) 390
Young modulus (austenite) 60000
(GPa)(test)

Young modulus (martensite) 20000
(GPa)tested

Austenite finish temperature(Ay) 343
(K)tested

Austenite start 331

temperature(A;)(K)tested

2.2 DSC Test of Polymer (LLDPE)

Differential Scanning Calorimeter (DSC) is
used to study the response of polymers to heating.
DSC can be used to find the melting temperature or
the glass transition temperature. The DSC set-up is
composed of a measurement chamber and a
computer. Two pans are heated in the measurement
chamber. A computer is used to monitor the
temperature and regulate the rate at which the
temperature of the pans changes. A typical heating
rate is around 10 °C/min.

DSC test was done in University of Baghdad,
College of Education for Pure Sciences Ibn AL-
Haitham Central Service Laboratory. From this
test, the melting temperature obtained was about
122.7°C for polymer (LLDPE), as shown in figure

D).

Universi ty Of Baghdad / College Of Education For Pure Sciences Ibn Al-Haitham
Central Service Laboratory

1 Name:LDPE
| Weight: 19.8mg
Heating rate : 10 /min

» 100
Temperature (°C)

Fig. 1. DSC Test Diagram of melting temperature for
(LLDPE).

2.3 Design and Manufacture of an Injection
Mold

The injection mold was designed by Auto CAD
program. The mold consists of three parts, upper,
middle and lower part. The middle part called
cavity part consisting of holes in every side was
produced to pass the NiTinol wire through them.
The lower part was used to cool the sample model
in cavity after the injection process. All parts are
made from steel except the lower part is made from
aluminum, to speed up the cooling process. The
manufactured injection mold is shown in figure (2).

Fig. 2. The manufactured injection mold.

2.4 Pull-Out Unidirectional NiTinol Wire
without Activation

Pull-out test was conducted in order to
estimate the deboned load and maximum
interfacial shear stress between the matrix (host
material) LLDPE and NiTinol wires. The
dimensions of the pull-out test specimen and pull-
out specimen are shown in figures (3) and (4),
respectively.

Fig. 3. Pull-out specimen with dimension in mm.
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Fig. 4. Pull-out specimen

The dimensions of the block are (L=40 mm,
W=40 mm, and t=5 mm) and length of NiTinol
wire embedded in polymer block is L=40 mm
[12]. A universal tensile test machine type
(Laryee), load capacity (50 kN), and a test speed of
Imm/min were used, the pull-out test is shown in
figure (5). From the pull-out test, the relationship
between applied load and NiTinol wire
displacement was plotted.

Fig. 5. Pull-out specimen during testing by tensile
universal machine.

2.5 Pull-Out Unidirectional NiTinol
Wire with Activation

The aim of this test is to investigate the effect of
activation temperature of NiTinol wire embedded
in polymer matrix due to evaluated heat of polymer
surface. Another sample was used here with a same
dimension, the NiTinol wire was connected with a

power supply and subjected to a current about
7.1A, and after specified time, the temperature of
surface sample became 45°C. A universal tensile
testing machine type (Laryee), load capacity (50
kN), and test speed of lmm/min as were used
shown in figure (7).

Fig. 6. Pull-out specimen during the activation.

3. FE Modeling of Pull-Out Test Model

The pull-out tests are classified into two tests,
the first test was performed without activation of
NiTinol wire, and the second test was conducted
with activation the NiTinol wire.

3.1 FE Modeling of Pull-Out Test Model
without Activation

The model 3D pull-out test was created in
ANSYS V.15. Rectangular block has dimensions
(L=40 mm, w=40 mm, t=5 mm), and NiTinol wire
has (Lw-40 mm length). The nodal wire is
connected with nodes for the rectangular after
generation of nodes. The spring between the nodes
embedded in the block gives the set of the functions
between the effected force and displacement of
wire. In this analysis, three types of elements were
employed, the first element is 3D solid185 used for
polymer host matrix a (LLDPE), the second
element is link 180 used for NiTinol wire with cross
sectional area 3.14 mm? and the third element is
combin39 used to bond the nodes into the matrix.
The pull-out model with meshing is shown in
figure (8). This model applied the displacement on
the tip of the end of the wire, and all the area of
rectangular block is fixed.



Samir Ali Amin

Al-Khwarizmi Engineering Journal, Vol. 14, No. 4, P.P. 1- 8 (2018)

ELDENTS AN SYS
oL :cR}:f:o

22:42:12

pull-cut test without activation

Fig. 7. Meshing of finite element 3D model of pull-
out test.

3.2 FE Modeling of Pull-Out Test Model
with Activation

The model of pull-out test applied in ANSYS
codes is the same, but here some functions used in
ANSYS codes must be given to explain the
relationship between the deboned force and
displacement of wire through the motion. The
model meshing is the same in figure (8). The
maximum interfacial stress was calculated
according to the equation (1): [13]

Fa
Timaxy = ————— .. ()
Txd f le
Where;
Timax. Deboned shear stress (MPa)
Fa: Deboned force (N)
L. : NiTinol wire embedded length (m)
dr: Diameter of wire

4. Results and Discussion
4.1 Results of Experimental Work

The pull-out test was used to calculate the
maximum deboned shear stress between NiTinol
wire and polymeric host material. Shear stress can
be calculated by considering the diagram between
the deboned force and displacement using equation
(1). The main purpose of using the NiTinol wire in
composite is to carry the load applied to composite,
while the matrix holds and protects the wire, thus
distributing the load between them [10]. This curve
before activation NiTinol wire is shown in figure
).

The second pull-out test included activation
NiTinol wire with suitable current by using DC
power supply. The relationship between the

deboned force and the displacement in activation
case is shown in figure (10).

pull-out test

Force(KN)

o
IS

o

0 2 4 6 8 10 12 14 16 18

Displaciment(mm)

Fig. 8. Pull-out test of NiTinol wire without
activation

pull-out test

LI mn S S TO—_LLL S

Load (KN

displaciment (mm

Fig. 9. Pull-out test of NiTinol wire with activation

4.2 Finite Element Modeling Results

From finite element analysis using ANSYS V.
15, one can get the contour of deboned shear stress
without activation and with activation, as shown in
figures (11) and (12), respectively. These results
are in agreement with reference [7].
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Fig. 10. Contour of deboned shear stress without
activation wire.
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Fig. 11. Contour of deboned shear stress with
activation wire.

It clear now that in the activation NiTinol wire
embedded in host matrix (LLDPE), the deboned
force and shear stress are decreased, all the results
are explained in table (2) below. Through
activation, the ratio of shear stress deboned and
force deboned decreased by 30.47% and 30.13%,
respectively.

Table 2,
Results of pull-out test in experimental and finite
element modeling

Type of Experimental ANSYS Error
test ratio

Deboned Deboned Deboned

force shear shear

(N) stress stress

(MPa) (MPa)

With 74 0.73 0.8 8%
activation
Without 106 1.05 0.99 5.7%
activation

5. Conclusions

In this research, the pull-out test in both cases
was investigated, the first is with activation
NiTinol wire and the second is without activation
NiTinol wire. The following conclusions have
drawn from this work:

1. In pull-out test, the activation decreases the
deboned force.

2. Activation of NiTinol wire tends to decrease
the deboned shear stress.

3. Through activation, shear stress deboned and
force deboned are decreased by 30.47% and
30.13%, respectively.

4. These results are beneficial for the design of
smart composite materials.

5. A good agreement was found between the
experimental and ANSYS results with a
maximum percentage of error 8% with
activation and 5.7% without activation.

Notation

LLDPE  Linear low density polyethylene
SAM Shape memory alloy

SME Shape memory effect

SEM Scanning electron microscopy
DC Direct current

PE Polyester

VE Vinyl Ester
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