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Abstract

In this paper, two kind of polyethylene terephthalate fibers and two woven textiles, taken from endovascular Stent-Grafts were analyzed by tensile
tests. A non-contact video extensometer was used, which allowed precise strain measurements on material test samples. The technique used, allied
with yarns image analysis, allowed to determine the yarn and textile stresses and to study their elastic/plastic deformation with much more accurate
properties measurements. It was observed that the textiles present an anisotropic behavior although the textiles present similar weaving in the two
woven directions. The yarns specimens were also analyzed by differential scanning calorimetry in order to study their crystallinity ratio, when
subject to different stress levels. The properties measured are important for future performance analyses by finite element modeling and for defining

improvements in devices design.
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1. Introduction

Abdominal aortic aneurysm (AAA) disease is a degenerative
process, often without symptoms which can conduct, to the rupture
of the vessel wall resulting in profuse internal bleeding and often
conduct to death. In 1991, Parodi et al. [ 1] presented the “endovas-
cular stent placement” as a new technique for the treatment of
AAAs and in 1999 the first aortic stent grafts for the treatment
of AAAs became commercially available [2]. The stent-graft is a
tubular prosthetic vascular device, typically made with a woven
textile composed by polyethylene terephthalate (PET) fibers, com-
mercially known by Dacron or made by a polytetrafluoroethylene
membrane (ePTFE). This tubular graft is reinforced by a metallic
structure called stent, made of nitinol alloy or stainless steel.

Despite the advances regarding materials development and
design of endovascular prosthesis, during the two past decades
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some problems have been reported with endovascular stent-grafts
after implantation [3—6], namely: inflammatory process, endovas-
cular graft leaks, kinking, abrasion (related motion between stent
and graft) and fatigue (due to changes in blood pressures - systolic
to diastolic). Abrasion is one of the most frequent wear mecha-
nisms on the surface of the polymeric material and it was previously
studied [7].

Polyethylene terephthalate (PET) fibers are used, since many
years, in multiple engineer applications, due to its low price and
high level of production, but nowadays they are also commonly
used in medical applications, mostly in cardiovascular surgery
and in orthopedics devices [8] mainly as surgical suture mem-
branes, large diameter vascular grafts, surgical meshes, ligament
and tendon repair [9]. The biostable characteristic of this polymer
is related to the presence of hydrophobic aromatic groups with long
crystallinity which restricts hydrolytic breakdown [10].

PET fibers present important properties like biological and
chemical stability and biocompatibility [10]. On the other hand
their flexibility and strength makes them very interesting materials
for the biomedical area.

2603-6363/© 2018 Sociedade Portuguesa de Materiais (SPM). Published by Elsevier Espafia, S.L.U. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.stmat.2018.11.001&domain=pdf
http://www.sciencedirect.com/science/journal/26036363
http://www.sciencedirect.com/science/journal/01519638
http://ees.elsevier.com/stmat
https://doi.org/10.1016/j.stmat.2018.11.001
mailto:alex.rodrigues@dem.isel.ipl.pt
https://doi.org/10.1016/j.stmat.2018.11.001

24 A. Rodrigues, L. Figueiredo, H. Diogo, et al. / Science and Technology of Materials 30 (2018) 23-33

However, in terms of biocompatibility, it presents some limita-
tions like the poor blood compatibility and the poor cell-adhesion
properties, which are important for the vascular grafts [10,11]. To
avoid the formation of blood clots, the antithrombogenic proper-
ties of PET can be improved by coating with antithrombogenic
molecules or by endothelialization of the inner surfaces of the ves-
sels [11]. Surface functionalization has been used to improve PET
polymer-cell interaction, which is important on tissue engineering
applications [10].

Although extensively studied since the 70’s, this new areas
of application obliges to accomplish new studies regarding PET
performance under special conditions and better understand their
behavior when loaded, namely regarding their anisotropic behavior
in textiles applications.

This paper presents a study about the tensile behavior of PET
fibers for biomedical applications, performed using multifilament
yarns taken from textiles grafts in the weft and warp directions.
The crystallinity induced by stress application is also analyzed by
differential scanning calorimetry (DSC). Subsequently, the tensile
behavior of the woven textiles is studied to conclude if the tex-
tile exhibits an isotropic or anisotropic behavior. The technique
of non-contact video extensometry allied with image analysis of
the yarns and textiles, was used, giving rise to much more accu-
rate properties measurements. Most of the textiles studies analyze
the load/displacement curves in yarns, which present some limita-
tions. However using microscopy with image analysis it’s possible
to determine yarn and textile sections to measure the real stresses
applied. On the other hand the video extensometry allows accurate
strains measurements. Using both techniques together it’s possible
to determine the mechanical properties of yarns and textiles in a
more accurate way. Many stent-graft models consider that these
materials present an isotropic behavior and with this technique it
is possible to have more accurate properties which can be used in
future finite element models.

2. Structure and behavior of PET fibers

The effect of chain orientation and the crystallization of PET
have been analyzed in different situations once the orientation of
the amorphous chain segments greatly influence the performance
of the polymer [12]. Oriented amorphous fibers are usually
obtained by drawing or stretching fibers just below their glass
transition temperature. This process produces an external layer
in the fibers whose orientation is significantly higher than the
existent in the core [13]. The crystals formed, during the process-
ing of fibers, act as mechanical cross-links, holding together the
amorphous chains, leading to an improvement of the mechanical
properties [ 14]. During the processing of PET fibers by high-speed
melt spinning process, strain induced crystallization takes place
generally when the take-up velocity reaches around 4800 m/min.
Below this critical take-up velocity, the oriented chains in the fiber
remain non crystalline [ 15]. Besides, the cooling rate applied to the
melted polymer it’s of fundamental importance, once it is known
that this cooling rate will determine the polymer crystallinity
degree. If high cooling rates are applied, the material will not
have time to reorganize and highly amorphous structures can be
obtained. Usually, in the industrial processing of PET, highly
oriented amorphous fibers are heat-treated. The heat treatment
produces a microstructure that improves the dimensional stability
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Fig. 1. Model of fiber microstructure.

and mechanical behavior of the fibers [16], due to the fact that
it induces a significant increase of density and of the crystalline
perfection. In fact, the imperfect and instable crystals, during the
heat treatment recrystallize, as a consequence, the molecular orien-
tation decreased with the concomitantly reduction of the entropic
relaxation [17]. J.K. Keum et al. showed also that during heat
treatment of fibers, under constrained conditions, the crystallinity
of fibers increased due to the contribution of the oriented amor-
phous phase, while the isotropic amorphous fraction, remained
nearly constant [18]. Several authors found a transient structure
(transient mesophase) prior to the final triclinic crystal structure
formation. This phase consists of layers with paracrystalline or
mesophasic order which is formed during the mechanical drawing
of PET and acts as a precursor of the final crystal structure [19].
The structure of polymeric fibers is very complex and depends
highly of the processing parameters; however some models have
been proposed, by several authors, which describe well the general
structures obtained in fibers [20-22]. One of the purposed models
[23], considers that the fiber is composed by microfibrils, which are
long elements aligned with the fiber axis, being the basic structural
element. Microfibrils are composed by crystalline blocks (crystal-
lites) which are linked by an isotropic amorphous phase oriented in
the fiber axis direction. Microfibrils are then linked to each other
(transverse direction) through another type of amorphous phase,
also oriented along the fiber axis, and called mesamorphous phase.
Microfibrils are grouped to form a macrofibril. A mesamorphous
phase with lower density links macrofibrils, as observed in Fig. 1.

3. Materials and methods

Two different fibers and two different fabrics used currently by
prosthesis manufacturers were analyzed in terms of mechanical
behavior, during tensile tests. The fibers tested were polyethylene
terephthalate (PET) and polyethylene terephthalate low profile
(PET-LP). The crystallinity evolution of PET and PET-LP fibers
submitted to different stress levels was evaluated by DSC.

The PET textiles used in the current study present a plain weave
characterized by a very regular pattern, with yarns arranged along
two orthogonal directions, with additional reinforcement yarns
over the plain fabric which resembles to a twill weave. PET-LP
fabric is similar to PET but without the reinforcement yarns and it
is produced with thinner fibres. The grafts samples tested exhibit
thickness of 0.18 mm for PET and of 0.10 mm for PET-LP.

The materials were kindly supplied by COOK Medical in the
form of tubular textiles, without stents attachment.
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Fig. 2. Specimens for tensile tests with white dots for strain measurements.
3.1. Specimens

Square textile samples (10 x 10 [mm]) were cut from the tubu-
lar prosthesis, for material characterization by Scanning Electron
Microscopy (SEM) and optical microscopy.

For the fiber tensile tests, yarns were taken from the prosthesis in
the longitudinal direction (parallel to the prosthesis main axis) and
in the transversal direction (perpendicular to the prosthesis main
axis), and glue in black cards (80 x 50 mm) for machine clamping.
The black cards were marked with white dots, with a distance of
50 mm, for strain measurement with a video extensometer, as can
be observed in Fig. 2.

For the textile tensile tests, samples were taken from the prosthe-
sis in the longitudinal direction, in the transversal direction and with
45° with the longitudinal axis, as observed in Fig. 3. The fabrics
were cut with a rectangular shape of 130 x 60 mm and at each lat-
eral side a fringe of 5 mm was produced according to standard ISO
13934-1. At the specimens tops, two rubber pieces, with 25 x 50
[mm], were glued (front and reverse) for better adhesion to the
machine grips, avoiding slippage during the tests (Fig. 4). Thus, the
specimens tested presented a dimension between grips of 80 x 50
[mm].

The specimens were marked with 4 black dots for strain mea-
surement with a video extensometer (2 in the axial direction and 2
in the transversal direction), as can be observed also in Fig. 4.
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Fig. 3. Prosthesis model and samples directions for testing.

Fig. 4. Specimens for tensile tests with rubber pieces glued and black dots for
strain measurements.

3.2. Microscopic and image analysis

The knowledge regarding real cross section of the yarns tested
is of fundamental importance for accurate properties determina-
tion. Thereby the samples in the current study were observed by
microscopy and analyzed using image analysis software.

The square fabric samples, for microscopic analyses, were
placed in a mold, clamped with plastic clips for vertical standing
and then mounted in cold resin. After 24 h, for resin hardening, the
specimens were demoulded and grinded in a grinding and polish-
ing machine, with silicon carbide sandpapers between 200-grit and
2000-grit, using stream water, until a smooth surface was reached.

After abraded, the samples cross-sections were observed by an
optical microscope (Olympus model BX51) coupled with a Linkam
hot stage LTS 350 and Olympus SC-30 digital camera to analyze
the fibers. Photographs were taken to analyze the fibers cross-
section geometries and to count the number of monofilaments in
each yarn. A computer with image analyzer software (UTHSCSA
ImageTool program developed at the University of Texas Health
Science Center at San Antonio, Texas and available from the Inter-
net by anonymous FTP from maxrad6.uthscsa.edu) was used for
the measurements, as can be seen in Fig. 5.

Scanning Electron Microscopy analyses were conducted on
small fabric samples to observe the woven structures, the real
cross section areas (for yarn tensile tests) and to count the number
of yarns by mm in order to determine the exact cross section area
of textile specimens with 50 mm of width.

The samples were plated with a gold/palladium alloy and ana-
lyzed in a FEG — SEM equipment, model JSM-7001F, from JEOL
with an energy of 5 or 10kV.

3.3. Mechanical tests procedure

The tensile tests were performed in an universal testing machine
from Instron (Model 5566) with a video extensometer (AVE) from
Instron with a field of view of 200 mm, for strain measurements in
the axial (x) and transversal (y) directions.

The advanced non-Contacting video extensometer was of par-
ticular importance due to the fact the majority of the studies done
on fibers and textiles use the extension measured by the machine to
calculate strains and to calculate the Young modulus, which gives
rise to measurement errors. With the video extensometer it is pos-
sible to measure the real strains suffered by the polymer fibers or
the textiles, giving rise to a more accurate properties measurement.
The Bluehill software was used to define the testing parameters.
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Fig. 5. Image Software used (left) and photomicrograph of the textiles under study (right), for determination of the fibers cross-section areas and number of

monofilaments in a yarn (UTHSCSA ImageTool software).

3.3.1. Yarn testing

Due to the small dimension of yarns cross-sections a load cell
of 10N was used. The samples were clamped in the machine, in
the vertical position, using pneumatic grips, in such a way that
the white dots stay in the edge of the grips, as observed in Fig. 6,
in front of the video extensometer for axial strain measurements.
After clamping the specimens, the black cards were cut, letting just
the yarn subjected to tension.

The tests were performed with a crosshead velocity of
5 mm/min, in a controlled environment, at 20 °C. For each kind
of fabric and for each direction (longitudinal and transversal) 8
specimens were tested.

To better understand the yarns performance when different
stresses levels are applied, tensile tests were also done on some
PET and PET-LP yarns, stopping the test in different zones
of the tensile curve, to analyze microscopically the polymer
chains behavior. The tests were performed exactly with the same

Fig. 6. Specimen clamped with pneumatic grips and illuminated by the video
extensometer, during a tensile test, where the yarn deformation is already mean-
ingful.

procedure as explained in the above paragraph and then unloaded.
PET and PET-LP longitudinal yarns were subjected to three
distinct stress levels of: 75 MPa, 150 MPa and 275 MPa. After
unloading, DSC analyses were conducted on those specimens.
Yarns in the transversal direction were not analyzed due to the fact
that their behavior, regarding slope evolution, was very similar to
the one observed in the longitudinal direction.

3.3.2. Textile testing

The tensile tests were performed with a load cell of 10 kN and
with a video extensometer for strain measurements in the axial
and transversal directions. The rectangular samples were clamped
in the machine, in the vertical position, using pneumatic grips,
as observed in Fig. 7. The tests were performed with a crosshead
velocity of 20 mm/min, in a controlled environment, at 20 °C. For
each kind of fabric and for each direction (longitudinal, transversal
and 45°) 6 specimens were tested.

The samples were marked with 4 black dots: 2 dots in the axial
direction with a distance of 50 mm and 2 dots in the transversal
direction with a distance of 10 mm. The measurements of the strains
in both directions allowed the determination of the textiles Poisson
coefficient.

Fig. 7. Specimen clamped with pneumatic grips and illuminated by the video
extensometer, ready for testing.
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3.4. DSC analysis

The DSC analyses were performed with an equipment from TA
Instruments, Model 2920 MTDSC, operating in the conventional
mode. The samples were sealed under air in aluminum crucibles
and weighted on a Mettler UMT2 ultra-micro balance. Helium
at 0.5cm’/s flow rate was used as purging gas. The temperature
and heat flow scales of the instrument were calibrated according
to the procedure described by Moura-Ramos [24]. Samples
were submitted to a heating ramp of 10°C/min between the
ambient temperature and 300 °C. All characteristic temperatures
and enthalpies were measured on the first cycle. The Thermal
Advantage software was used for the test control and the Universal
Analysis 2000 software was used for data treatment.

Measuring the area under the melting event allows calculating
the melting enthalpy AH;,. Based on the value for the melting
enthalpy of 100% crystalline material, found in literature AHy, it
is possible to estimate the crystallinity ratio (X.) of the specimen
analyzed:

X. = AHn x 100 (1)
A Hy

For the calculation, a value of AH); =1351J/g was used [25].
4. Results and discussion
4.1. Microscopic and image analysis

The analysis done with SEM allows to characterize the woven
textiles in terms of weaving and observe the differences between
the two grafts under study (Fig. 8).

100pm

10.0kv SEI  sEM Transversal

Table 1
Determination of cross-section areas for textiles specimens with 50 mm width,
for tensile tests.

PET PET cross PET-LP PET-LP cross
section section area
area

Longitudinal 6 yarns/mm 221mm?  10.5 yarns/mm  1.94 mm?
direction

Transversal 6.2 yarns/mm  2.29mm?> 6.5 yarns/mm  1.20 mm?
direction

45° direction 431 yarns 449mm? 601 yarns 3.13 mm?

With the optical microscope and with the image processing
software it was possible to observe and measure the monofilaments
cross sections. It was observed that PET monofilaments present
an irregular polygon cross section (Fig. 5) while PET-LP presents
monofilaments with circular cross section, with diameter around
13.2 um as observed in Fig. 9-A. The observations done allowed
to determine that each PET yarn is composed of 54 monofilaments
with an average area of 136.6 wum?/each, thus each yarn has a
cross section area of 7376.4 wm?. It was also observed that each
transversal yarn of PET fabric in fact is made of two yarns with 27
monofilaments each (making 54 monofilaments in the total). Each
PET-LP yarn is composed of 27 monofilaments with 13.2 um of
diameter, thus each yarn has a cross section area of 3693.0 um?.
Due to the textile weaving, the yarns removed from the grafts
presented a weaved profile as observed in Fig. 9-B.

With the SEM equipment it was possible to observe the
woven surfaces and measure the bundles in the two directions.
PET presents bundles with a dimension around 171 pwm in the

Fig. 9. PET-LP Longitudinal sample: (A) fabric cross section observed by optical microscopy; (B) weaved profile of PET-LP yarns.
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Fig. 10. Determination of the yield stress (oy14) by the Coplan method, where the
first linear zone is intersected with the second linear zone of the curve obtained,
being the Yield stress determined by the intersection point.

axial prosthesis direction and 200 wm in the transversal direction
(Fig. 8A). PET-LP presents much more regular braiding with
bundles dimensions around 121 wm in the axial prosthesis direc-
tion and 130 pm in the transversal direction (Fig. 8B). Using an
image analysis software it was also possible to count the number
of yarns by mm and to estimate de textile cross section area in
specimens with 50 mm of width (tensile specimens), as presented
in Table 1. The cross section areas for the specimens making
45° with the main prosthesis axis were calculated estimating the
number of yarns in a width of 50 mm and considering that the real
yarn area subjected to tension is equal to the original yarn area
(perpendicular to the fibre axis) dividing by cos45°.

4.2. Tensile curves and properties determination

After testing the yarns and the textiles, the stress/strain curves
were plotted and the elastic modulus (E) was determined by the line
slope obtained by the interpolation of the points in the elastic zone.
The yield stress (oy1q) was determined using the Coplan method
[26,27] as observed in Fig. 10 and the rupture stress (og) was deter-
mined as the maximum stress achieved before the yarn/textile break
up. The rupture strain (er) was also determined, corresponding to
the yarn/textile strain at maximum stress.

Table 2

Mechanical properties obtained in tensile tests for PET and PET-LP yarns.
E[GPa]  oyq[MPa]  og [MPa] er [%]

PET longitudinal 2.69 #0497, *99 467.4 62 31.6 26

PET transversal 28805 904 81 4131 71 231 #47

PET-LP longitudinal ~ 2.41 %1 108.0 *8! 421.0%174 331 #40

PET-LP transversal 22092 109.3 #93 400.5 *17.1 30,1 #26

4.2.1. Tensile tests on yarns

In Fig. 11 it can be seen two of the graphics obtained, with the
tensile stress plotted as function of the applied axial strain (&), for
PET and for PET-LP yarns. Table 2 presents the average values,
with standard deviation, obtained in all the experiments.

As can be observed in Fig. 11-A, PET yarns presented 3 dif-
ferent slopes during deformation. The curve obtained is typical of
heat treated PET fibers. On the other hand, tensile tests done on
PET-LP specimens present four different slopes during deforma-
tion (Fig. 11-B). All specimens, of the some material, exhibited
the same behavior. As can be observed in Table 2 the fibers tested
exhibited high strength and a medium modulus. It was observed
that PET yarns exhibited some differences in the 2 prosthesis direc-
tions, mainly regarding the rupture stress attained, although yarns
present similar geometry in both directions. PET-LP yarns exhib-
ited similar behavior in both directions. It was observed that the
rupture stress was a beat higher for PET longitudinal yarns but
the maximum deformation achieved was a beat higher for PET-LP
longitudinal yarns. The yarns which exhibited higher elastic mod-
ulus were PET transversal yarns, which also exhibited the lowest
rupture strain.

The differences between PET fibers in the two prosthesis
directions, which can be observed in the graphic of Fig. 12,
can be attributed to different factors, namely: the use of plas-
ticizers usually on the weft direction; pre-tension on the warp
direction; textile folds that create localized kinks on fibers giv-
ing rise to localized defects, reducing yarns strength. Regarding
this last point, it was observed frequently that the rupture phe-
nomenon occurred in steps indicating progressive break of the
filaments, which resulted in a lower (nominal) rupture stress of
the yarn. This phenomenon was much more evident on PET
transversal fibers. In Fig. 13 it can be observed 2 SEM images
of PET yarns (longitudinal and transversal), taken from zones
where the prosthesis was folded. It can be observed larger surface
defects in the transversal yarn (Fig. 13-B) which can contribute

A PET yarn Tensile Test
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Fig. 11. Stress/strain graphics obtained, with tensile stress plotted as function of the applied strain &, for (A) PET and (B) PET-LP specimens.
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PET Yarns: Transversal vs longitudinal
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Fig. 12. Stress/strain graphics obtained, with the tensile stress plotted as function
of the applied strain &, for PET transversal yarns vs PET longitudinal yarns.

to the lower tensile strength and lower strain of PET transversal
yarns.

The difference on fiber properties observed, will contribute for
the anisotropic behavior of the graft textiles used for endovascular
applications.

Regarding the deformation development during the tests, it can
be observed that in the beginning a small curve appears, with low
stress applied, due to the fact that yarns were taken from woven
textiles presenting a waved profile (Fig. 9-B). The curve observed
correspond to the un-crimp of the fibers until they are completely
straight.

After the yarns are full straight it can be observed a first linear
zone corresponding to the elastic behavior of the polymer. Accord-
ing to the model presented in Section 2, fibers are composed by
an isotropic amorphous phase between crystallites. During the ini-
tial deformation, the isotropic amorphous chains unfold, giving
rise to an oriented amorphous phase. The increase in stress is also
attributed to the internal friction phenomena between chains and
their entanglements.

At the end of this linear zone appears a second linear zone with
lower slop pointing that the material entered in the plastic zone
(softening behavior). During this period the amorphous phase and
the crystalline blocks continue to align without needing to increase
the load significantly, until they are completely orientated (in the

W 10pm MicrolLab 3/2/2“
15.0kV SEX sz

Fig. 13. (A) SEM of a PET longitudinal yarn; (B) SEM of PET transversal yarn showing surface defects on monofilaments, in folded areas.

load direction). Also fine slip between crystallites may occur, as
occurs with other polymers like polyethylene [28]. The deforma-
tion it’s limited by the crystalline blocks that act as system nodes.

It can be observed that the second zone it is not much long
and a third zone appears with meaningful increase slop, which can
be attributed to the increase of crystallinity of the fibers due to
strong alignment of the polymer chains and increase of attraction
forces between molecular chains which leads to strain hardening of
the polymer. In this period all aligned chains are affected. Studies
done [29] show a crystallites densification and an increase of the
crystalline perfection.

For PET-LP yarns a forth zone appears, with lower slop, proba-
bly due to slippage between macrofibrils until maximum strain of
the chains is achieved and rupture occurs. Regarding PET fibers,
after the third zone, a very short plane zone appears and breaking
quickly occurs.

In literature, it is not consensual if zone 2 of the tensile curve
corresponds yet to the elastic regime or is already in the plastic
zone. To clarify this subject and as explained in Section 3.3, several
samples of PET-LP yarns (taken form the longitudinal prosthesis
direction) were loaded (and unloaded) until different stress lev-
els, namely: 75 MPa, 150 MPa and 275 MPa, which correspond to
points in the zones 1, 2 and 3 of the graphic of Fig. 11-B. In Fig. 14
the samples after unloaded can be observed.

As canbe observed in Fig. 14-A (o =75 MPa) no residual defor-
mation is observed, confirming that in this level the fiber is in the
elastic regime. In Fig. 14-B (o = 150 MPa) and 14-C (¢ =275 MPa)
it is observed that fibers exhibit a residual deformation, after
unloading, confirming that the plastic regime was already achieved
in zone 2. This observation confirms that the yield stress was well
established as the intersection point between zones 1 and 2.

The same procedure was applied to PET yarns, both in the
longitudinal and transversal prosthesis direction. After these ten-
sile tests, all of these samples were evaluated by DSC to study
the microstructure changes occurred due to the application of the
tensile stresses.

4.2.2. Tensile tests on textiles

The black dots marked in each specimen allowed the determi-
nation of the axial strains () and transverse strains (gy). Since
the Poisson coefficient is defined by v=—¢,/e,, from the strain
measurements, obtained with the video extensometer (in the

S 10pm Microlab 1/2/:“
15.0kV SEI  SEX
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Fig. 14. Yarn samples subjected to tensile tests and unloaded.

A Tensile Test - PET Longitudinal B Tensile tests - PET-LP Longitudinal
o - : \:

‘2 |, = 5000

¢ 3 X

4 . 5 -

o @ \

G = 3 15

< <

= # AN

-0,1 0,05 0 0,05 01 0,15 0,2 0,25 03 0,35 -0,2 -0,1 o 0,1 0,2 0,3 0,4
& Ex Ey Ex

Fig. 15. Stress/strain graphics obtained, with the tensile stress plotted as function of the applied &, and ¢y, for PET and PET-LP specimens.

elastic zone), the Poisson coefficients were determined for the
diverse textiles tested.

Samples taken with 45° to the prosthesis axis were also tested
for determination of the transversal elastic modulus (G).

InFig. 15 itcan be seen two of the graphics obtained, with tensile
stress plotted as function of the applied ¢, and ¢,, for PET and for
PET-LP. In Fig. 16 it can be observed a graphic obtained for a
specimen cut from the woven textile with 45° with the longitudinal
axis. In this graphic the stress (z,,) is plotted against the applied
strain (g,y). Since:

=G, & 1=G2e¢ 2)

Then, the graphic slope in the elastic zone is equal to 2G.

In Table 3 the average values obtained in all the experiments
are presented.

Analyzing Table 3 it can be seen that that PET textiles exhibited
very distinct behavior in the 2 prosthesis directions, although yarns
present similar geometry in both directions and the number of yarns
per mm is similar (see Table 1). This anisotropic behavior was
already observed when the fibers used for the textile production
were tested. Also the entanglements number and friction at contact
points will influence the properties in each direction.

On the other hand, PET-LP textiles present some anisotropy
but in a lower degree. In this case the anisotropic behavior was
already expected once the number of yarns in both directions is
much different, although fibers present similar properties.

Tensile tests 45°- PET
200

180

160

140

120

100

80

Shear Stress [MPa]

60

20

Xy

Fig. 16. Stress/strain curve with shear stress (txy) plotted against shear strain
(&xy) for a PET woven textile specimen taken with 45° with the longitudinal
axis.

On woven fabrics the Poisson ratios depend of yarn properties
and of the structural geometry of fabrics, being this parameter very
important to determine for accurate prosthesis behavior modeling
and for improve device design. The Poisson coefficient (v) deter-
mined in the elastic domain, exhibit high values as expected for
textiles, due to the rapid shrinkage of the samples in the transverse
direction of loading. However PET textiles exhibited higher values
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Table 3
Mechanical properties obtained in tensile tests for PET and PET-LP fabrics.
E [GPa] v G [MPa) oyid [MPa] or [MPa)
PET longitudinal 1.8 005 0.93 #0-14 173.65 +3.88 85.83 £349 448.99 +8.60
PET transversal 0.80 £0.04 0.74 +0.06 48.50 +7:12 333.85 +22.28
PET-LP longitudinal 1.66 017 0.43 £0.02 153.28 748 71.50 £4-14 390.30 £11:48
PET-LP transversal 1.49 £0.13 0.77 £0.03 92.50 894 325.69 +36.70
A PET-LP yarns B PET yarns
43 a ‘-\\
1 “—_\.—.\\/\& \ j
T —— E
E s 5
? 60 80 100 120 140 160 180 200 220 240 260 280 * 60 80 100 120 140 160 180 200 220 240 260 280
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e PET-LP s PET-LP 75 MPa PET-LP 150 MPa  w===PET-LP 275 MPa e PET long e PET 75 MPa. PET 150 MPa e PET 275 MPa

Fig. 17. DSC graphics (exo-up curves) of (A) PET-LP yarns and (B) PET yarns.

then PET-LP textiles. PET-LP samples when loaded in the axial
prosthesis direction showed a much lower Poisson ratio which is
relevant for the current application and evidence the advantages of
this kind of fabric.

The distinctive behavior of the textiles in the two prosthesis
directions can also be attributed to other factors already mentioned
in Section 4.2.1.

The folds observed in the transversal prosthesis direction cre-
ate localized kinks on fibers giving rise to localized defects as
mentioned earlier and observed in Fig. 13-B. It is observed that
specimens in this direction present always a higher standard devia-
tion in properties like yield strength and rupture strength, that could
be attributed to these folds.

4.3. DSC results

The specimens studied were subject to different stress levels
and then unloaded as indicated in Section 4.2.1. The yarns tested
were compared with yarns taken from the prosthesis without any
external stress applied.

In order to have enough mass for analytical measurement, 8
longitudinal yarns of PET-LP were used for each DSC curve.
Regarding PET yarns, 4 longitudinal were used. The yarns were
cut in small pieces and placed at the bottom of the crucibles to
increase the heat transfer. The mass of each material used during
the tests is indicated in Table 4.

Table 4
Mass of yarns specimens for DSC analyses.

Mass [mg]

PET-LP long PET long
Unloaded 1.408 3.589
Stress: 75 MPa 1.546 1.241
Stress: 150 MPa 1.705 1.213

Stress: 275 MPa 1.612 1.295

The DSC curves obtained, for PET and PET-LP longitudinal
yarns, are presented in Fig. 17 A and B.

From the graphics of Fig. 17 it is possible to determine the glass
transition temperature (Tg) and the melting temperature (Tm) for
the several yarns tested. From the area of the melting peak, the
melting enthalpy (AHy,) is calculated and based on equation 1 the
crystallinity ratio (Xc) is estimated (Table 5).

If we compare the glass transition temperature measured
(2171 °C) of unloaded fibers, with the one of the amorphous
bulk material (Tg around 80 °C, Tc around 137 °C and Tm around
227°C [12]) we see that it increase substantially. This observation
it is in accordance with the expected once the glass transition tem-
perature should increase as the degree of crystallinity increases,
due to stronger molecular bonds. Beside this, crystalline blocks
(crystallites) rigidify the material, which is the case of thermoplas-
tic fibers. On the other hand, some authors found that the fibers
melting temperature also increases when fibers are subjected to
tension. This raise it is attributed to the increase of orientation of
the amorphous phase [30]. However in our experiments the melt-
ing temperature was nearly the same, although higher than the one
found for amorphous PET in literature. Some studies [31] indicate
that the melting temperature of a 100% crystalline PET is about
280 °C which is higher than the one measured in our experiments

Table 5
DSC results for PET and PET-LP yarns.

Tg [°C] Tm [°C] AHp, [J/g] Xc [%]
PET-LP — unloaded 171.8 250.8 47.53 35
PET-LP — Stress 75 MPa 158.8 250.9 52.56 38.9
PET-LP — Stress 150 MPa 105.9 250.9 51.94 38.5
PET-LP — Stress 275 MPa 114.1 250.9 51.47 38.1
PET — unloaded 169.6 247.6 51.11 379
PET - Stress 75 MPa - 247.7 50.07 37.1
PET - Stress 150 MPa - 247.6 51.08 37.8
PET - Stress 275 MPa - 247.8 51.71 38.3
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(around 250 °C). The fact of the PET fibers analyzed in this study
are not completely crystalline is confirmed by the crystallinity ratio
measured, which was between 35% and 38.9%. Despite that, the
melting temperature of all samples was almost constant, the melting
enthalpy increased slightly in some cases, which indicates a small
increase of the crystallinity ratio (Xc) after the tensile load applica-
tion. However the maximum strain attained during load application,
was reduced for a polymer material (maximum 35%) which can
explain the low degree of crystallinity increase. The melting tem-
perature measured was between the values of amorphous PET and
high crystalline PET which agrees with the fact that the fibers
crystallinity was between 35% and 38%. Also, the fact that the
degree of crystallinity did not increase much during tension tests
(max 3.1%) explains why the melting temperature did not vary.
Some authors measured different melting temperatures, however it
must be taking in considerations that some additives and fabrica-
tion parameters change this property, which make difficult compare
PET fibers from different sources [32].

According to some studies [33], when the amount of crystalline
phase is small, two amorphous phases with differentiated confor-
mational mobility and consequently two distinct glass transition
processes can be observed. Some authors [34,35] reported that
when the degree of crystallinity (Xc) was within a definite range,
there were dual amorphous phases with quite different chain seg-
mental mobility: free amorphous phase with higher mobility and
constrained amorphous phase with lower mobility. The conforma-
tional mobility of the polymer chains in the amorphous phase of a
semi-crystalline polymer is restricted in the proximity of crystalline
blocks, as consequence Tg depends of the crystalline fractions and
its microstructure. Alves et al. [36] found double peaks in DSC
analysis of low crystallinity samples revealing two amorphous
phases, in annealed samples, as a consequence of two different
relaxation processes.

In the current study, contrarily to the expected, the glass
transition temperature decreased or became undetectable when
compared with the unload yarns. The PET-LP yarns with 75 MPa
stress (elastic regime) present a mild reduction on Tg, but the yarns
loaded with higher stresses showed a pronounced reduction of Tg.
Besides, the Tg event in those yarns is larger, indicating that two
different events next to each other, can be present, corresponding
to two distinct amorphous phases in the material, as reported in
other studies [36].

The specimens were loaded, unloaded and let rest free before the
DSC analyses. This gave time to molecular recovery and relaxation
phenomenon’s. These chain rearrangements are easier to occur in
the amorphous phases, namely in the mesamorphous and in the
amorphous oriented phase between crystalline blocks. This recov-
ery it’s not equal in both phases and can give rise to the appearance
of two Tg events, next to each other, corresponding to each one of
the phases mentioned.

In some samples Tg it was not detected. This result reveals that
the isotropic amorphous zone is considerably restricted between
the crystalline blocks and the amorphous orientated phase, making
the glass transition phenomenon undetectable, at least by DSC.

5. Conclusions

In the current study two kind of polyethylene terephthalate
fibers and two woven textiles, taken from stent-grafts used for

endovascular surgery were analyzed. Tensile tests done using a
non-contact video extensometer, in conjunction with yarn image
analysis, allowed precise strain measurements and accurate prop-
erties determination.

Traditional tensile tests of fibers and textiles don’t yield reli-
able data regarding the mechanical strength and stiffness of those
materials. The fibers are normally too thin to observe and very
delicate to handle when placing them in grips, requiring special
care and devices. Beside, usually due to small fiber dimensions
traditional strain measurements devices can’t be used and stress
can’t be calculated once the fiber diameter it isn’t well defined
neither the number of yarns (per mm) in a fabric. Many studies
present load/displacement curves, which limits the determination
of some mechanical properties. Using SEM coupled with image
analysis of the fibers cross sections, stress (during tests) can be
calculated and using non-contact video extensometry, strain can
be measured. These two techniques together allow determining
stress/strain curves, both for fibers and textiles, allowing a much
more accurate measurement of stiffness and strength for fibers and
fabrics.

These measurements are important for future performance
analyses by FEM and for defining improvements in materials selec-
tion and devices design, mainly in high performance devices for
biomedical application.

Fibers were taken from the longitudinal and transversal direc-
tions of the stent-graft devices. PET yarns presented 3 different
slopes during deformation and PET-LP specimens present four
different slopes during deformation (both in longitudinal and
transversal directions).

The fibers tested exhibited elastic modulus between 2.2 and
2.9 GPa and strengths between 400 and 470 MPa. The yarns which
exhibited higher elastic modulus were PET transversal yarns,
which also exhibited the lowest rupture strain. PET longitudinal
yarns presented the higher strength. Several surface defects were
observed in some fibers, mainly near folds areas, which contribute
to lower tensile strength of some yarns and high dispersion of
results.

Also, the tensile properties of the woven textiles were evalu-
ated in the axial and transversal direction and with 45° with the
longitudinal prosthesis axis. It was observed that the textiles of
PET and PET-LP exhibit very distinct properties and PET textiles
present a strong anisotropic behavior and high Poisson coefficients.
The woven textiles tested exhibited elastic modulus between 0.8
and 1.8 GPa and strengths between 325 and 450 MPa. PET tex-
tiles presented higher tensile strengths compared with PET-LP,
although during wear tests (done previously) PET-LP presented
a much better behavior.

It was observed an anisotropic behavior on PET-LP textiles
which was already expected once the number of yarns in both
directions is different. PET textiles also exhibit a distinct behavior
in the 2 prosthesis directions, although yarns present similar geom-
etry in both directions and the number of yarns per mm is similar,
however the entanglements number and friction at contact points
will influence the properties in each direction.

These results evidence that the performance of these kind of
textiles devices is not only controlled by the material properties but
also by the yarn dimension, geometry and textile weave, thus Finite
Elements Modeling should be developed at a lower scale analyz-
ing yarn interactions before macroscopic analysis. Also, several
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models consider that textiles on stent grafts have an isotropic
behavior which it is not real. The technique of non-contact video
extensometry allied with image analysis can be used to obtain more
accurate properties that can be used in future stent graft models.

Regarding DSC results, a glass transition temperature around
171°C was measured, which is higher than the one found in
literature for the amorphous bulk material (around 80 °C). This
observation it is in accordance with the expected once fibers
have some cristallinity and the glass transition temperature should
increase as the degree of crystallinity increases, due to stronger
molecular bonds.

The fibers crystallinity ratio (Xc) measured varied between 35%
(for unloaded PET-LP samples) until 38.9%. This results show that
the cristalinity increased for PET-LP fibers, due to loading. For PET
samples the differences in crystallinity ratio, between un-loaded
and loaded samples, were not meaningful.

Acknowledgements

This work was developed under a research Project found by
FCT, ref: MIT-Pt/EDAM-EMD/0007/2008.

The authors would like to acknowledge the support and expert
assistance of Dr. Duarte Medeiros from Egas Monis Hospital, to
Cook Europe for the materials supply and to Henrique Alves for
the illustrations.

References

[1] J. Parodi, J. Palmaz, H. Barone, Transfemoral intraluminal graft implan-
tation for abdominal aortic aneurysms, Ann. Vasc. Surg. 5-6 (1991)
491-499.

[2] G.S. Soor, et al., Aortic stent grafts, J. Clin. Pathol. (2008) 794-801.

[3] A. Major, R. Guidoin, G. Soulez, L. Gaboury, G. Cloutier, M. Sapoval, Y.
Douville, G. Dionne, R.H. Geelkerken, P. Petrasek, S. Lerouge, Implant
degradation and poor healing after endovascular repair of abdominal aortic
aneurysms: an analysis of explanted stent-grafts, J. Endovasc. Ther. 13
(2006) 457-467.

[4] K. Lombardo, Endovascular grafting of abdominal aortic aneurysms, J.
Vasc. Nurs. XV-3 (1997) 83-87.

[5] H. Beebe, Lessons learned from aortic aneurysm stent graft failure —
observations from several perspectives, Semin. Vasc. Surg. 16 (2) (2003)
129-138.

[6] N. Chakfe, F. Dieval, G. Riepe, D. Mathieu, I. Zbali, F. Thaveau, C. Heintz,
J.G. Kretz, B. Durand, Influence of the textile structure on the degradation
of explanted aortic endoprostheses, Eur. J. Vasc. Endovasc. Surg. 27 (2004)
33-41.

[7]1 A.Rodrigues, L. Figueiredo, J. Bordado, Abrasion behaviour of polymeric
textiles for endovascular stent-grafts, Tribol. Int. 63 (2013) 265-274.

[8] B.D. Ratner, A.S. Hoffman, F.J. Schoen, J.E. Lemons, Biomaterials Sci-
ence: An Introduction to Materials in Medicine, Society for Biomaterials,
Academic Press, 2013.

[9]1 M.E. Maitz, Applications of synthetic polymers in clinical medicine, Bio-
surface and Biotribology 1 (3) (2015) 161-176.

[10] A. Subramaniam, S. Sethuraman, Chapter 18-biomedical applications of
nondegradable polymers, in: S. Kumbar, C. Laurencin, M. Deng (Eds.),
Natural and Synthetic Biomedical Polymers, Elsevier, 2014, pp. 301-308.

[11] A. Vesel, N. Recek, H. Motaln, M. Mozetic, Endothelialization of poly-
ethylene terephthalate treated in SO, plasma determined by the degree of
material cytotoxicity, Plasma 1 (1) (2018) 12-22.

[12] Kong, Hay, The measurement of the crystallinity of polymers by DSC,
Polymer 43 (2002) 3873-3878.

[13] E.B. Gowd, Effect of Additives and Comonomers on Crystallization and
Solid State Polymerization of Polyesters (Ph.D. thesis), India, 2005.

[14] A. Peterlin, Structural model of mechanical properties and failure of crys-
talline polymer solids with fibrous structure, Int. J. Fracture 11 (5) (1975)
761-780.

[15] J.K. Keum, H.H. Song, Thermal deformations of oriented noncrystalline
poly (ethylene terephthalate) fibers in the presence of mesophase structure,
Polymer 46 (2005) 939-945.

[16] K.M. Gupte, H. Motz, J.M. Schultz, Microstructure rearrangement dur-
ing the heat-treatment of melt-drawn poly(ethylene terephthalate) fibers, J.
Polym. Sci.: Polym. Phys. Ed. 21 (1983) 1927-1953.

[17] D.H. Cho, et al., Formation of micro-crystals in poly(ethylene terephtha-
late) fiber by a short heat treatment and their influence on the mechanical
properties, Eur. Polym. J. 43 (2007) 3562-3572.

[18] J.K. Keum, et al., Orientation-induced crystallization of poly(ethylene
terephthalate) fibers with controlled microstructure, Polymer 49 (2008)
4882-4888.

[19] Keum, et al., Crystallization and transient mesophase structure in cold-
drawn PET fibers, Macromolecules 36 (2003) 9873-9878.

[20] C.Oudet, Contribution al’étude de I’endommagement par fatigue des fibres
de polyester a usage technique (Ph.D. thesis), Ecole des Mines de Paris,
1986.

[21] Herrera, Les Mecanismes de Fatigue dans les Fibres Thermoplastiques
(Ph.D. thesis), Ecole Nationale Supérieure des Mines de Paris, 2004.

[22] C.Lechat, A. Bunsell, P. Davies, A. Piant, Mechanical behavior of polyeth-
ylene terephthalate & polyethylene naphthalate fibres under cyclic loading,
J. Mater. Sci. 41 (6) (2006) 1745-1756.

[23] C. Oudet, Polymeres, Structure et propriétés: Introduction, Ed. Masson,
1993.

[24] J. Moura-Ramos, R. Taveira-Marques, H. Diogo, Estimations of the
fragility index of Indomethacin by DSC using the heating and cooling rate
dependency of the glass transition, J. Pharm. Sci. 93 (2004) 1503-1507.

[25] C. Le Clerc, Mecanismes Microstructuraux Impliques dans la Fatigue des
Fibres Thermoplastiques, PhD Thesis, Ecole des Mines de Paris, 2006.

[26] M.J. Coplan, WADC Technical Report, 53-21, United States Air Force.

[27] W.E. Morton, J.W.S. Hearle, Physical Properties of Textile Fibres, Fourth
Edition, The Textile Institute, Woodhead Publishing Limited, 2008.

[28] A. Sedighiamiri, L.E. Govaert, J.A.W. van Dommelen, Micromechanical
modeling of the deformation kinetics of semicrystalline polymers, J. Polym.
Sci. B: Polym. Phys. 49 (11) (2011) 1297-1310.

[29] A. Marcellan, A.R. Bunsell, R. Piques, Micro-mechanisms, mechanical
behaviour and probabilistic fracture analysis of PA 66 fibres, J. Mater. Sci.
38 (2003) 2117-2123.

[30] E.A. Turi (Ed.), Thermal Characterization of Polymeric Materials, second
edition, Academic Press, San Diego, CA, 1997.

[31] L.V. Todorov, Multiscale Morphology Evolution of PET and Its Nanocom-
posites Under Deformation (Ph.D. thesis), Portugal, 2010.

[32] A.E. Kisler-Rao, Comparison of Nylon, Polyester, and Olefin Fibers Using
FTIR and Melting Point Analysis, JASTEE 6 (1) (2015).

[33] J.C. Viana, N.M. Alves, J.F. Mano, Morphology and mechanical properties
of injection molded poly(ethylene terephthalate), Polym. Eng. Sci. 44 (12)
(2004) 2174-2184.

[34] J. Zhao, R. Song, Z. Zhang, X. Linghu, Z. Zheng, Q. Fan, A study of the
physical aging in semicrystalline poly(ethylene terephthalate) via differen-
tial scanning calorimetry, Macromolecules 34 (3) (2001) 343-345.

[35] W. Dong, J. Zhao, C. Li, M. Guo, D. Zhao, Q. Fan, Study of the amor-
phous phase in semicrystalline poly(ethylene terephthalate) via dynamic
mechanical thermal analysis, Polym. Bull. 49 (2002) 197-203.

[36] N.M. Alves, et al., Glass transition and structural relaxation in semi-
crystalline poly(ethylene terephthalate): a DSC study, Polymer 43 (2002)
4111-4122.



	Mechanical behavior of PET fibers and textiles for Stent-Grafts using video extensometry and image analysis
	1 Introduction
	2 Structure and behavior of PET fibers
	3 Materials and methods
	3.1 Specimens
	3.2 Microscopic and image analysis
	3.3 Mechanical tests procedure
	3.3.1 Yarn testing
	3.3.2 Textile testing

	3.4 DSC analysis

	4 Results and discussion
	4.1 Microscopic and image analysis
	4.2 Tensile curves and properties determination
	4.2.1 Tensile tests on yarns
	4.2.2 Tensile tests on textiles

	4.3 DSC results

	5 Conclusions
	Acknowledgements
	References


