[10] Bailey A I ,Hayati I, Tadros T.F, Investigations into the mechanisms of electrohydrodynamic
spraying of liquids. 1. Effect of electricfield and the environment on pendant drops and factors
affecting the formation of stable jets and atomization. Journal of Colloid and Interface Science 1987,

117, 205-221.

[11]Maneeprakorn W, Meejoo S, Winotai P, Phase and thermal stability of nanocrystalline
hydroxyapatite prepared via microwave heating. Thermochimica Acta 2006, No. 447, pp. 115-120

[12]Bernache-Assollante D, Champion E, Destainville A, Synthesis, characterization and thermal
behaviour of apatite tricalcium phosphate // Materials Chemistry and Physics 2003, No. 80, pp. 269 —
277

[13]Bernache-Assollant D, Champion E, Raynaud S, Calcium phosphate apatite with variable Ca/P
atomic ratio I. Synthesis, characterisation and thermal stability of powders. Biomaterials 2002, No 23,
pp. 1065-1072

[14]JHong S H, Jun Y K, Kwon S H, Synthesis and dissolution behaviour of - TCP and HA/B-TCP
composite powders. Journal of European Ceramic Society 2003, No. 23, pp. 1039-1045

[15]http://pubs.sciepub.com/wjee/3/4/1/figure/7

Sorumlu yazar:

Ad1 SOYADI: Erdi BULUS

Universite/Firma, Fakiilte, Boliim/Laboratuvar: Polimer Teknolojileri ve Kompozit Malzemeler
Ar-Ge Merkezi, istanbul Arel Universitesi, 34537 Istanbul, Tirkiye.

E-mail: erdibulus@arel.edu.tr

Bildiri Sunumu (Tiirkce/ingilizce): Tiirk¢e S6zlii Sunum yapmak istiyorum.



Caustic soda treatment of electrospun cellulose acetate nanofibers
for disperse dying

O Uslu, and H I Akyildiz, Y Aykut

Uludag University, Engineering Faculty, Textile Engineering Department, Nilufer, Bursa, Turkey, 16059
E-mail of the Presenting Author: aykut@uludag.edu.tr

ABSTRACT

Cellulose monoacetate nanofiber can be easily produced via electrospinning with desired morphology.
However for the use of nanofibers for different applications it is desired to functionalize the surface of
the fibers. Deacetylation of the acetate in order to change the surface chemistry is one way to enable
functionalization and various approaches has been utilized for this purpose. In this study, cellulose
monoacetate nanofibers were prepared via electrospinning method. As-spun nanofibers were treated
with aqueous coustic soda solutions at different concentrations to vary the degree of acetylation in the
nanofibers. As spun and coustic soda treated nanofibers were morphologically analyzed with electron
microscopy (SEM). Degree of deacetylation was investigated with Fourier transform infrared
spectroscopy (FTIR), which showed changes in the chemical structure of the polymer upon the coustic
soda treatment. Thermal analysis of as-spun and coustic soda treated CA nanofibers were carried out
with DSC method. Effect of caustic soda on cellulose acetate dying were carried out by dying as-spun
nanofibers with a disperse dye and obtained reflectance values for interpretation.

INTRODUCTION

Nanofibers are promising materials which have very surface area to volume ratio. High specific
surface are enhance the device performance to several order of magnitude when they are used in a
specific device. Nanofibers have been produced from diversity of materials such as ceramics,
polymers and metals and used for very broad applications including biomedical, energy and filtration
(1). Silk fibroin (2), polyvynile alcohol (3), and poly (acrylonitrile-co-maleic acid) (4) nanofibers had
been produced via electrospinning technique. Cellulose is a natural and obtained from variety of
different sources such as tree, cotton and bacteria (5). Producing cellulose nanofibers is very
challenge, because solubility of natural cotton is very difficult. Cellulose acetate can be dissolve in an
appropriate solvent. When CA is dissolved with a proper molecular weight and concentration, the
solution can be electrospun nanofibrous structure. Then, as-spun CA nanofibers can be converted to
cellulose nanofibers by deactylatin. There are various deactylation techniques in the literature such as
NaOH(6), by fluorination (7) , benzene/acetic acid/water system (8), metal salt(9), etc. Preperation of
cellulose based nanofibers have been reported by different studies in the literature. (5,10,11). Prasetyo
et al. treated cellulose acetate to properly functionalize with laccase and the removal of toxic
combustion products (12). Cellulose acetat nanofibers dying with disperse dyes were conducted by
Khatri et al. (13). In this study, we fabricated cellulose acetate nanofibers, and treated as-spun
nanofibers with coustic soda. As-spun and coustic soda treated CA nanofibers were characterized with
SEM, FTIR and DSC methods. Effect of caustic soda on cellulose acetate dying with disperse dyes
were carried out.

EXPERIMENTAL

Materials: Cellulose monoacetate (CMA, Aldrich, Mn~30.000), coustic soda, acetone and distilled
water were used as chemical.

Methods: Multi nozzle electrospinning process was conducted to produce CA nanofibers. Schematic
illustration of multi nozzle electrospinning is demonstrated in Figure 1. 15 wt% of CA/aseton solution
is perpared by magnetically stirring for 24 hours in an ambient condition. Then the stock solution was



loaded in a plastic syringes fitted with a stainless steel needle. Cylindrical grounded collector was
stayed in front of the needle where polymer soltion is fet. After applicaiton of high voltage polymer
droplets were ejected to the collector, acetone was evaporated and the dried CA nanofibers were
collected on the cylindrical collector.

Grounding

. “High Voltage

ES Solution

Multi Nozzle Syringe System

Figure 1. Schematic illustration of multi nozzle electrospinning system.

Different concenration of coustic soda/water solutions were prepared in seperated glass vials in an
ambient condition. As-spun nanofibers were soaked in the prepared soltions and stayed about 15
seconds then washed with deionized water several times and dried for characterizaitons. Morphologies
of nanofibers were analysed with a scanning electron microscopy (SEM). Chemical analysis were
conducted with an attenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR).
Thermal characterizations were carried out by differential scanning calorimeter (DSC). For dying
samples, as-spun nanofibers were coated on cotton weaved fabrics for an appropriate dying. Because
only cellulose acetate were dyed with the disperse dye, weaved cellulose fabric substrate was selected.

Dying start at room temperature and temperature gradually increase up to 130 °C in 45 minutes. When
the temperature reached to 130 °C, samples were taken from the dying chamber and gentely washed
with cold water. Then, the samples were dried and reflectance measurement were conducted.

RESULTS and DISCUSSION

Morphological analtsis of as-spun and coustic soda treated cellulose acetate nanofibers were condected
by SEM imaging technique and demonstrated in Figure 2. As seen from Figure 2A and 2B, as-spun
CA nnaofibers show uniforms 3D nanofibrous networking structure in a mat. When as-spun Ca
nanofibers were treated with coustic soda, fiber uniform is lost and fiber morphology transforms to
fuzzed structure (Figure 2C and 2D). Avarage fibers diameter increases after cosutic soda treatment,
since the fibers swell and damage a little bit.
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Figure 2. SEM images of (A, B) CA nanofibers, (C, D) coustic soda treated CA nanofibers.
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Figure 3. ATR-FTIR and DSC spectra of pure and coustic soda treated CA nanofibers: (A) Left
graph: ATR-FTIR Spectra, and (B) Rigth graph DSC spectra.

Figure 3(left) shows FTIR spectra of the produced pure abd coustic soda treated CA nanofibers,
respectively. In pure CA nanofibers, strong peaks at 1739 cm-1 (C=0 from acetyl groups) which is an
carbonyl absorbtion band correspond to acetyl group. Also, peaks at 1037 and 1222 cm™ (C-O-C),
and 1369 cm™ (C-CH;) come from CMA nanofibers (14). There is no distinctive difference between
the neat CA and coustic soda treated CA nanofiber samples. The intensity band between 3000-3750
(OH group) increase with cpostic soda treatment. DSC thermograms of the as-spun and coustic soda
treated CA nanofibers were recorded at temperatures ranging from 25 to 300 °C and demonstrated im
Figure 2 (right). The freshly electrospun CMA nanofibers exhibit a relatively strong exothermic peak
centered at ca. 230 °C, which is associated with Tm of CA NFs (15). Tg of CA observed at around160
°C (16). With coustic soda treatment CA nanofiber Tm go higher and Tg go to lower temperature.
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Figure 4. Percent reflectances of cellulose acetate nanofiber coated cotton fabric caustic soda treated
and dyed with a blue disperse dye: a) pure, b) low caustic, ¢)middle concentration of caustic, and d)
high concentration caustic treatment before dying.

When the reflectance values were compared, reflectance values of all the samples are close to each
other except low concentration of caustic treated sample. A little enhancement was observed for low
concentration of caustic treated sample and a very small reduction of reflectance value was observed
at high concentration of caustic treated sample. It can be speculated that low concentration of caustic
treatment to cellulose acetate nanofibers before disperse dying is preferable. On the other hand, it
should be avoided high concentration caustic treatment of cellulose acetate nanofibers because
nanofibers are destroyed and their uniformity can be totally lost.

CONCLUSIONS

Cellulose acetate nanofibers successfully produced in an ambient condition via electrospinning
technique by using acetone as solvent. As-spun nanofibers were treated with coustic soda. SEM
images reveals that coustic soda treatment causes to conversion of uniform nanofibers morphology to
fuzed structure. After investigating FTIR results, no distinct deactylation were observed as-expected.
DSC result reveals that Tm decrease and Tg increases with caustic soda treatment. Reflectance values
of pure, low, mid and high caustic soda concentration treated cellulose acetate nanofibers were close
to each other.
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OZET

Bu calisma kapsaminda grafen oksit nanomateryali modifiye edilmis hummers metodu ile iretilmis ve
FT-IR analizi ile karakterizasyonu saglanmigtir. Uretilen grafen oksit, monofilament iplik yiizeyine
daldirma yontemi ile 4 farkli daldirma sayisinda kaplanmis, bdylece ylizeye tutunan grafen oksit
miktariin degisiminin monofilament ipligin 6zelliklerine etkisi arastirilmistir. Grafen oksit, kaplama
isleminin ardindan ¢ok adimli indirgeme yontemi ile lif ylizeyinde grafene doniistiiriilmiistiir. Bu
indirgeme c¢aligsmasi sirastyla kimyasal ve termal indirgeme yontemleri araciligiyla gerceklestirilmis ve
grafen oksit lizerinde bulunan fonksiyonel gruplarin uzaklasmasi saglanarak iletkenlik 6zelliklerinin
gelismesi saglanmustir. Uretilen ipliklerin daha sonra optik, elektriksel ve goriintii analizleri
gerceklestirilecektir. Caligma kapsaminda {iiretilen ipliklerin giyilebilir tekstiller ve siiper kapasitorler
icin elektrot olarak kullanilabilecegi 6ngoriilmektedir.

Investigation of electrical, optical and morphological properties of
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ABSTRACT

In this study, graphene oxide nanomaterial was produced by modified hummers method and
characterized by FT-IR analysis. The graphene oxide produced was coated with 4 different dipping
numbers by immersion method on the monofilament yarn surface so that the effect of the amount of
graphene oxide adhering to the surface on the properties of the monofilament yarn was investigated.
Graphene oxide is transformed into graphene on the fiber surface by the multi-step reduction method
after coating. This reduction work was carried out by means of chemical and thermal reduction
methods, respectively, and the conductivity properties were improved by the removal of the functional
groups on the graphene oxide. The produced yarns will then be subjected to optical, electrical and
image analysis. It is envisaged that the yarns produced in the scope of the study can be used as
electrodes for wearable textiles and supercapacitors.

1. Giris

Grafen iki boyutlu oldugu kabul edilen ve karbon atomlarinin altigen balpetegi 6rgiisiinde kusursuz
olarak dizilmesi ile olusan bir nanomateryaldir[1]. Sahip oldugu genis ylizey alani, elektriksel
iletkenlik, mukavemet ve yiiksek 1s1l iletkenlik gibi iistiin 6zellikler ile grafen bir ¢ok uygulama alan
bulmustur[2]. Uretim yontemlerindeki gesitlilik ve kolay iiretilebilirlik de grafen nanomateryalinin
yayginlagmasinda 6nemli bir etken olarak diistiniilebilir. Tekstil sektorii de grafen ve grafen oksit



nanomateryalinin kullanim alanlarindan birini olusturmakta ve literatiir incelendiginde liften kumasa
ve bitim islemlerine kadar bir ¢ok c¢alisma adiminda farkli fonksiyonel o6zellikler saglamak igin
kullanildig1 goriilmektedir[3-5]. Bu kullanimlarin baslicalar1 tekstil yilizeyine iletkenlik saglamak,
mukavemet Ozelliklerini iyilestirmek ve oksitlenmis grafen formuyla tekstil ylizeylerine
antibakteriyellik saglamak olarak 6zetlenebilir[6].

Bu ¢alismada grafen oksit nanomateryali sulu ¢6zelti halinde daldirma ydntemi esasina gore poliamid
monofilament iplige uygulanmistir. Uygulama sonucunda monofilament iplige ait optik, elektriksel ve
morfolojik degisimler arastirilmistir. Caligma sonucunda monofilament ipliklerin iletkenlik 6zelligi
kazandig tespit edilmis ve optik 6zelliklerindeki degisimler analiz edilmistir.

2. Materyal ve Metod
Grafen oksit sentezi

Grafen oksit, grafit hammaddesinden modifiye edilmis hummers metodu ile iiretilmistir. Bu metoda
gore ilk 9:1 oranin siilfiirik asit ve fosforik asit karigimi hazirlanmistir. Ardindan bu karisima 3 gr
grafit tozu eklenmis ve bir siire homojenlesmesi beklenmistir. Daha sonra 1:6 grafit / potasyum
permanganat orani olusturacak sekilde (18 gr) potasyum permanganat buz banyosu igerisine alinan
karisima yavas yavas eklenmistir. Potasyum permanganat ilavesi tamamlandiginda ¢ozelti 1sitmalt
karistiricr tizerine alinmis ve 50 derece sicakliga isitilmigtir. Bu karisim en az 12 saat sabit karigtirma
altinda beklenmistir. Son olarak eklenen 3 ml Hidrojen peroksit ile reaksiyon sonlandirilmistir.
Uretilen grafen oksit santrifiij ile pH 6.5-7 araligina ulagincaya kadar saf su ile yikama yapilmis
ardindan karakterizasyon islemlerine ge¢ilmistir.

Poliamid monofilament iplige grafen oksit nanomateryalinin uygulanmasi

Uretilen grafen oksit nanomateryali poliamid monofilament iplige daldirma metodu ile uygulanmistir.
Daldirma sayis1 degisken olarak kabul edilmis ve 1, 3, 5 ve 7 defa daldirma yapilarak farkli kalinlikta
kaplamalar elde edilmistir. Her bir deney 6 defa tekrarlanmis ve bu 6 numunenin yaris1 grafen oksit
kapli poliamid monofilament olarak analiz edilirken, kalan yarisina ¢ok adimli indirgeme islemi
uygulanmistir. Hazirlanan deney seti tablo 1’de verilmistir.

Tablo 1: Hazirlanan deney seti

Daldirma Grafen oksit kaph indirgeme islemi
sayis1 numune sayisi uygulanmis nunume sayisi
0 3 3
1 3 3
3 3 3
5 3 3
7 3 3

Grafen oksitin Poliamid yiizey iizerinde indirgenmesi

Uretilen numunelerin indirgenmesi islemi askorbik asit ile yapilmistir. Askorbik asitin 1 molar
konsantrasyona kadar poliamide zarar vermedigi goriilmiistir. Indirgeme icin 400 milimolar
konsantrasyonda ¢6zelti hazirlanmig ve iiretilen numuneler 90 derece sicakliktaki bu ¢ozeltiye 5’er
dakika daldirilmistir. Daldirma sonrast numune renklerinin kahverengiden siyaha dondiigi
gorlilmistiir. Ardindan 120 dereceye ayarlanmis firinda 15 dakika isitma islemi ile indirgeme
tamamlanmistir.

3. Sonuglar



Uretilen grafen oksite ait FT-IR spektrumu sekil 1°de goriilmektedir. 3200 cm™ dalga sayisinda —OH
vibrasyon piki, 1782 c¢cm™’de C=0 piki, 1619 cm™’de C=C vibrasyon piki, 1362 cm™’de C-O piki
goriilmektedir. Sonuclar irdelendiginde grafit hammaddesinin basarili bir sekilde oksitlendigi
goriilmektedir.
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Sekil 1: Grafit ve grafen oksit FT-IR spektrumu.
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Sekil 2: Grafen oksit ve indirgenmis grafen oksit FT-IR spektrumu.

Sekil 2°de grafen oksitin askorbik asit ile indirgenmesinden sonraki FT-IR spektrumu goriilmektedir.
Sekilde goriildiigii gibi fonksiyon gruplarin indirgeme islemi sonunda uzaklagtirilarak basarili bir
sekilde indirgendigi gortismektedir.

Uretilen Grafen oksit ve indirgenmis grafen oksit kapli numunelerin goriintiisii sekilde verilmistir.
Yiizeyde tutunan grafen oksit miktar1 arttikg¢a ipliklerin goriinlimiiniin agik kahve rengiden koyu
kahverengiye doniistiigii, indirgeme islemi ardindan ise griden siyaha doniistiigii goriilmektedir.



Sekil 3: (A) 7, (B) 5, (C) 3 ve (D) 1 defa daldirma islemi uygulanmig numuneler
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ABSTRACT

Textile is a slightly new application area for piezoelectric materials which are capable of converting
mechanical energy to electrical energy and vice versa. The reason is that some of them are not
amenable for use in large surface areas or in complex shapes. However, polymeric materials are good
candidates for production of large surface areas and any shapes. Their high mechanical strength and
high impact resistance makes them desirable for a number of applications. In this work, the production
of tourmaline (TM) added polypropylene (PP) has been given in details. The direct piezoelectric
properties of PP/TM filaments have been investigated. TM nanoparticles were dispersed into the PP
polymer via a twin-screw melt compounder for production of PP/TM masterbatches which were then
extruded from melt and poled simultaneously to form piezoelectric filaments. The poling of the
polymers was carried out in drawing area, at an elevated temperature. The filaments were subjected to
a high voltage while they were being stretched in drawing area. The thermal characteristic of the
produced filaments were studied via a Differential scanning calorimetry (DSC). The crystallinity of
the materials were calculated. Produced piezoelectric filaments were then sandwiched in between two
aluminium sheets and subjected to an impact. The voltage generation characteristics of poled pristine
PP and PP/TM filaments were comparatively investigated. The results confirmed that both polymeric
filaments exhibited piezoelectric property after poled at certain conditions and generated voltage when
subjected to an external stimulus. However, peak voltage generation of PP/TM filaments was recorded
to be slightly higher than that of pristine PP filaments. It can be concluded that since produced
materials are in filament form, flexible light weight and easy to process, they can be easily used to
produce textile structures for energy harvesting smart textile applications.

INTRODUCTION

Due to the increase in global population and development of electronic devices with several functions,
energy demand increases dramatically. Researchers from various disciplines have been working on the
production of efficient and effective renewable energy to eliminate or at least decrease the amount of
coal and oil used. Renewable energy can be produced by certain smart materials which can convert
environmental stimuli to electrical energy. These external stimuli can be pressure, temperature,
vibration, wind, light and so on.

Piezoelectric materials are one of those smart materials which can convert different types of applied
stimulus to electrical energy. Materials with piezoelectricity are able to convert mechanical energy to
electrical energy and, conversely, electrical energy to mechanical energy. This phenomenon was first
discovered by Curie brothers in 1880 [1]. What they first discovered was “direct piezoelectric effect”
which states formation of an electrical charge as a result of applied mechanical energy.

The molecular structure of a piezoelectric material is oriented such that the material exhibits a local
charge separation, known as electric dipoles which are randomly oriented in man-made piezoelectric
materials. The orientation of these electrical dipoles are more uniform in naturally occurring
piezoelectric material while man-made piezoelectric materials such as ceramic-based and polymer-
based piezoelectric materials need to be undergone certain mechanical, electrical and thermal
conditions. Due to the application of a strong electrical field, electrical dipoles in a ceramic and/or
polymer material reorient themselves. This process is called as poling. Once the polarisation is



extinguished, the electric dipoles maintain their position as shown in Figure 1 and the material exhibits
piezoelectric effect. It should be noted that the alignment of the dipole moments may not be perfectly
straight since each domain may have several allowed directions.
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Figure 1. Orientation of dipoles, (a) random orientation of dipoles, (b) orientation of dipoles during
polarisation, (c) remnant polarisation after the electric field is extinguished.

Four essential criteria for piezoelectric behaviour were reported by Broadhurst et al. [2] that are (1)
presence of molecular dipoles, (2) the ability to align the dipole moments, (3) the locking-in of dipole
alignment and its subsequent stability and (4) the ability of the material to strain with applied stress.
However, it should be noted that these dipoles can keep their alignment unless they are heated to Curie
temperature (Tc). This is the temperature at which polarisation is lost and the dipoles becomes
randomly oriented again.

Materials which exhibit piezoelectric effect inherently are some natural materials and crystals. Efforts
on practical application of piezoelectric materials were mainly made in the beginning of the 20th
century, more particularly during the World War 1. One of the early applications was a transducer
made of piezoelectric quartz for underwater echo ranging and depth sounding to detect submarines [3]
that became a commercial product in Great Britain and the United States after the War. Other
application examples of piezoelectric crystals are including but not limited to loudspeakers,
microphones, telephone receivers, photograph pick-ups etc. [4].

In the mid of 18" century, it was discovered that some ceramics could be made piezoelectric when
subjected to a large electric field at an elevated temperature while the first discovery of the man-made
piezoelectric polymers was announced by Kawai in 1969 [5] although it had been considered earlier
by Brain [6] and Fukada [7]. It was expected that polymeric piezoelectric materials would overcome
the drawbacks of ceramic-based piezoelectric materials due to having high mechanical strength and
high impact resistance.

Polypropylene (PP) is a thermoplastic polymer with a repeating unit of [-CH,—CH(CHj3)—]. It is also
one of the most widely used polymer due to its high durability, high mechanical strength, temperature
resistance, good chemical resistance. PP can be found in three types; atactic, isotactic and syndiotactic
[8-10]. Isotactic PP is a polymorphic semi-crystalline material with an intermediate level of
crystallinity which is highly dependent upon the temperature of the melt and processing conditions.

Three known crystalline forms of isotactic PP are alpha (a-), beta (B-) and gamma (y-) phases [11-13].
The most prevalent crystalline form in commercially available isotactic PP is non-polar a-phase. With
the use of special processing conditions such as a drawing and poling, polar phases, - and y-, can be
achieved. Piezoelectric effect of polymeric materials is much related to the degree of polarisation
achieved. A strong electric field should be applied to the polymer at an elevated temperature in order
to induce polarisation [14]. However, other factors, like addition of different particles, can have an
effect to influence the piezoelectric property of a polymeric material.

In this study, tourmaline (TM) nanoparticles were added into PP polymer via a twin-screw melt
compounder for production of PP/TM masterbatches. Prepared masterbatches were then extruded from



melt and poled simultaneously to form piezoelectric filaments. The PP/TM polymer composite
monofilament was polled at an elevated temperature in drawing area. Applied DC high voltage was
15kV for the polarisation process. Produced piezoelectric monofilaments were characterised by using
FTIR and DSC. The crystallinity of the materials were calculated from the melting enthalpies
collected from DSC thermograms. Small samples were produced by aligning piezoelectric
monofilaments between two aluminium sheets and the samples were subjected to an impact. The
voltage generation characteristics of poled pristine PP and PP/TM filaments were comparatively
investigated.

EXPERIMENTAL
Materials

Polypropylene is a thermoplastic polymer consisting carbon and hydrogen atoms with a chemical
formula of (Cs;Hg),. PP pellets with 171°C melting point, 25g/10min (230°C/2.16kg) melt flow rate
and 34cm’/10min (230°C/2.16kg) melt volume flow rate used for piezoelectric fibre production were
provided by Lyondellbasell Polymers.

Tourmaline is a crystal material which is known as inherently piezoelectric. However, only limited
works and information are available for its piezoelectric effect. Tourmaline powder used in this study
was obtained from Shanghai HuZheng NanoTechnology Company (China).

Methods

PP/TM masterbatches containing 1% TM into polymer matrix was prepared by using a twin-screw
melt compounder [15]. The temperature of the heating zone, consists of six parts, is increased
gradually from 170°C to 210°C. The torque of the double-screw needs to be kept below 80% to avoid
any blockage. Therefore, the parameters applied for compounding were 10% feeding rate and 250 rpm
twin-screw rotation speed which helps to keep the torque below 80%. PP granules and TM particles
were fed together to the compounder. Granular polymer melts during the travel in six temperature
controlled zones including feeding barrel and the die. TM particles get dispersed into the molten
polymer between feeding unit and the die. Extruded single filament passes through a cold water bath
for cooling and then dried via a blower just before the cutting unit where the single filament is cut into
small pieces as granules. Produced masterbatches were then dried at 80°C in the oven for 2 hours.

The actual piezoelectric filament production took place in a laboratory scale melt extruder. Detailed
information on piezoelectric filament production from thermoplastic polymers can be found elsewhere
[15-19]. In this study, high voltage applied to the filaments during polarisation was 15kV in the
drawing area where the filaments were stretched 250% of their original length. The same parameters
were also used to produce pristine PP filaments.
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Figure 2. Schematically display of the experiment carried out to investigate the voltage outputs of the
samples when subjected to the same impact created by a rotational mass.

Mechanical and thermal properties of the produced filaments were investigated via a tensile test
equipment and a DSC, respectively. The obtained results for both pristine PP and PP/TM filaments



were comparatively studied. Voltage generation characteristic of the filaments were investigated by
using a homebuilt equipment which provides a rotational impact onto the test sample as shown in
Figure 2. The speed of the rotational impact provider unit could be controlled via the bottom on the
top of it. For a comparative investigation, the speed of the rotational unit was fixed first and then the
samples were located one by one. The voltage generated as a result of applied impact was recorded via
an external storage device.

RESULTS and DISCUSSION

Pristine PP monofilaments and PP/TM monofilaments containing 1wt% of TM were produced to
investigate the effect of draw ratio on tensile strength, crystallinity and voltage output of produced
filaments. Obtained results from each test and experiment have been discussed in this section. Some
mechanical properties of the filaments were tested via a tensile test equipment and the obtained result
were given in Table 1.

Table 1. Some mechanical properties of produced monofilaments

Units Pristine PP monofilament | PP/TM monofilament
Elongation % 150.04 105.28
Force cN 246.12 270.01
Tenacity cN/tex 14.55 15.63
Count tex 16.91 17.28
Breaking time sec 30.20 21.17

The count of the filaments were calculated by weighing the certain length of the filaments. Ten
measurements were done for each type of filament and the average was taken as the count which was
recorded as 16.91 tex for pristine PP and 17.28 tex for PP/TM filaments. Calculated counts were used
as inputs for the tensile test equipment. Other values were directly taken from the tensile test
equipment after ten measurements were conducted for each type of sample. As seen in the table,
tenacity of PP/TM monofilaments were recorded as 15.63 cN/tex while pristine PP showed slightly
lower tenacity, 14.55 cN/tex. However, general expectation is to see lower tensile properties of a
filament when particles are added into polymer structure since they cause discontinuity.

Temperature dependent behaviours of the filaments were investigated under a DSC. The thermal test
was carry out between -50°C and 200°C with 10°C increment per minute for each sample. Results
such as melting temperature and melting enthalpy of the samples were obtained from the thermogram
and the degree of crystallinity for each sample was calculated from the melting temperature (Tm),
melting enthalpy (AHm) and degree of crystallinity (Xc) of the filaments. The results are given in
Table 2. Tm and AHm were directly taken from DSC while Xc was calculated via the standard heat of
crystallinity for 100% crystalline PP.

Table 2. Thermal characteristics of the filaments; melting temperature and melting enthalpy values
were obtained from DSC, degree of crystallinity was calculated.
Melting Temperature Melting Entalphy Degree of Crystallinity
0,

Tm (°C) AHm (J/g) %o
Pristine PP 163.6 77.39 37.02
PP/TM 163.2 85.24 40.78

As it can easily be detected from the Table 2 that an addition of TM particles has an influence on the
degree of the crystallinity of the filaments due to the change in melting enthalpy. However, for further
phase identification of the filaments an XRD analysis could be carried out since XRD provides the



information about the materials including but not limited to crystallinity, crystal structure of the
material with interatomic distances and bond angles of the atoms, phase identity, phase purity etc.
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Figure 3. Voltage responses of produced samples under an applied rotational impact

A light impact created by a rotational mass was applied onto the prepared fiber composite samples for
investigation of voltage response of the filament. Samples were immobilized from one end, where it
was connected to the oscilloscope, and the other end was left free for oscillation. The data obtained
from oscilloscope was recorded in an external data storage device. The voltage output results are given
in Figure 3. Rotational impact test results showed that, addition of TM particles had an effect on
voltage generation of the poled PP filaments. The comparison was done on the peak voltage output
values of the samples. It was observed that the highest peak voltage generated by the sample
containing PP filaments which was recorded as was 280mV while the highest peak voltage generated
by the sample containing PP/TM filaments was recorded as 320mV.

CONCLUSIONS

In this study, PP and PP/TM monofilaments were produced via a laboratory scale melt extruder with a
polarization unit placed in the draw zone. Production parameters were kept the same for both PP and
PP/TM monofilament production. 250% stretching and 15kV high DC voltage were applied to the
filaments at a temperature of about 80°C. Tensile properties, crystallinity behavior and voltage
response of the filaments were investigated. Comparative study on voltage outputs of the samples
showed that samples produced from PP/TM monofilaments showed higher peak voltage generation
than sample prepared from PP monofilaments. The peak voltage generation values were 280mV and
320mV for PP samples and PP/TM samples, respectively. It can be concluded that the voltage
generation characteristics of PP piezoelectric materials can be contributed further with addition of
appropriate additives. Since produced filaments showed acceptable mechanical properties, they can
easily be used into textile structures for energy generating smart applications.
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Lif Destekli Iletken PUR Kompozit Malzemelerin
Tasarim ve Uretimi

Design and Production of Fiber-Reinforced Conductive PUR
Composite Materials
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OZET

Calismanin amaci, iletken elyaf ve/veya iletken parcaciklar ile desteklenmis elektromanyetik koruma
etkinligi yliksek malzemeler tasarlamak ve gelistirmektir.

Bu amag¢ dogrultusunda, poliiiretan (PUR) matrisli kompozit paneller tasarlanmig ve iiretilmistir. Bu
caligmada tiretilen kompozit malzemelerde takviye elemani olarak, karbon elyafi ve/veya nanokarbon
metal tozlari kullanilmistir. Uretilen kompozit panellerin elektromanyetik koruma etkinlikleri
belirlenmis olup, bunun yani1 sira SEM goériintiileri alinmis ve birim agirliklar: ile kalinliklar1 da
saptanmigtir. Elektromanyetik koruma etkinligi testleri, Elektromanyetik Koruma Etkinligi Olgiim
Kutusu (Clean room, Faraday Kafesi, Test Kutusu) kullanilarak ‘levha-plaka 6l¢lim teknigi’ ve
modifiye edilmis ‘MIL-STD-285 test metodu’ na gore 27 MHz-6 GHz frekans araliginda
gergeklestirilmigtir.

Calisma sonucunda, kalinliklar1 3-9 mm ve yogunluklar1 0,61-1,6 g/cm 2 arasinda degisen kompozit
paneller elde edilmistir. Yapilan testler neticesinde, her kompozitin farkli frekanslarda etkin olduklari
belirlenmistir. Her malzemenin farkli frekanslarda etkin olmasi, malzemelerin sahip olduklari
ozellikler neticesinde farkli davranislar sergilediklerini ortaya koymustur. 27 MHz-6 GHz frekans
araliginda yapilan elektromanyetik ekranlama testlerde; kompozitlerden, 22 dB ile 83 dB arasinda
degisen koruma degerleri elde edilmistir. Bu yapilarin insaattan, tip, havacilik ve uzay bilimlerine
kadar pek ¢ok alanda kullanim olanagina sahip olacag: diisiiniilmektedir.

Anahtar kelimeler: Elektromanyetik kalkanlama, elyaf, polimer, kompozit, carbon

ABSTRACT

The aim of the work is to design and develop high-quality materials with electromagnetic shielding
effect supported by conductive fibers and / or conductive particles.

For this purpose, polyurethane matrix composite panels have been designed and produced. Carbon
fiber and / or nanocarbon metal powders were used as reinforcements in the composite materials
produced in this study. The electromagnetic shielding activities of the composite panels produced were
determined, as well as SEM images were taken and their unit weights and thicknesses were
determined. Electromagnetic protection effectiveness tests were carried out in the frequency range of
27 MHz-6 GHz according to the 'plate-plate measurement technique' and the modified '"MIL-STD-285
test method' using the Electromagnetic Conservation Activity Measurement Box (Clean room, Faraday
Cage, Test Box).

As a result of the study, composite panels having thicknesses of 3-9 mm and densities of 0.61-1.6 g /
cm 2 were obtained. As a result of the tests made, it was determined that each composite is effective at
different frequencies. The fact that each material is active at different frequencies reveals that the
materials exhibit different behaviors due to the properties they possess. Electromagnetic shielding tests
conducted on the frequency range 27 MHz to 6 GHz; Composites, protection values ranging from 22
dB to 83 dB were obtained. These constructions are thought to have many uses for the field, ranging
from architecture to medicine, aviation and space sciences.

Key words: Electromagnetic shielding, fiber, polymer, composite, carbon



GIRIS

Cok biiyiik bir hizla gelisen teknoloji bazi olumsuzluklari da beraberinde getirmektedir. Giinliik
hayatimizda karsilagtigimiz radyasyon kaynaklar1 arasinda; radyo, televizyon, telefon telsiz, radar ve
uydu istasyonlar1 vericileri, aktaricilari, tesisleri, antenleri, baz istasyonlari, terminalleri, link
istasyonlar1, anten ciftlikleri ile yliksek ve orta gerilim hatlari, trafo istasyonlari, cesitli cihaz ve
ekipmanlar, evlerde kullanilan cihazlar, tibbi tan1 ve tedavide kullanilan cihazlar yer almaktadir [1].
Bunlardan en 6nemlisi giderek yayginlasan cep telefonu kullanimina bagli olarak 6zellikle kentlerde
sayilar1 giderek artan baz istasyonlarinin insan saghigi tlizerindeki olumsuz etkileridir. [2-5]. Bu
cihazlarin olusturduklar elektromanyetik alanlara maruz kalan insanlarda zaman i¢inde pek ¢ok
hastaligin ortaya c¢iktigi, hatta kanser gibi 6liimciil hastaliklarin arttig1, yapilan pek ¢ok arastirmada
ortaya konmustur. Bugiin artik tiim diinyada elektromanyetik kirliligin saglik tizerindeki etkilerinin
azaltilmas1 amaci ile gerekli yasal diizenlemeler yapilmaya baslanmistir [6-8].

Elektromanyetik dalgalarin biitiin bu etkileri gz oniine alindiginda, elektromanyetik enerjilere karsi
koruma olusturabilecek uygun materyallere ihtiyag duyuldugu ve bu materyallerin gelistirilmesinin
biiyiik bir 6nem arz ettigi goriilmektedir [9]. Boylece, glinlimiiz insaat sektorii i¢in sadece yapi
malzemesi 0Ozelligi tasimayip, ayni zamanda elektromanyetik koruma etkinligine de sahip
materyallerin gelistirilmesi biiyiik 6neme sahiptir [10].

Tekstil tirtinlerinin elektromanyetik kalkanlama amaci ile kullanimi hem uluslararast hem de ulusal
akademik ve sanayi ¢evrelerinde giderek artan bir ilgi ile karsilanan bir konudur. Bu iirlinler yalnizca
tekstil camiasinda degil ayn1 zamanda pek ¢ok endiistriyel alana hitap eden malzeme bilimi alaninda
da ilgi goren malzemeler olarak goriilmeye baslanmistir. Elektromanyetik kalkanlama 6zelligine sahip
tekstil yiizeyleri ile ilgili uluslararasi diizeyde pek c¢ok arastirma projesi yapilmakta ve iiriin
gelistirilmektedir. Tekstil {iriinlerinin, insanoglunun elektromanyetik dalgalarin etkilerinden
korunmasinda son derece basit ve ucuz ¢éziimler sunabilecegi bilinmektedir [11,12].

Son birka¢ yilda; elektrik ve elektronik alaninda yapilan calismalarda, tekstil yapilar1 ve tekstil
yapilartyla desteklenmis kompozit yapilar olduk¢a genis yer tutmaktadir. Tekstil yapilarinin, diger
yapilara oranla daha hafif, daha esnek ve mekanik dayanimlarinin daha iyi olmasi; bu yapilarin ve
kompozitlerinin uzay ve havacilik endiistrisi, endiistriyel kullanimlar, spor malzemeleri, elektrik ve
elektronik uygulamalari, insaat alani vs gibi pek c¢ok alanda yaygin olarak kullanilmasin
saglamaktadir [11-13].

Materyallerin elektromanyetik koruma etkinliklerinin degerlendirilmesi amacryla kullanilan ¢ok
saylda standart ve metot mevcuttur. Bunlar test edilmek istenen materyale, materyalin boyutlarina,
kullanim yerine gore ve frekans araligina gore degisebilmektedir. Test 6l¢iim sistemleri temel olarak
iki temel prensip tizerine dayanmaktadir. Bu metodlar ‘iletim kayb1 yontemi’ (transmission methot) ve
‘¢ift anten yontemi’ (twin antenna method) dir. ‘Iletim kaybi yontemi’ diiz plaka formundaki
materyallerin koruma performans: degerlendirileceginde kullanilirken, ¢ift anten yontemi hem diiz
formdaki materyallerin koruma performanslarinin degerlendirilmesinde hem de bu materyalden
yapilmis bir kafesin (enclosure) koruma performansinin degerlendirilmesinde kullanilmaktadir. Bu
metod ve standartlardan bazilar;; ASTM D 4989 Coaxial transmission line, ASTM ES-7 Dual
Chamber Test Diizenegi, ASTM ES-7 Coaxial Transmission line, NBS Flanged Coaxial Cell Test
Diizenegi ve Modifiye MIL-STD-285 Test Metodu’dur (Kinningham, B.A. ve Yenni, D.M.1988).
Bunun yaninda g¢esitli arasgtirmacilarin kendi tasarladiklari test diizenekleri de, materyallerin
elektromanyetik koruma performanslarinin degerlendirilmesi amaciyla kullanilmaktadir [14,15].

DENEYSEL KISIM
Materyal

Bu projede iiretilmesi planlanan yalitim malzemelerinde, matriks malzeme olarak poliiiretan polimeri
kullanilmis olup, takviye elemani olarak ise karbon elyafi, ve/veya nanokarbon metal tozlari
kullanilmistir. Calisma kapsaminda karbon elyaf/ poliiiretan matriks, ,nanokarbon toz/ poliiiretan
matriks ve karbon elyaf/nanokarbon toz/ poliiiretan matriks olmak tizere {i¢ farkli numune (kompozit



plaka) elde edilmistir. Numune boyutlar1 yapilacak testler géz oniinde bulundurularak, 35x25 cm
seklinde planlanmis ve iretilmistir (Sekil 1).

Sekil 1. Kompozit numuneler

Numune kalinliklari, 0-25mmx0,01 hassasiyetli outside micrometer ile Ol¢lilmiistiir. Elde edilen
numunelere ait 6zellikler Tab.1’ de verilmistir.

Tablo 1. Kompozit numunelere ait bilgileri igeren tablo

Yogunluk Karbon Karbon
Numune No | Kalinhk (mm) ( g/cmz) elyaf oram toz orani
(%) (%)
N1 4,68 0,655 - -
N2 6,68 1,33 - 4
N3 8.4 0,755 0,5 -
N4 8,16 1,6 1 -
N5 4,15 1,14 0,5 0,5
N6 3,76 0,612 - 1

YONTEM
Kompozit Malzemelerin Uretimi

Viskozitesi yiiksek sivi haldeki matriks polimer icerisine elyaf takviyesi; elle yatirma yontemi ile
yapilmis ve karisim, laboratuvar tipi bir mikser yardimiyla siirekli karistirilarak homojen hale
getirilmistir. Homojen hale gelen sivi kompozit malzeme 35x25 cm boyutlarindaki metal kaliplara
dokiilerek katilagmaya birakilmis ve on dort giinliik kiirlenme sonucunda kati1 kompozit plakalar elde
edilmistir.

Elde edilen kompozit plakalara bazi fiziksel testler ile elektromanyetik kalkanlama testleri yapilmaistir.

Kompozit Malzemelerin Elektromanyetik Koruma Etkinliklerinin Tayini

Malzemelerin elektromanyetik koruma etkinliklerinin 6l¢iimii, Elektromanyetik Koruma Etkinligi
Olgiim Kutusu (Clean room, Faraday Kafesi, Test Kutusu) kullanilarak ‘levha-plaka 6lgiim teknigi’ ve



modifiye edilmis ‘MIL-STD-285 test metodu’ na gore 30 MHz-6 GHz frekans araliginda
gerceklestirilmistir (Sekil 2).

KELEPGCE KORUNMALI

DUVAR

CIFT KUTUPLU ANTEN

L CONTA

NUMUNE

Sekil 2. Elektromanyetik Koruma Etkinligi Ol¢iim Kutusu (Shielded room setup -modified MIL-STD-
285 [16]

Modifiye MIL-STD-285 testi, plaka halindeki materyallerin SE 6l¢iimlerinin yapilmasinda kullanilan
yontemlerden biridir. Bu yontemde, test edilecek numune, korumali bir odanin duvarma agilmis bir
deligin iizerine yerlestirilir. Manyetik dalga yayan bir anten deligin bir tarafina yerlestirilirken alici
anten de deligin diger tarafina yerlestirilir. Olgiim iki kademeli olarak yapilir. Once delige numune
yerlestirilmeden alic1 antene ulasan deger (Py) okunur, sonra araya numune yerlestirilerek alic1 antene
ulasan deger (P;) okunur ve elektromanyetik koruma etkinligi degeri iletim kaybi teknigine gore
Denklem 1.1°e gore hesaplanir [17].

KE : Elektromanyetik koruma etkinligi,
Py : Numune yerlestirmeden alic1 antene ulasan deger,
P, : Numune yerlestirilerek alici antene ulasan deger olmak iizere,
P
KE =10log| =~ (1.1)
A

BULGULAR VE TARTISMA

Fiziksel Bulgular

Tim numunelerin yiizey goriintiileri incelendiginde sadece karbon toz takviyeli kompozitlerin
ylizeylerinin diizgiin ve piirlizsiiz, sadece elyaf katkili ve elyaf/ toz takviyeli kompozitlerin
ylizeylerinin dalgali ve piiriizlii olduklar1 gézlenmistir.

Asagida Sekil 3 ‘de SEM’de ¢ekilmis karbon lif ve/veya karbon toz destekli kompozit numunelere ait
ylizey goriintiileri goriilmektedir. Sekil.3 incelendiginde, N1 numunesi ile diger karbon lif ve/veya
karbon toz takviyeli kompozit numunelere ait SEM goriintiilerinin farkli oldugu goriilmektedir. N2



numunesine ait SEM goriintiisiinde karbon partikiilleri ve N3, N4, N5 numunelerine ait SEM
goriintiilerinde de karbon elyaflar goriilmektedir.

Sekil 3. Karbon lif ve/veya karbon toz destekli kompozit numunelere ait SEM goriintiileri

Kompozitlere Ait Elektromanyetik Koruma Etkinligi Performansi Bulgular:

Asagida Tab. 2°de projede iiretilmis olan kompozitlere ait elektromanyetik koruma etkinligi
performansi bulgular1 verilmistir. Testler ilk olarak arada metal plaka varken kalibrasyon amacl
yapilmis (tam dolu) sonra da arada numune yokken (bos) yapilmistir. Daha sonra ise numuneler
sirayla kutudaki bosluga yerlestirilmisler ve test edilmislerdir.

Tablo 2. Projede iiretilmis olan kompozitlere ait elektromanyetik koruma etkinligi performansi

Sra Frekans(Mhz) 27 50 100 250 500 900 1000 1800 | 2400 [ 2600 5000 6000
No Sinyal giicli (dBm)| 2,5 33 35 33 3,8 3,1 34 29 2,1 0,8 -6 -8,6
Numune Adi
1 Numune 1 -37 -425 | -30,5 -21 -34 -62 -72 -245 | -20,5 -31 -48.5 -43
2 Numune 2 -39 -47 -31,5 -21 -31,5 -73 -74 =255 | 31,5 | 315 -51,5 -48
3 Numune 3 -37.5 -43 -325 | 215 -42.5 -81 -83 -37 -555 | -46,5 -73 -69
4 Numune 4 -37 -42.5 -32 -21,5 -41.,5 -80 -83 -44.5 -63 -46,5 -90 -60
5 Numune 5 -37.5 -435 | =315 | -21.5 -44 -83 -85 -48 -44 -435 -75 -60,5
6 Numune 6 -37.,5 -425 | -315 -21 -32,5 -62 -72 -24 -26 -31,5 -54 -54
7 BOS -36,5 -425 | -32,5 -21 -3509 | -63,77 | -7232 | -19,5 -20 31,68 | -47,55 | -50,64
8 Tam Dolu -38,73 | -425 | -325 -21 -44.5 -86,14 -90 -61 -46 -55,5 -93 -84.36
Frekans(Mhz) 27 50 100 250 500 900 1000 1800 | 2400 [ 2600 5000 6000

degerleri



SONUCLAR

Kompozit numunelerin yiizeyleri morfolojik olarak incelendiginde, karbon lif destekli numunelerin
ylizeyinde dalgalanmalar oldugu buna karsin nanokarbon toz destekli numunelerin yiizeyinin son
derece diizgiin ve piirlizsliz oldugu goriilmiistiir. Karbon lif takviyeli numunelerde, {iretim esnasinda
matriks igerisinde homojen bir lif dagiliminin saglanmasi olduk¢a gii¢ olmus ancak nanokarbon toz
takviyeli numunelerde son derece homejen dagilimli bir kompozit malzeme elde edilmesi saglanmaistir.
Ayn1 miktardaki matriks yapisina, agirlik olarak ayni miktarda ayr1 ayr1 karbon lif ve karbon toz
eklenmis numuneler karsilastirildiginda karbon lif destekli numunelerde karbon liflerinin matriks
yapisinda bulunan sivinin bir kismin1 absorbe ederek homojen dagilimi engelledigi gozlenmistir.
Karbon toz ise matriks yapisindaki siviyr absorbe etmeden homojen bir sekilde dagilabilmistir.
Dolayist ile, belirli bir miktardaki matriks siviya agirlik anlaminda daha fazla karbon toz ilave
edilebilirken, ayn1 miktardaki matriks siviya daha az karbon lif ilave edilebilmistir.

Kompozitlerin elektromanyetik koruma etkinligi degerlerine bakildiginda, her kompozitin farkli
frekanslarda etkin olduklar1 belirlenmistir. 27 MHz’de 39 dB ve 50 MHz de 47 dB lik koruma degeri
ile N2 kompoziti en etkin malzeme olarak belirlenmistir. 100 MHz ‘de N3 numunesi 33 dB ile en
etkin numune iken 250 MHz ‘de N3, N4 ve N5 numuneleri 22 dB ile en etkin numuneler olmustur. N5
kompoziti, 500 MHz, 900 MHz, 1000 MHz ve 1800 MHz frekanslarinda en iyi korumay1 saglayan
kompozit olmustur. N4 kompoziti; 2400 MHz de 63 dB’lik, 2600 MHz’de 47 dB’lik ve 5000 MHz’de
90’11k koruma ile en iyi elektromenyetik koruma saglayan malzeme olmustur. N3 kompoziti ise 6000
MHz’de 69 dB’lik koruma ile en iyi koruma saglayan malzeme olarak belirlenmistir. Elde edilen tiim
elektromanyetik koruma etkinligi test sonuclari degerlendirildiginde; her malzemenin farklh
frekanslarda etkin oldugu belirlenmis ve bu durumun da, malzemelerin sahip olduklar1 kendilerine has
ozelliklerden dolay1 meydana geldigi saptanmustir.

Sonug¢ olarak, projede iiretilen kompozit malzemeler fiziksel Ozellikleri ve elektromanyetik
kalkanlama verimliligi agisindan 6nemli degerlere sahip malzemeler olarak degerlendirilmislerdir.
Sonraki ¢aligmalarda bu malzemelerin 1s1 ve ses yalitim 6zellikleri degerlendirilecek ve daha ileri
malzemeler tasarlanacaktir.
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ABSTRACT

This study was focused on investigating shape memory performance of fabrics knitted from shape
memory filaments and their potential for development of smart textiles. Six types of shape memory
polyurethane (SMPU) fibers which were spun by wet spinning process using different spinning conditions
with the existence of polyester gimped yarn. Shape memory performances of fabrics knitted from these
filaments were determined by bagging test measuring shape fixity and shape recovery ratios. Bagging test
results showed that, all shape memory fabrics produced under different spinning conditions could keep 37-
58% of their bagged shapes after elastic recovery and 40-42% of the fixed deformation was recovered. As
a result it is thought that, produced fabrics have sufficient shape memory performances sufficient for
smart textile applications.

Key Words: shape memory polyurethane, wet spinning, knitted fabric, bagging test, shape memory
behavior.

INTRODUCTION

Shape memory polymers (SMPs) can rapidly change their shape from a temporary deformed shape to
permanent (or original) shape under appropriate stimuli such as temperature, light, electric field, magnetic
field, pH, specific ion or enzyme [1]. In comparison to other shape memory materials, SMPs have been
taking more attention for different end uses because of their properties such as high shape fixity and
recovery, easy forming, adjustable transition temperature and good processability. SMPs are used in
breathable textiles, medical textiles, protective garments etc. as fiber, film, coating and fabric forms [2,3].
SMP coated or laminated materials can increase the thermophysiological comfort of surgical protective
clothing, bedding and incontinence products due to their temperature sensitive moisture management
properties [2].

Shape memory polyurethanes (SMPU) are the most notable kind of SMPs and they have the advantage of
broad switch temperature (glass transition or melting transition) by changing soft segment and hard
segment type and contents [3,4]. Consequently, SMPU is the most widely used polymer among SMPs in
textile applications [2]. SMPUs are phase separated due to the thermodynamic incompability between
hard and soft segments and their morphology depends on the chemical composition and chain length of
the soft segment. Thus, they exhibit remarkable shape memory effect. Many research groups have
conducted studies about textile applications on shape memory polymers, mostly shape memory
polyurethanes, with different forms such as fiber, yarn and film [5,6,7,8].



EXPERIMENTAL
Production of Shape Memory Fabrics

Shape memory fabrics were knitted with filaments which were spun from shape memory polyurethane
(SMPU) by wet spinning process with different production conditions. SMPU polymer solutions were
prepared with two different concentrations (20 % and 25 %) and coagulation bathes were prepared with
three different concentrations (0 %, 1 % and 3 %) of DMF. Details of the filament spinning process can be
found in a previous study [9]. Fabrics were produced by Lonati L462 circular knitting machine from spun
SMPU filaments plied with gimped polyester yarn (90/10% SMPU/PES) and the mixture ratio in the
fabric was about 90/10%. Yarn properties which were used in fabric production are summarized in Table
1.

Table 1. Production details of SMPU fabrics

Fabric Filament code Coagulation bath Polymer Yarn count
code (SMPU+elastane) concentration concentration in (dtex)
(%) solution (%)
SMF200 SMPU200 0 20 167
SMF201 SMPU201 1 20 111
SMF203 SMPU203 3 20 250
SMEF250 SMPU250 0 25 84
SMF251 SMPU251 1 25 83
SMEF253 SMPU253 3 25 139

A microscope image of a knitted shape memory fabric is shown in Figure 1.

Figure 1. Microscope image of shape memory fabric

Shape Memory Performance of Fabrics

The shape memory behavior of knitted fabrics were investigated by a bagging test procedure applying
multidirectional deformations on fabric. Bagging is a spherically-shaped and three-dimensional
deformation of cloth or garments which involves complex deformations including tension, shearing,
bending, and compression of a cloth along different directions [6]. Bagging performance of the fabrics
were determined by deforming the fabric to a certain height and investigating its change under and above



the glass transition temperature (T,) of the SMPU. The bagging test was carried out in a temperature
controlled environment with a Lloyd LR5K tensile tester.

The details of bagging and shape recovery processes are shown in Figure 2. A sample of shape memory
fabric with a diameter of 80 mm was used for the test. Steps of the bagging test procedure of shape
memory fabrics are as follows:

1. The shape memory fabric was placed on a circular plate having diameter of 5 cm.

2. The environmental temperature was raised to 40°C and the steel ball was moved at a speed of 150
mm/min in order to form a bag shape of 5 cm high on fabric.

3. Fabric and ball temperatures were cooled down to environmental temperature (20+2 °C) and the
fabric was hold under the applied tension for 3 minutes in order to fix temporary bag shape.

4. The ball was removed over the fabrics which was fixed to temporary bag shape and it was hold
for 2 minutes for observing the elastic recovery. Then, first measurement was made to calculate
shape fixity ratio of the fabric.

5. In the last stage, the environmental temperature was raised again to 40 °C and a total of three bag
heights were recorded with one minute intervals to determine shape recovery ratio of the fabrics.

Figure 2. Bagging test steps of shape memory fabrics



Shape fixity (Ry) and shape recovery (R,) ratios (%) of the fabrics were calculated to evaluate the
performance of the bagging deformations according to Equations 1 and 2. Maximum bagging (€max) and
residual bagging (e,, €,(T)) are the principle components in the equations as shown below:

R= gg“ x100 (1)
R.= meo )

where Ry — bagging fix ratio; R, — bagging recovery ratio; em,x — maximum bag height; ¢, — residual
bagging after unloading; €, (T,) — residual bagging after test procedure under T, temperature (To<Tj).

RESULTS and DISCUSSION

Shape memory performances of bagging test results of the fabrics produced from filaments spun using
different polymer and coagulation bath concentrations are given in Figure 3. As can be seen in Figure 3
the bag height rapidly decreases after elastic recovery. The residual bag heights of shape memory fabrics,
which were measured after elastic recovery were between 18-28 mm, resulting fixity ratios around 37-
58%. When environmental temperature was increased for shape recovery, bag heights were measured
between 7.5-11.25 mm after 3 minutes. These values correspond average shape recovery ratios of 40-42%
for different fabrics having different spinning conditions. According to the calculated ratios, it can be said
that the shape memory performance of fabrics are sufficient but slightly lower than the values in the
literature [6]. This result may be attributed to the plied PES gimped yarn constituting 10% of the used
yarn. The shape recovery performance may be affected as the SMPU filament should carry the PES
gimped yarn during recovery process. Moreover, possible fiber breaks and friction/entanglement between
the fibers, may have caused the mentioned result.
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Figure 3. Bagging recovery performance of shape memory fabrics



The time dependent change in the shape of the deformed shape memory fabric as a result of temperature
application is shown in Figure 4.

Figure 4. Shape changes of shape memory fabric during bagging test procedure

According to the statistical analyses results of bag height fixed on the fabric after elastic recovery,
statistically significant differences were found between different shape memory fabrics (p<0.05).
Accordingly, it was found that SMF251 fabric produced with filament which was spun with 25% polymer
concentration and 1% coagulation bath concentration had the highest shape fixity ratio of 58%. This
means that, it could keep the deformed bag height of 50 mm at the highest rate. SMF200 and SMF201
fabrics produced from filaments spun with 20% polymer concentration, 0% and 1% concentration of
coagulation bath respectively, had the lowest bag heights ranging between 38-37% (Figure 5). Generally,
fabrics produced from filaments having high polymer concentration (25%) showed better shape fixity
performances. It was determined that the coagulation bath concentrations used in spinning of shape
memory fibers had no effect on the shape fixity performances of fabrics.
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Figure 5. Box-plot diagram of bag height fixed on fabrics after elastic recovery

During the bagging test performed to determine shape memory performance of fabrics, when the press
ball reached to maximum height (50 mm), the tension occurring on the fabrics was recorded and the
tension of fabrics at a certain distance were evaluated. Figure 6 shows boxplot diagram of stress values
(N) of fabrics under load. It was determined that SMF201 fabric has significantly lower stress value than
other shape memory fabrics.
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Figure 6. Boxplot diagram of the stress values of shape memory fabrics during bagging test



CONCLUSION

In this study, shape memory performances of fabrics which were produced with spun shape memory
polyurethane fibers with the existence of polyester gimped yarn were evaluated by bagging test.
According to test results, fabrics were showed remarkable shape memory performances. All fabrics were
found to have shape fixity ratios ranging 40-42% and it was determined that SMF251 fabric produced
from fiber, which was spun with 25% polymer concentration and 1% coagulation bath concentration had
the highest shape fixity ratio of 58%. It was also observed that shape memory fabrics produced from fibers
having high polymer concentration had higher shape fixity ratios ranging 50-58% than other fabrics.
Moreover, solvent concentration in coagulation bath did not have a significant effect on the shape fixity
ratios of fabrics. Summing up, it is believed that the fabrics produced in this study have sufficient shape
memory performances and may be used in smart garments such as thermal protective clothing, sportswear,
underwear, socks and gloves.
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ABSTRACT

In this study, shape memory-polyurethane was reinforced with cellulose nanowhiskers (CNWs) to
create heterogeneous-twin-switch shape memory effect (thermal and water responsiveness
simultaneously) and chemical/mechanical characterization of the produced polymeric nanocomposite
films were conducted. Recently, there are attempts to modify SMPUs to have a switching temperature
within the range of body temperature and create dual responsive structure that can be stimulated by
different stimuli such as temperature and moisture. This study covers modification of SMPUs which
has a transition temperature suitable for body applications by CNWs to possess water-sensitive shape
memory effect besides its thermal stimulation by an easier process than synthesis of the polymer.
Nanocomposite solutions with varying CNW concentrations (5, 10 and 20 wt%) were produced by
solution blending and nanocomposite films were subsequently prepared by solution casting method.
Fourier transform infrared (FT-IR) analysis was performed for characterization and effects of CNW on
the mechanical and shape memory performances of films were investigated by tensile and thermo-
aqueous programming test. According to FT-IR analysis results, peaks belonging to cellulose became
visible in films with the increase of the CNW content. Strength and elongation at break increased until
10 wt% CNW concentration but a decrease was observed for 20 wt% concentration. Thermal-aqueous
test results show that 20 wt% CNW including film had the maximum shape fixity value of 69.3% and
minimum values of 48.5 % were calculated for neat SMPU. The maximum total shape recovery ratio
of 91.45% was also obtained for 20 wt% CNW and 80.41% of this recovery belongs to water-induced
shape memory effect. Summing up, besides maintaining thermal-induced shape recovery effect
originally existing in their structure, it was observed that produced nanocomposites simultaneously
possessed water-induced shape memory effect due to the percolation network of the cellulose whiskers
whose hydrogen bonding can be regulated by water reversibly.

Key words: Shape memory polyurethane, cellulose nanowhiskers, nanocomposite, thermal sensitive,
water/moisture sensitive, shape memory effect.

INTRODUCTION

The academic and industrial interest in the development of stimulus-responsive materials which enable
a variety of functions and applications is steadily increasing in recent days [1]. Among these materials,
shape memory polymers (SMPs) are very important smart materials having the capability to return
their original (permanent) shapes from a temporary shape under appropriate external stimulus such as
temperature, light, electric field, magnetic field, pH or water/moisture [2-4]. Most studies of SMPs
focus on thermal induced structures because of their wide possible applications in different fields [5].
Among the thermal induced SMPs, segmented shape-memory-polyurethanes (SMPUs) have gained
much popularity with the knowledge database, their wide range of transition temperatures, ease in
shape ability and accessibility on a laboratory as well as a commercially viable scale [6]. For this
reason, in recent years there are attempts to modify SMPUs to have a switching temperature within the
range of body temperature and create dual responsive structure that can be stimulated by different
external stimulus. The glass transition (7,) of the SMPU is the switch temperature to fix the shape of
the film (below and above the thermal transition temperature). Above the 7,, SMPU recovers to the
original shape under the entropic elasticity of the network. At this point, water-induced SMPs



exhibiting lower transition temperatures with water in the polymer matrix has attracted attention. In
such SMPs, water molecules penetrate into the amorphous region of the polymer and enable shape
recovery at a lower temperature with disrupting intermolecular hydrogen bonds, plasticizing, and
reducing the glass transition (7,) temperature [7, 8]. However, water-induced SMPs have some
disadvantages such as low elastic modulus, stiffness and strength properties, long shape recovery time
due to slow diffusion process and difficulty in removing water absorbed by the polymer. In recent
years, the formation of nanocomposite materials by introducing nanoparticles as reinforcing filler
and/or the switching element is very useful design approach to modify the characteristics of shape
memory polymers and obtain the water-induced SMPs.

Cellulose, as the most abundant polysaccharide on Earth, has been widely studied in different nano-
forms, named as nanocrystal, nanowhisker, or short nanofiber, mainly for the fabrication of water
responsive hybrids in virtue of its stiffness, high strength, and large surface area [9]. CNWs have
nearly perfect crystalline structures where the cellulose chains are arranged compactly with strong
hydrogen bonding interactions. According to the findings in literature, the introduction of CNWs into
a SMPU matrix would afford nanocomposites with the water-induced shape memory depending on the
percolation network formed by CNWs whose hydrogen bonds which can be reversibly regulated by
water molecules [11, 12]. The structure of the CNW-SMPU nanocomposites featuring heterogeneous-
twin-switches was illustrated in Figure 1.

net-point

percolation cellulose

elastic network of
network

polyurethane

Figure 1. The structure of the CNW-SMPU nanocomposite films featuring heterogeneous-twin-
switches.

Based on these mentioned advances and speculation about reinforcement of SMPU with CNWs, it was
aimed to investigate modification SMPUs which has a transition temperature suitable for body
applications by CNWs to create twin-switch smart materials to enhance its application areas in case of
thermal comfort. In this way, a simpler method than synthesis of a dual function polymer was
introduced. SMPU nanocomposite films including different amounts of CNW were produced to
investigate their shape memory performances for both temperature and moisture. Besides FT-IR
analyses, mechanical changes on the films with the incorporation of CNW were determined.
Moreover, thermo-aqueous test cycle including a multi-stage procedure including shape memory tests
under different thermal and moisture conditions (thermal environments below and above transition
temperature (7,) of SMPU, dry and aqueous environments).

EXPERIMENTAL
Materials
Pellet-type MM-3520 SMPU (SMP Technologies Inc. Japan) was used as matrix material to produce

nanocomposite films. The particular SMPU is ester-based thermoplastic polyurethane SMP obtained
from the Mitsubishi Heavy Industries (MHI), Japan which has a 7, of 35 °C according to producer



data. CNWs were supplied directly from the Nanolinter® in Turkey, having the following known
average characteristics; a length of 223.90 nm and width of 35.72 nm (by TEM) and crystallinity
98.98% (by XRD). N, N-dimethylformamide (DMF) as solvent was purchased from Sigma-Aldrich.
All chemicals are analytical grade and were used as received without further purification.

Fabrication of CNW-SMPU nanocomposite films

The CNW-SMPU nanocomposite films were produced by introducing CNWs as nanofiller into a
SMPU matrix. For this aim first of all, SMPU was dissolved in DMF at a concentration of 5 wt% at 60
°C for 6 h. A 0.5 wt% dispersion of the CNWs in DMF was prepared by ultrasonic treatments using a
sonifier (Sonopuls HD 2200, Bandelin Sonopuls Corp.) at 40% amplitude and 3-s on/off cycles for 1 h
until dispersion became visually homogenous. A series of nanocomposite films with varying CNW
concentrations, ranging from 0-20 wt% was produced by solution blending CNWs and the SMPU. The
compositions of all nanocomposites prepared and studied were compiled in Table 1. The
nanocomposite films were subsequently prepared by solution casting method by casting into glass
petri dishes. In order to prevent thermocapilary instability on the film surface which causes surface
roughness, the films then dried at 60 °C for 12 h. The final residual solvent was removed under
vacuum at 80 °C for another 12 h (to ensure full removal of the DMF). Then the glass petri dishes
were taken out from the vacuum oven and kept at room temperature for 2 h. The nominal thickness of
the nanocomposite films were about 0.2 mm. The volume fraction (vol %) of CNW in the
nanocomposites was calculated based on their weight fraction (wt.%) in the SMPU polymer, using a
density of 1.5 g/cm’® for the CNWs and a density of 1.25 g/cm’ for SMPU.

Table 1. Composition of the nanocomposite film samples.

Nanofiller content

Samples wt (%) v (%)
SMPU 0 0
SMPU-CNW-5 5 4.17
SMPU-CNW-10 10 8.33
SMPU-CNW-20 20 16.67

Methods
FT-IR spectroscopy analysis

The Perkin Elmer Spectrum BX of Fourier Transform Infrared Spectrophotometer was used to
investigate chemical compositions of the nanocomposite films. The spectroscopic analysis of the
nanocomposite film samples were examined by KBr technique. The scanning range was between 4000
and 400 cm'during FT-IR analysis.

The tensile strength test

The effects of CNW on the mechanical performance of films were investigated by tensile test
according to ASTM D-638 using the Lloyd LR5K Plus Electronic Tensile Testing Machine. The
tensile test was conducted under standard atmospheric conditions (20 °C and 65 RH %) with a
rectangular strip of film samples with dimension of 40 x 10 x ~ 0.2 mm and crosshead speed of 10
mm/min. For each sample, an average of five tests was reported.

Shape memory properties investigation

The shape memory properties of CNW-SMPU nanocomposite films were conducted according to
specially designed mechanical- thermo-aqueous programming tests. This test covers a multi-stage



procedure including shape memory tests under different thermal and moisture conditions (thermal
environments below and above transition temperature (1) of SMPU, dry and aqueous environments).
The mechanical-thermo-aqueous programming tests for multi-shape effects of the CNW-SMPU
nanocomposites were performed manually by immersing a rectangular strip of film samples having
dimension of 40 x 10 x ~ 0.2 mm into hot water (40 °C) while they were extended by 50% for 10
minutes. After giving the temporary shape (A), the film samples were cooled down to the room
temperature and dried in vacuum for 24 hours for calculating their shape fixity ratios. In this stage
both of the twin-switches were locked as the deformation was carried out in hot water. In the second
stage, the composite film samples recovered to the second temporary shape (B) by heating up above
40 °C, T4 (switch temperature) of SMPU. At the end of the test, the composite film samples recovered
from shape B to the original shape (C) by immersion into hot water (40 °C) which gave rise to the
twin-switches unlocked together and allowed the full recovery [13].

According to these conditions, four different states were occurred due to the individual situation of
twin switches. Each switch point in the nanocomposite structure could be turned ‘on’ or ‘‘off”’
according to thermal and water conditions. In dry-state, the percolation cellulose network which is
formed between CNWs with strong hydrogen bonding via -OH groups of the cellulose was called in
the state of ‘switched on’ and this effect is associated with the shape fixing. In wet-state, the hydrogen
bonding between the CNWs was disrupted by the absorbed water molecules and called in the state of
‘switched off” associating with the shape recovery. Like as the water responsive switch, below the 7,
temperature soft segment of SMPU was called ‘locked’ and above T, of SMPU was called ‘‘opened”’.

Beside these, the characteristics of the CNW-SMPU composites in tensile behaviors were
described using a spring-twin switch model in literature (Figure 2). In this description, the spring
showed the intrinsic elasticity of the SMPU and .switch 1 was thermal sensitivity, sourced from 7, of
SMPU the switch 2 was water sensitivity sourced from the coupling-decoupling of hydrogen bonding
of the percolation cellulose network (PCN).
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Figure 2. Spring-twin-switches model of the CNW-SMPU nanocomposite films (a), Extension,
shape fixing and shape recovery of the nanocomposite films in a mechanical-thermo-aqueous
programming tests (b).



The total shape fixity ratio (Ry) and shape recovery ratio (R,) were calculated according to the

below formulas.

R =—teto (1)
. Ls,load - Lo
L -L
Rr — ¢,load w (2)
e, load — La

In the formulas, LO,LNO u» L, and L represented for the original length, the extended

length under stress, the fixed length of free stress and final length triggered by hot water respectively.
Additionally, the total shape recovery in the program included two sequential parts of thermally-
induced and moisture-induced recovery respectively. The percentage of the water-induced recovery
against the total shape recovery was calculated with index p , which was defined as below;

p= % x 100(%) 3)

where L, represented the length subjected to the thermally-induced recovery.In order to
quantitatively evaluate the effect of CNWs on the shape recovery of the dry-state CNW-SMPU
nanocomposites, Ry and R, were calculated according to the below formulas;

Rt (4)
. Ls,load - Lo
L -L

R = ¢,load T (5)

-
Ls,load - La

RESULTS and DISSCUSIONS

FT-IR analysis (Figure 3) of the nanocomposite films with varying CNW concentrations show that the
characteristic peaks of cellulose have become evident with an increase in the rate of cellulose
incorporation. This increase in the peak intensity could be attributed to CNC content which was
proved by the overlapping with the OH stretching vibration band. It has been observed that the peaks
belonging to cellulose about 900 to 1200 cm™ and 3200 to 3600 cm™ became visible in films with the

increase of CN'W amount.
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