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EVALUATION OF THERMAL, RHEOLOGICAL, AND
DYNAMIC MECHANICAL PROPERTIES OF CNT REINFORCED
PEI AND PEEK COMPOSITES: A COMPARATIVE STUDY

SUMMARY

In this study, the effect of multiwall carbon nanotube (CNT) reinforcement on
viscoelastic properties of polyetherimide (PEI) and polyether ether ketone (PEEK)
polymers was investigated by oscillator rheology and dynamic mechanical analysis
(DMA) method. CNT reinforced PEI and PEEK composites were produced using a
specially designed twin-screw extruder at 1, 3, and 5 wt.% at 210 rpm and 360 °C and
380 °C for CNT/PEI and CNT/PEEK composites, respectively. Thermogravimetric
(TGA) and differential scanning calorimetry (DSC) analyzes were performed to
examine the thermal properties of the samples. It was observed that the decomposition
temperatures in PEI samples showed two-stage decomposition depending on the
aromatic group and non-aromatic group decomposition at approximately 529 °C and
564 °C, and their thermal stability was found as about up to 400 °C, whereas in PEEK
samples, decomposition occurred in a single step due to ether and ketone groups and
their thermal stability was found as about up to 550 °C. Also, a residual weight of
around 50% in PEI and PEEK samples was at 800 °C. It was seen that CNT did
not significantly affect the thermal stability of polymers. In addition, CNT almost
did not change the glass transition temperature of polymers (7), but it increased
the crystal ratio by acting as the nucleation factor for PEEK composites, and the
highest crystal ratio was obtained from 1 wt.% CNT/PEEK composite as 29%. The
morphological analysis revealed that CNT reinforced PEI and PEEK composites were
fabricated homogeneously without any agglomerations. Rheology analysis showed
that the linear viscoelastic region (LVR) narrowed with CNT, that is, the critical strain
decreased, which was explained as evidence of the formation of a brittle solid network
in the structure. Also, the critical strain has an exponential dependence on the volume
fraction of the CNT as -1.76 and -1.40 for PEI and PEEK, respectively. On the other
hand, the frequency-dependent results in LVR showed that the storage modulus of both
polymers increased and the frequency dependence decreased with the increase in the
amount of CNT. The frequency dependence of the storage modulus was exponentially
0.7 and 1.57 for neat PEI and PEEK, and these values were calculated as 0.32 and 0.27
at 1 wt.% CNT reinforcement, respectively. The decrease of frequency dependency
and sudden increase in 1 wt.% CNT reinforcement was interpreted as an indication of
the structure change, and the rheological percolation threshold was determined below
1 wt.% CNT reinforcement was also proved by drawing Cole-Cole plots that are a
clear representation for the transition from the liquid-like to the solid-like structure.
Additionally, the complex viscosity increased with CNT in both polymers and they
changed the behavior from Newtonian to shear-thinning in the low-frequency region
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and shear-thinning behavior became dominant with 1 wt.% CNT reinforcement. The
lowest shear-thinning exponents were obtained from 5 wt.% CNT/PEI and 5 wt.%
CNT/PEEK composites as 0.35 and 0.26, respectively at a frequency range between
107 and 10° rad/s, by using Power Law. On the other hand, DMA results showed
that CNT reinforcement increased the storage modulus of polymers in both glassy
and rubbery regions, however, the presence of CNT increased the storage module of
PEEK samples more than PEI, this is due to CNT increased the crystal ratio of PEEK
and contributes to the elastic portion. Also, the height and the area under the tan
delta peak decreased which is the sign of the high interaction between CNT-polymer.
Using the DMA results, approaches have also been made to provide a numerical
interpretation of the activity of CNT in the polymer and the CNT-polymer interaction
and the mobility of the chain by CNT contribution. The decrease in C factor and
adhesion factor, and the increase in the degree of entanglement and volume of the
constrained region with the presence of CNT were explained as an indication of high
interaction and effective reinforcement in CNT/PEI and CNT/PEEK composites. The
C factor values were calculated as 0.34 and 0.70, respectively, for 5 wt.% CNT/PEI
and 5 wt.% CNT/PEEK composites. Consequently, considering all the results related
to viscoelastic properties, it can be said that CNT caused changes in the structure of
both PEI and PEEK, and an increase in storage modulus was observed. Moreover, heat
deflection temperature (HDT) is extremely critical for the safe operation of polymer
structures that will operate at certain temperature changes within specified ranges; thus,
HDT of neat PEI and PEEK and their CNT reinforced composites under 0.455 MPa
stress were investigated. The highest HDT were obtained from 5 wt.% CNT/PEI and 5
wt.% CNT/PEEK composites at 207 °C and 219 °C, respectively, and it was concluded
that CNT improved the thermal properties of PEI and PEEK. This is especially critical
for high-performance thermoplastics produced by injection moldings such as PEI and
PEEK, as the increase in HDT results in a faster injection process. When the flexural
test results of PEI and PEEK samples were evaluated, the flexural modulus of CNT
increased by 22% and 28%, in 5 wt.% CNT/PEI and 5 wt.% CNT/PEEK composites
as 3.38 and 3.77 GPa respectively. The improvement of the modulus is especially
important in terms of improving the performance of polymers used as structural parts
and incorporating them into new areas of use. As a result, in this study, CNT reinforced
PEI and PEEK composites were successfully produced by the extrusion technique. The
effect of CNT on thermal, morphological, viscoelastic, and mechanical properties was
discussed in detail with various characterization methods, and when all the results were
evaluated, it is seen that CNT improved the viscoelastic properties of PEI and PEEK
polymers.
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KNT TAKVIYELI PEi VE PEEK KOMPOZITLERININ
TERMAL, REOLOJIK VE DINAMIK-MEKANIK OZELLIKLERININ
KARSILASTILMASI

OZET

Bu ¢alismada, ¢ok duvarli karbon nanotiipiin (KNT) amorf yapili polieterimit (PEI) ve
yar kristal yapili polieter eter keton (PEEK) polimerlerinin viskoelastik ozelliklerine
etkisi osilator reoloji ve dinamik mekanik analiz yontemi (DMA) ile incelendi. KNT
ile giiclendirilmis PEI ve PEEK kompozitleri, 6zel tasarlanan cift vidali ekstriizyon
kullanilarak agirlikca %1, 3 ve 5 oraninda iiretildi. Proses sirasinda, KNT ve
polimerlerin karigtiritlmasi ekstriizyon sisteminde farkli bolgelerden es zamanli olarak
saglanarak iki besleme adiminin da aynm1 anda bitmesi ile etkin karistirma hedeflendi.
Uretimler, 210 rpm vida doniis hizinda ve KNT/PEI ve KNT/PEEK kompozitleri i¢in
sirayla 360 °C ve 380 °C’de gerceklestirildi. Ekstriizyondan eriyik olarak karigtirilan
numuneler hava sogutmasi altinda cekiciye baglanarak filaman formunda cekildi ve
ardindan kirici yardimi ile graniil haline getirildi. Katkili ve katkisiz graniiller
kullanilarak ASTM standardina uygun olarak belirlenen geometride DMA igin
numune hazirlandi. Numuneler, 150x75x3 mm boyutundaki kaset kaliplarda basinch
kaliplama teknigi ile sicak preste 300-330 °C sicaklik aralifinda 2,5 MPa basing
altinda yaklasik yarim saat tutularak iiretildi. Uretilen numuneler ii¢ eksenli isleme
tezgahinda 65x13x3 mm boyutlarinda kesildi. Bu boyutlarda iiretilen numuneler
morfolojik Ozelliklerinin incelenmesi icin taramali elektron mikroskobunda (SEM)
ve de termal Ozellikler i¢in 1s1 sapma sicakligt (HDT) ve mekanik ozellikleri i¢in
ise egilme modiilii testlerinde kullamilmisti. KNT ile katkilanmansi sonrasinda
amorf ve yart kristalin bir polimerin nano boyutta bir katkiya olan cevabini
incelemek ve termal kararliliklarimi belirlemek amaci ile termogravimetrik analiz
(TGA) ve diferansiyel tarama kalorimetresi (DSC) analizleri gerceklestirilmistir.
TGA’da, azot atmosferinde 800 °C’ye kadar olan termal davranmiglari incelenen
PEI numunelerinin, iki asamali bozunma gosterdigi raporlandi. ilk asamada, 516
°C’de aromatik grubun bozunmasi ve sonrasinda ise, 540 °C’de aromatik olmayan
gruptan kaynakli bir bozunmanin gergeklestigi goriilmektedir. Incelenen sonuglarda,
katkisiz ve KNT katkili PEI numunelerinin termal kararliliginin yaklasik 400 °C
oldugu saptanmistir. Azot atmosferinde, 30-800 °C sicaklik araliginda incelenen
PEEK numunelerinde ise, bozunmanin eter ve keton gruplarindan kaynakli olarak
tek asamada gerceklestigi, katkisiz ve KNT katkili PEEK numunelerinin termal
kararliliginin ise 550 °C oldugu belirlenmistir. Tiim sonuclar goz oniine alindiginda
KNT’nin PEI ve PEEK’in termal kararliligina %1’den %5’e artan agirlik oranlarinda
belirgin bir Olciide etki etmedigi goriildii. Diger taraftan, PEI ve kompozitleri i¢in
camst gegis sicakhifinin (7,), PEEK ve kompozitleri i¢inse hem T,’nin hem de
erime, kristallesme gibi termal 6zelliklerinin belirlenmesi amaciyla DSC analizi PEI
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numuneleri i¢in 350 °C’ye PEEK’ler icinse 400 °C kadar 2 °C/dk 1sitma hizinda
yapilmugtir.  Yapilan analiz sonucunda, KNT’nin PEI ve PEEK’nin 7, araligim
degistirmedigi goriiliirken, PEEK kompozitleri i¢in ¢ekirdeklenme faktorii gorevini
gorerek kristallesme oranini arttirdig1 ve en yiiksek kristal oram1 %29 olarak agirlikca
%1 katkili KNT/PEEK kompozitinde elde edilmigtir. Katkisiz ve KNT katkili PEI
ve PEEK numunelerinin viskoelastik ozellikleri incelemek amaciyla osilator reoloji
analizi 360 °C’de gerceklestirilmistir. Lineer viskoelastik bolgenin belirlenmesi
amaciyla oncelikle 1 Hz frekansta gerinim tarama testi uygulanan numunelerde,
KNT miktarinin artmasiyla lineer bolgenin daraldigi yani kritik gerinim degerinin
diistiigli goriilmiistiir. Bu durum Payne Etkisi ile iligskilendirilerek, yapida kirilgan
kat1 bir olusumun gerceklestiginin kanit1 olarak sunulmustur. Kritik gerinim degeri
ile KNT’nin hacimsel kesri arasinda kuvvet yasasinin uygulanmasi ile KNT takviyeli
PEI ve PEEK i¢in kuvvet degerleri sirasiyla -1,76 ve -1,40 olarak hesaplanmustir.
Ayrica, bulunan kritik gerinim degerleri goz 6niine alinarak 360 °C’de tiim numunelere
0.1-628 rad/s aralifinda frekans tarama testi uygulanmig ve lineer bolgedeki frekansa
bagli viskoelastik Ozellikler incelendiginde, KNT miktarinin artmasiyla birlikte her
iki polimerde de depolama modiillerinde artis goriiliirken frekansa olan bagimlilik
ise azalmistir. Katkisiz PEI ve PEEK polimerlerinde depolama modiiliiniin frekansa
olan bagimlihg1 (G’ ~ w") iistel olarak sirasiyla 0,7 ve 1,57 iken, agirhk¢a %1
KNT katkilamalarinda sirasiyla bu degerler 0,32 ve 0,27 olarak hesaplanmistir. Her
iki polimer icin de agirlikca %1 KNT katkilamasinin, modiil degerinde ani artisa
neden olmasi ve frekansa bagimlilig1 neredeyse ortadan kaldirmasi sebebiyle yapida
davranis degisimine neden oldugu sonucuna varilmis ve reolojik sizma esiginin
agirlik¢a %1’°1in altinda oldugu belirlenmistir. S1vi benzeri yapidan kati benzeri yapiya
gecisin bu deger araliginda oldugu Cole-Cole egrileri cizdirilerek de desteklenmistir.
Frekansa bagl diger bir 6zellik olan kompleks viskozite degerleri incelendiginde ise,
KNT’nin polimerin zincir hareketlerini kisitlamasi sebebi ile kompleks viskozitede
artisa neden oldugu sonucuna varilmistir. Katkisiz PEI ve PEEK numuneleri, diisiik
frekans bolgesinde Newton davranig1 gosterirken, KNT katkili numuneler tiim frekans
araliklarinda kesme-incelmesi 6zelligi gostermektedir. Yiiksek frekans bolgelerinde
kesme incelmesi katsayilart kuvvet yasasi ile iligkilendirildiginde katkisiz PEI ve
PEEK’nin n degeri 0,72 ve 0,60 iken agirlikca %5 KNT katkilamada bu degerler
sirastyla 0,35 ve 0,26 olarak hesaplanmistir. Sonuclar degerlendirildiginde, artan
KNT miktar1 ile n katsayisimin diistiigli goriilmiis ve numunelerin daha belirgin
kesme incelmesi gosterdigi sayisal olarak da ispatlanmistir. Ayrica katkisiz polimerler
ile karsilastirlldiginda agirlikca %1 katkilamayla, kompleks viskozitedeki ani artis
ve diisiik frekans bolgesindeki Newton davranisin, kesme incelmesine evrilmesi de
reolojik s1izma esiginin agirlikca %1’in altinda oldugunun bagka bir gostergesi oldugu
belirtilmistir. Diger taraftan, DMA cihazinda cift tarafli mesnet aparati kullanilarak
gerinim tarama testiyle kritik gerinim degerleri bulunan numunelere 1 Hz frekans
altinda sicaklik taramasi testi uygulanmigtir. Depolama modiilii ve tan deltaya gore
hesaplanan 7, degerleri incelendiginde, DSC testi ile aym dogrultuda sonuglar elde
edilmis, ve diger bir ifadeyle KNT nin PEI ve PEEK’nin 7;’ye olan etkisi bu yontemle
de tespit edilememistirr. DMA sonuglart incelendiginde, KNT takviyesinin PEI ve
PEEK’de camsi bolgedeki ve de kaucuk bolgesindeki depolama modiil degerlerini
arttirdigr da gozlemlenmistir.  Katkili ve katkisiz PEI ve PEEK numunelerinin
T, deki depolama modiillerindeki degisimleri karsilastirildidin, amorf yapiya sahip
PEI numunelerinde PEEK numunelerine gore daha ani bir diisiis goriilmiistiir. Bu
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durumun sebebi, yar1 kristal yapiya sahip PEEK numunelerinde heniiz kristal erimesi
gerceklesmediginden yapida hala hareketsiz davranan bolgelerin olmasidir, bu sebeple
diisiis PEI numunelerine kiyasla daha yumusaktir. Ayrica, her iki polimerin de
artan KNT miktartyla tandelta yiiksekliginin diistiigii goriilmiistiir. DMA sonuclari
kullanilarak, KNT’ nin polimer igerisindeki etkinligine ve KNT-polimer etkilesimine
ve zincirin KNT katkist ile mobilite durumuna sayisal bir yorum getirmek i¢in
yaklagimlar da yapilmistir. C sabiti ve yapisma faktoriiniin azalisina ve de polimerdeki
dolagiklilik derecesi ve kisitlanmig bolgenin artisina gore KNT takviyesinin PEI
ve PEEK polimerlerinin viskoelastik o6zelliklerini 1iyilestirdigi ve KNT-polimer
etkilesiminin katkiyla arttig1 sonucuna ulagilir. Buna ek olarak, saf ve KNT katkil1 PEI
ve PEEK kompozitlerinin depoloma modiillerin incelendiginde amorf yapili PEI’de
yari-kristalin PEEK numunelerine gore daha diisiik sonug¢lar alinmistir. Bu sonug,
sebebi ile belirlenen T, civarinda kristal erimesi gergeklesmedigini ve diisiisiin az
oldugunu gostermektedir. Tiim veriler goz oniine alindiginda KN'T nin her iki polimer
ile de etkilesiminin yiiksek oldugu ve katkilamanin bu polimerlerin viskoelastik
ozelliklerini iyilestirmesi ile sonuclanmaktadir. Is1 sapma sicakligit (HDT), belirli
sicaklik degisimlerinde c¢alisacak polimer yapilarin belirlenen araliklarinda giivenli
calismasi acisindan son derece kritiktir. Makine parcalari ve performans gerektiren
komponentlerde kullanilmasi planlanan yiiksek performansli plastiklerde HDT nin
tayini, Ozellikle termoplastik malzemelerin islenmesi sirasinda isinin malzeme
tizerindeki etkisinin parcga ebatlarina ve toleransina olan etkisi de incelenmelidir. Bu
calismada PEI ve PEEK polimerlerinin katkisiz ve KNT katkili kompozitleri 0,455
MPa gerilme altinda HDT’leri incelenmistir. En yiiksek HDT degerleri agirlikca
%5 KNT/PEI ve %5 KNT/PEEK kompozitlerinden sirasiyla 207 °C ve 219 °C
olarak elde edilmis ve KNT’nin PEI ve PEEK’nin 1s1l o6zelliklerini iyilestirdigi
sonucuna varilmistir. Bu durum 6zellikle PEI ve PEEK gibi enjeksiyon kaliplama ile
tiretimi yapilan yiiksek performans termoplastikleri icin HDT nin artigt ile daha hizl
enjeksiyon prosesi ile sonuclanmasi agisindan kritiktir. PEI ve PEEK numunelerinin
egilme testi sonuclar1 degerlendirildiginde ise, KN'T nin modiil degerlerinde agirlikca
%5 KNT/PEI ve %5 KNT/PEEK kompozitlerde sirasiyla %22 ve %28 artarak 3,38
ve 3,77 GPa olarak elde edilmistir. Modiil degerinin iyilesmesi O6zellikle PEI ve
PEEK gibi yapisal parcga iiretiminde kullanilan polimerlerin performanslarinin artmasi
ve yeni kullanim alanlarina dahil edilebilmesi agisindan onemlidir. Sonug olarak bu
calismada, KNT takviyeli PEI ve PEEK kompozitleri ekstriizyon teknigi ile basariyla
tiretildi. KNT’nin termal, morfolojik, viskoelastik ve mekanik oOzelliklere etkisi
cesitli karakterizasyon yontemleriyle ayrintili olarak tartisiimakta olup tiim sonuclar
degerlendirildiginde, KNT’ nin PEI ve PEEK polimerlerinin viskoelastik 6zelliklerini
tyilestirildigi goriilmiistiir.
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1. INTRODUCTION

1.1 The Effect of Reinforcement Strategies on The Viscoelastic Properties of The

Polymers

1.1.1 Polymer types

The investigation of the viscoelastic properties of polymer composites is not a
particularly new area and has been developed for many years, particularly in
thermosets. Reinforced thermoset composites have a wide range of applications
in aerospace, automotive, biomedical devices, sports, etc., due to high-performance
properties [1]. Extensive research has been carried out on epoxy composite systems
with different fillers, filler amounts, and modified filler to clarify the potential of
reinforcement by analyzing viscoelastic properties. Montazeri et al. examined the
effect of 0.1, 0.5, 1, and 1.5 wt.% CNT content on the viscoelastic properties of
epoxy using DMA in three-point bending mode at 10 Hz frequency in temperature
sweep test [2]. They found that the storage modulus at the glassy region varied
with increasing CNT content. In contrast, the highest modulus and increase in 7T,
were obtained at 0.5 wt.% CNT/epoxy, they stated that increasing CNT amount to
1.5 wt.% CNT/epoxy composite caused agglomeration, thus resulting in a decrease in
modulus and 7. The main reason attributed to these results was due to the interaction
between CNT-CNT and CNT-polymer when the CNT concentration was increased
by hindering the polymer chain motion as also observed [3]. On the other hand,
Fogel et al. explored the effect of CNT concentration from 0 to 1.00% on complex
viscosity of epoxy at temperatures of 60, 80, and 100°C [4]. The results showed that
only 1 wt.% CNT/epoxy composite had shear thinning behavior at 60°C , while this
behavior dominated from 0.50 wt.% to 1.00 wt.% at 80 and 100°C . In addition, they
examined the zero shear viscosity and explained that the pattern changed according
to being above or below the critical CNT concentration, and stated that the critical

value was between 0.25 wt.% and 0.50 wt.%. In the study by Chandrasekaran et



al., the effect of GNP with different weight percentages (i.e., 0.1, 0.3, 0.5, 1, and
2) on the storage modulus and tan delta of epoxy was investigated with DMA [5].
The maximum increase in storage modulus at the glassy region and decrease in tan
delta were observed at 0.5 wt.% of GNP/epoxy composite, related to the increase
in the crosslink density and the restriction of the movement of the epoxy chains.
Moreover, it was declared that a rheological percolation of 0.5 wt.% was achieved
in the GNP/epoxy system, indicating the formation of a GNP network. Tang et al.
also investigated the effect of weak and strong dispersion of reduced graphene oxide
(RGO) on viscoelastic properties and especially on 7, [6]. The results presented that
at good dispersion quality, the addition of GNP has increased the storage modulus
and T, due to the dispersed layers leading to a significant interphase region that
restricts the mobility of the polymer chains. In another study, the viscoelastic behavior
of GNP/epoxy composites with a diameter of 5, and 25 microns (represented as
GNP5 and GNP25, respectively) and varying filler amounts was investigated using
an oscillating rtheometer by Cao [7]. They first performed the strain sweep test, and
the results showed that the liquid-like property was dominant in for GNP5 composites
in all amount, whereas at 8 wt.% GNP25 composites, the behavior was shifted from
liquid-like to solid-like associated with the establishment of a solid GNP network.
Then, they applied the frequency scanning test and investigate the structure in detail.
Through the increase in GNP, the storage and loss modulus were increased but as in
the strain sweep test, the liquid-like feature was dominant in GNP5/epoxy composites,
and the solid-like feature was present in the 8 wt.% GNP25/epoxy composite, also
it was independent of the frequency. He found that rigid networks started to form
at or higher 7 wt.%, resulting in a solid-like elastic behavior. On the other hand,
Drzall et al. studied the effect of GNP aspect ratio and concentration on the overall
composites [8]. At higher aspect ratios of GNP, when the concentration is increased
the storage modulus was enhanced by restricting the segmenatal motion of crosslinks
due to interactions between GNP and epoxy. However, compared with lower aspect
ratios of GNP, the agglomerated sites hindered the enhancement effect at higher
concentrations. Moreover, since the viscoelastic properties and 7, of the polymer
is highly dependent on the dispersion quality, surface modification, and size, many

studies have been performed to investigate further. Wilkinson and Liu worked on



CNT reinforced epoxy systems through surface modification of CNT. An untreated
(pristine-CNT), amino-functionalized (NH-CNT), and base washed (BW-CNT) at
different concentrations were studies for their storage modulus at varying frequencies
[9]. The results clearly presented that adding CNT for all types increased storage
modulus, as specifically as the highest for NH-CNT compared to pristine CNT due to
enhanced filler-resin interaction. The percolations of the three different CNT-resin
systems were found as NH < BW< pristine CNT proving the effect of dispersion
quality on the overall composites by the surface modifications. Since it is widely
known that functionalization increases the interaction in the filler-resin system, the
viscoelastic properties are also enhanced [10]. In addition, DMA of pristine, NH
and BW CNT reinforced epoxy composites at 0.1 wt.% has been studied. They
concluded that the functionalization contradicts the effect of viscoelastic properties
since the highest storage modulus was obtained from pristine CNT. However, Kim et
al. explained that functionalization increased the interaction between CNT and resin
due to preventing the mobility of chains, claiming that the stability of the modulus
value as a function of temperature has been increased [11]. In the literature, there are
many studies on carbon-based materials other than CNT and graphene derivatives,
and even the viscoelastic properties of epoxy composites produced with various
ceramic and organic fillers have also been studied in details [12-15]. Moreover,
not only the viscoelastic properties of epoxy-based composites but also vinyl ester
and polyester-based composites have been extensively studied in the literature [16].
Davis and co-workers worked on the rheological behavior of CNT in unsaturated
polyester resin (UPR) by using an oscillatory shear rheometer [17]. They stated that
the addition of CNT increased both the storage modulus and loss modulus values, and
the percolation threshold was in the range of 0.10 and 0.16 vol.% CNT.

As of literature findings, it was obvious that the viscoelastic properties of thermosets
when a nanofiller is present have been widely studied. However, for the next generation
composites and advanced structures, it is of interest to define the characteristics
of high-performance thermoplastics when reinforced with nanofillers. Ease of
production, multifunctionality, recyclability and sustainability are the major driven
forces to create such advanced materials for autiomative, aerospace, and marine

industries [18,19]. However, still a lack of fundamental scientific knowledge is missing



when different polymers are being used as the matrix materials. The polymer as related
to the chain type is also critical to understand when these nanoscale fillers are being
employed. The effect of nanoscale filler on the overall reinforcement potential should
be addressed in details with a tool such as dynamic mechanical analysis. Amorphous
thermoplastic polymers, randomly arranged, do not have a crystalline region. These
polymers only exhibit a T, and soften above the T, [20]. Polymers such as acrylonitrile
butadiene styrene (ABS), poly(methyl methacrylate) (PMMA), polystyrene (PS),
and PEI are some examples of them. Adding reinforcements such as CNT to an
amorph polymer is expected to create differences on the mechanical properties of
the composites, however the effective mechanisms should also be addressed when
chain configurations are considered. Singh et al., studied the dynamic mechanical
properties of CNT reinforced ABS composites in detail by using various analytical
tools to provide a representation of filler-polymer interaction [21].They found that
the storage and loss modulus of CNT/ABS composites were increased whereas the
damping factor decreased. Morever, T, has shifted to higher temperatures with the
addition of CNT. They concluded the degree of entanglement and b factor values
increased up to 5 wt.% CNT addition referring as an optimum value for enhancement
capability from the filler. On the other hand, Yang et al., characterized oscillatory
rheology properties of GNP/ABS composites with various GNP volume fractions [22].
First, they determined linear viscoelastic region (LVR) by applying strain sweep test
and presented the Payne effect at a sudden reduction through the increased strain when
the GNP network is destroyed. Also, the frequency dependency on the both storage
and loss modulus is less pronounced when the GNP content is increased supporting
a solid-like formation aligned with a decrease in tan delta. Winey et al., worked on
single walled carbon nanotube (SWCNT) reinforced PMMA composites for dynamical
mechanical properties [23]. They found that storage and loss modulus increased
with increasing SWCNT and storage modulus was almost independent after 0.2
wt.% SWCNT addition resulting a transition from liquid-like to solid-like behaviors
that hinders the polymer chain motion. Also, rheological percolation threshold was
calculated as 0.12 wt.% by using power-law relation. Pataki et al. investigated the
rheological behavior of CNT (called MWCNT in here)/PS and reached solid-like

behavior inclined to dominate between 1 and 2 wt.% CNT loading, referring as a



sign of rheological percolation threshold (Fig. 1.1) [24]. Also, they found that with
the CNT addition, CNT/PS composites showed shear-thinning behavior clearly. The
results were supported with a pattern in Cole-Cole diagram and a decrease in tan delta.
On the other hand, Bruck et al. observed solid-like behavior after 2 vol.% CNT content

in PS, and McClory et al. reported the percolation threshold between 3 and 5 wt.%

CNT [25,26].

. 10’
a) " b) = Pure PS
e
e — AR & o— PS-1wl.% MWCNT
10° PRV e o o £ PS-2w1.% MWCNT
e s = — PS-3wt.% MWCNT
X e— T _m=E e +— PS-5wt.% MWCNT
10 S T o e ey #— PS-7 5wt % MWCNT
- - (] -
B = = 0 g Ty
_- - Y P @ T g
Rl el —=— Pure o R P M
& } T PS-1wi.% MWCNT = AR e W
o - —&— PS-2wt.% MWCNT W0 0000 o g N
1wo — PS-3wt.% MWCNT e e g oo —Eg g %
+— PS-5wt.% MWCNT g Bg
) —3— PS-T.5wt.% MWCNT 10 g
10
10° 4 ——r——rry — ————rrey 107 4 . r .
0.1 1 10 100 01 1 10 100
Frequency (rad's) Frequency (rad/s)
i 16
C) 10y ®— Pure PS d) 8
PS-1wt % MWCNT 14
10 —&— PS-2wt.% MWCNT .
w— PS-3wt.% MWCNT LG ol
1w —F PS-5wL% MWCNT G —w— Pure PS
#— PS-7.5wt.% MWCNT . PS-1wt % MWCNT
10' 55 e&zfﬁ - n £ PS-2wt% MWCNT
5 i = 8- «— PS-3wt.% MWCNT
o g™t o [
ac y & ;f;—__y_,-f .&? % . L} — PS-5wt.% MWCNT
o 107 - c\.f (,;;35’9 g 67 LN s~ PS-7.5wt.% MWCNT
10° 3 > e n -
o —t Oy .
10:1 " G | = ‘r-e_-‘:\"‘-‘" ':‘;-...'.'- .
- gEmSsSss s s is uw
10° T T T T 4 T m T T -
10 10° 10° 10" 10° 10 107 10' 0.1 1 10 100
G" (Pa) Frequency (rad/s)

Figure 1.1 : Rheological results of MWCNT/PS composites [24].

Potschke et al. [27]. studied the CNT reinforced polycarbonate (PC) polymer

nanocomposites by rheological analysis. The CNT addition to PC has resulted
an increased complex viscosity after 2 wt.% CNT addition, where no Newtonian
plateau at low frequency was observed (Fig. 1.2). The sudden increase in storage
modulus was associated with the significant increase in viscosity. Also, they observed
that after 1 wt.% CNT, the slope of the storage modulus changed significantly and
became frequency-independent after 5 wt.% CNT content attributing to an enhanced
interaction between CNT-CNT through forming an interconnected structure. The

results have been supported through pattern changes on the modified Cole-Cole



diagram. Oppose to those results, Kim et al. analyzed the viscoelastic properties
of CNT reinforced PC in DMA and reported that the glassy region did not present a
significant change when CNT concentration [28]. However, the viscoelastic properties
were increased in rubbery region accompanied with a tan delta decrease due to the

confined PC chain.
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Figure 1.2 : Rheological results of CNT/PC composites [27].

Furhtermore, Isayev et al. investigated the effect of molecular weight on rheological
behaviour for CNT reinforced PC composites. The low molecular weight PC
(represented as CN'T/LPC) and high molecular weight PC (represented as CNT/HPC),
were studied at various CNT loadings respectively [29]. They reported LPC and HPC
composites showed similar patterns in storage modulus and tan delta, also found value
of percolation threshold as 0.102 vol. and 0.0619 vol.% , respectively. The lower
percolation for LPC was referred to smaller filler-filler distance to restrict the chain
motion of the polymer.

Moreover, Isayev et al. examined the rheological behavior of pure PEI and CNT/PEI
(from 1% to 10% by weight) [30]. The dynamic mechanical analysis were performed
at oscillatory shear mode and presented that up to 2 wt.% CNT loading, a Newtonian
plateau in all composites as in neat PEI were observed, however, beyond 2 wt.%
CNT a strong shear thinning behavior dominated the polymer nanocomposite at
low-frequency region. They claimed that a sharp increase in complex viscosity
between 1 and 2 wt.% may be possible as representing the rheological percolation.
Additionally, storage modulus exhibited plateau region after 2 wt.% which indicating
solid-like behaviors meaning polymer chain motion is restricted by CNT in long-chain
dynamics. On the other hand, CNT affected polymer chain relaxation, which supported

a decrease in tan delta value with increasing CNT loading. In connection with this
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study, linear rheological behaviors of CNT/PEI composites at different CNT weight
fractions was further evaluated by Cebeci et al. [31]. As shown in the (Fig. 1.3),
neat PEI and all CNT/PEI composites showed frequency dependent-shear thinning,
however 5 wt.% CNT/PEI composite showed both stronger shear thinning and higher
increment in complex viscosity. In addition, neat PEI and CNT/PEI composites
exhibited viscous behavior at low weight fractions, whereas 5 wt.% CNT/PEI behavior
was elastic. This phenomenon was associated with rheological percolation and the

threshold value was found between 0.25 and 5 wt.%.
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Figure 1.3 : Rheological results of CNT/PEI composites [31].

The investigation regarding dynamic mechanical properties of 0.5 and 1 wt.%
CNT/PEI nanocomposite film was performed by Liu et al [32]. They reported storage
modulus increased with CNT loading and even 1 wt.% CNT/PEI nanocomposite film
improved storage modulus and 7, by 9°C and 146%, respectively, attributed these
improvements to the CNT’s restriction of chain movements.

While the viscoelastic behavior of amorphous polymers is explained extensively in

earlier sections, the addition of nanofillers to semi-crystalline polymers is also further



studied in literature [20]. Choudhary et al. studied on linear viscoelastic behavior
of CNT/polypropylene (PP) composites having 0.2-7.0 vol. % filler content [33].
The composites showed terminal behavior until the addition of 0.4 vol.% CNT, after
which this behavior disappeared and the frequency dependence weakened, which was
explained as evidence that polymer relaxation was restrained by CNT. They reported
that composites showed solid-like behavior in between 1.8 and 7 vol.% in the all
frequency ranges and found the rheological percolation threshold as 0.27 vol.%. They
then examined the dynamic mechanical properties of the CNT/PP composites and
calculated the filler effectiveness parameter, C factor and degree of entanglement. They
explained that the decrease in the C factor and the increase in degree of entanglement
with the increasing amount of CNT indicate the interaction between CNT and PP. In
another study, Shim et al. studied the rheological properties of SWCNT/PP at a filler
amount of 0.29 to 6.56 wt.% [34]. The addition of SWCNT increased the complex
viscosity and storage modulus by making them frequency independent, referring to an
interconnected SWCNT network in the PP. 0.29 wt.% SWCNT loading was found to
be a rheological percolation threshold supported by a change in phase angle.
Goodridge et al. worked on rheological properties of 0.1 and 0.2 wt.% CNT addition
in polyamide (PA) composites [35]. Neat PA and its composites showed liquid-like
behavior in all frequencies and CNT addition in small fraction increased storage
modulus slightly, but changed the dependency of frequency neat PA which indicated
CNT-polymer and CNT-CNT interactions. In addition, it was observed that the
viscosity values increased with the addition of CNT and the shear thinning feature
became more pronounced. This was explained by dispersion quality of CNT and the
inhibition of chain movements of PA when CNT present. Morever, Liu et al. [36]
studied the CNT/PA composites and found that addition of CNT, also increased the
the complex viscosity, where the shear thinning became more dominant, hence storage
modulus were independent from the increased frequency. In addition, it was concluded
that CNT reinforcement affects the long-range dynamic properties of the polymer, but
not the short-range. Additionally, Daver et al., explored the rheological properties of
GNP/PA composites and achieved the highest increase instorage modulus at 17 wt.%
GNP/PA [37]. The rheological percolation was also reported to be between 6 and 10
wt.% GNP loading, and was supported by the Cole-Cole diagram.



Kim et al. evaluated viscoelastic properties of CNT/polyphenylene sulfide (PPS)
composites with different CNT weight fractions [38]. A sudden increase in both the
complex viscosity and storage modulus was observed with the addition of 3 wt.%
CNT and the rheological percolation value was reported to be close to 3 wt.%. When
SWCNT was considered in both semi-crystalline PPS and PEEK polymers, Diez et al
explored the concentration effect [39]. The storage modulus and complex viscosity
were all increased for PPS and PEEK composites an increase in SWCNT. However,
the decrease in frequency dependence of PEEK storage modulus was more evident. In
addition, the rheological percolation of PEEK composites was found to be significantly
lower than that of PPS composites, indicating that SWCNT interacts better with PEEK.
Diez-Pascual and coworkers studied the dynamic mechanical behavior of
SWCNT/PEEK composites [40]. It is reported that 1 wt.% SWCNT increased by 37%
in storage modulus and loss modulus shifted higher temperatures, which suggested
that SWCNT hinders the local motions of the ketone groups. Ferndndez-Blazquez
evaluated frequency dependent viscoelastic properties of GNP/PEEK composites at
1, 5 and 10 wt.% GNP loading [41]. Complex viscosity of neat PEEK and 1 wt.%
GNP presented a Newtonian behavior, while 5 and 10 wt.% GNP/PEEK composites
exhibited shear thinning and viscosity values increased significantly. In addition, the
storage values increased with GNP loading and it was clearly seen that a rubbery region
was formed in 5 and 10 wt.% GNP composites, which indicates that the GNP network
was formed. In another similar work, dynamic mechanical analysis of GNP/PEEK
fiber composites was performed in tension mode and it was reported that the storage
modulus value increased with the addition of GNP [42]. Bangarusampath and
coworkers prepared CNT (called MWCNT in here)/PEEK composites up to 17 wt.%
filler content [43]. Strain sweep test results showed that storage modulus increased and
critical strain values decreased with CNT loading, attributed with Payne effect. Then,
they analyzed frequency-dependent properties and observed CNT addition increased
both complex viscosity and storage modulus (Fig. 1.4). Beyond 1 wt.%, terminal
behavior in composites disappeared and they exhibited plateau like regime which
related with translation from liquid like to solid like behaviors and thus, the critical

threshold concentration was determined as around 1 wt.% CNT.
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Figure 1.4 : Rheological results of CNT/PEEK composites [43].

As a result, the effect of carbon-based reinforcements such as CNT and GNP on
the viscoelastic properties of several polymers has been extensively studied. The
majority of these studies focused on thermoset based polymer composites, since many
industrial applications are of this kind. However, a transition from thermosets to
thermoplastics is being considered for many advanced applications in several industrial
such as aerospace, biomedical and marine. Hence, it is still required to investigate
the viscoelastic properties of high performance polymers such as PEI and PEEK for

advanced applications when the reinforcements are used.

1.1.2 Filler types

Carbon-based materials such as carbon black (CB), carbon fiber (CFs), carbon
nanofiber (CNF), singlewall carbon nanotubes (SWCNT), multiwall carbon nanotubes
(CNT), graphene nanoplatelets (GNP) exhibit promising features in polymer
composites due to their unique functional features such as higher aspect ratio, surface
area, mechanical, thermal, and electrical properties, etc. than conventional materials

(Fig. 1.5) [44].

The first of these materials, CB, is composed of small spherical carbon particles having
100 nm in diameter which creates network structure by joining together [45]. There
are many studies in the literature, especially on CB added elastomers, also the effect of
viscoelastic properties of CB used as reinforcement material in various thermoplastics
such as ABS, PP, PC and thermoset such as epoxy has been investigated [46]. It has
been reported CB creates a reinforcement effect and causes both change in structure

and increase in viscosity due to the hydrodynamic effect in polymers [46—49].
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Figure 1.5 : Carbon-based materials [44].

Another well-known carbon-based material is CFs, which is one of the widely used
reinforcing materials in composite production, especially in aerospace application with
epoxy. CFs with micro size has a low aspect ratio and more defects among other
carbon-derived materials due to its high diameter [50]. There are rheological studies
especially on chopped CFs polymer composites [51].

CNF is one of the most common members of CFs with a 1-dimensional cylindrical
shape, with an average diameter of 70-200 nm and 50-200 micrometers, respectively.
Compared with CNT, it has lower surface area and higher defects [52-54]. Studies
on the viscoelastic properties of CNF reinforced polymer composites are more limited
compared to other carbon-based materials [55].

Another carbon-based material is 2-dimensional (2D) graphene, which consists of a
single carbon layer with a hexagonal structure. Graphene, which is preferred as a
reinforcing material in many different polymers due to its high aspect ratio and surface
area, has many different derivatives such as GNP, graphene oxide (GO), RGO. The
viscoelastic properties of graphene-based composites have been studied in detail in

the literature [5,42,56]. Despite having a high aspect ratio, GNP with agglomeration
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problem may not have the expected effect on rheological properties when it cannot be
dispersed effectively [8].

Another remarkable carbon-based material is 1-dimensional (1D), tube-shaped,
nano-sized carbon nanotubes. Carbon nanotubes can consist of a single graphene layer
are called SWCNT, or more than one-layer number called CNT having higher purity.
They are often preferred as reinforcement materials due to their excellent thermal,
electrical and mechanical properties [57].

As mentioned above, there are many detailed studies on the effect of carbon-based
materials on the viscoelastic properties of various polymeric materials, but in articles
in which different carbon-based materials are reinforced and compared to the same
polymer, the effect of dimension difference, that is, the effect of aspect ratio and surface
area, on viscoelastic properties is understood more clearly.

Durmus and coworkers evaluated the rheological properties of CB and CFs cyclic
olefin copolymer (COC) composites [58]. It was found that the rheological percolation
value of CB/COC composites was lower than that of CFs/COC composites, and at
the same time the yield values at complex viscosity were higher, and this result
was associated with the higher surface area and nano-size of CB. In another study
conducted by this team, dynamic mechanical analyzes of CB and CFs/COC composites
were performed and it was reported that since the aspect ratio of CFs is higher, its
effectiveness in the composite was also higher [59].

Isayev et al. produced CNT, GNP, and CB/PP composites at different filler loading
and clarified the effect of filler types on rheological properties of composites [60].
Results showed that storage modulus and complex viscosity values increased with filler
addition for all composites. The highest increment in storage modulus and viscosity
values was obtained from CNT/PP composites, followed by CB/PP and GNP/PP
composites at the same filler loading. It was associated with higher surface area and
aspect ratio of CNT, i.e. as aspect ratio and surface area increase, more substantial
dispersion and polymer-filler interaction were achieved.

Mark and coworkers conducted another study supporting these results. They worked
on rheological comparison of CB, expanded graphite (EG), and CNT (called MWCNT
in here) /PC composites [61]. The highest increment in complex viscosity was obtained

from CNT/PP composites, CB and EG. When the behavior in viscosity was examined,
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CB/PC, CNT/PC, and EG/PC composites showed a change in 4 wt.%, 2 wt.%, and 10
wt.% addition, respectively (Fig. 1.6). It was the evidence of rheological percolation
and explained as the lowest percolation threshold values were obtained from CNT/PC
composites. Examining composites 4 wt.% filler loading were analyzed, while the
complex viscosity value of CNT/PC composites was high at low frequency, that of
CB/PC and EG/PC composites at high frequency was high, this is due to the strong
shear thinning properties of CNT/PC composites. As a result of this study, it was
concluded that the best improvements were obtained in CN'T/PC composites.
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Figure 1.6 : Rheological results of CB/PC, CNT/PC, and EG/PC composites [61].

In line with the above results, Lin et al. investigated the rheological properties of
CNT, CB and GNP reinforced PP composites at the same filler ratio in dynamic
shear rheology and stated that the increase in complex viscosity was highest in
CNT reinforced due to high aspect ratio [62]. Another supportive study was carried
out by Sumfleth et al. [63]. They found that rheological percolation threshold of
CNT/epoxy and CB/epoxy composites were 0.2 and 0.8 wt.%, respectively, and
they explained that these results were due to the aspect ratio differences. On the
contrary, Deng et al. observed a no clear difference for the viscosity of CNT and

CB reinforced PP composites when similar filler concentrations were used. This
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results was inline with Potsche et al. studies where the rheological properties
depend not only on the interaction between fillers but also on the filler-polymer
and polymer-polymer interactions [64, 65]. Palacios et al., evaluated the rheological
behavior of CNT/GNP/PA, both binary and hybrid composites [66]. Results showed
that CN'T/PA composites showed non-terminal behavior, while GNP/PP composites
showed terminal behavior at 4 wt.% filler loading due to the dimensional differences
of CNT and GNP. It was explained that CNT having 1D structure have a high
ability to establish interconnected solid networks, but GNP have difficulty establishing
particle-particle interaction due to their sheet-like structure and promoting the slipping
and thus can not prevent polymer motion. Also, they investigated two different types
of GNP in terms of size, surface area, and thickness on PP rheology. GNP having high
surface area and small size has a higher impact on rheological properties. Similar to
previous work, Disdier and coworkers investigated the effect of GNP having different
viscoelastic properties of PP [67]. They reached that a higher increment in storage
modulus depending on temperature and complex viscosity was obtained from GNP/PP
samples having the lowest diameter and thickness. In addition, this aspect of the
research was compiled by Cassagnau et al. in the study that increasing the aspect

ratio reduces the maximum packing fraction and causes an increase in viscosity (Fig.

1.7) [68].
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Figure 1.7 : Comparison of packing fraction versus viscosity graph of different
fillers [68].

In addition to the results obtained by experimental studies, there are also simulation

studies on the reinforcement effect in the literature. Knauert et al. made theoretical
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simulations on dimensional differences of the filler material on viscosity [69]. In
the system, the nanoparticles were modeled as well dispersed in the polymer, but
the sheet-like structure was not well dispersed, as can be seen in Fig. 1.8. They
explained that 1D rod-like shaped as CNT assisted higher increment in viscosity than
2D sheet-like shaped as GNP; they associated this result with the more remarkable
ability of 1D structures to interact with each other (Fig. 1.9). Also, in this modeling,
the contact ratio of particles between particle and polymer chains was calculated
for different geometries. They obtained the highest fraction for both fractions from

rod-like particles.
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Figure 1.9 : Viscosity versus shear rate graph of composites having different
geometries [69].
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Consequently, various carbon-based reinforcements have been used to improve
viscoelastic properties. It has been observed that the interactions of reinforcement
materials with different shapes, sizes and surface areas with polymers are also
different. Considering all the studies, 1D CNT is seen as a more promising material
than other reinforcement materials. It improves even at low additive amounts thanks

to its high surface area and aspect ratio.

1.2 Motivation

Polymeric materials in particular thermoplastics are viscoelastic materials. When
advanced applications are considered, high-performance thermoplastics are important
candidates for several applications such as load-bearing components, vibrational
dampers, and shock absorbers. To design and analyze thermoplastic composites, it is
essential to understand the viscoelastic properties of them. The thermo-mechanical
behavior of high-performance thermoplastics such as PEI and PEEK has attracted
substantial attention especially when fillers in nano and micro scale are considered.
Understanding the interaction between the filler-polymer, polymer-polymer and
filler-filler will help to develop novel material systems for specific applications. The
aim of this study is to explore the viscoelastic properties of PEI and PEEK when
a carbon-based nanomaterial such as carbon nanotubes (CNT) is present. Since
CNT is a high aspect ratio filler, the effect of polymer type being for PEI as
amorphous and PEEK as semi-crystalline is further studied to reveal the effect of chain
type. PEI and PEEK composites were produced with different CNT concentrations
to analyze the effect of the presence of the CNT on the thermal, morphological,
viscoelastic, and mechanical properties of PEI and PEEK. The strain-dependent and
frequency-dependent viscoelastic properties of the composites were investigated in
detail by employing with Payne effect, percolation theory, and Cole-Cole analysis.
Also, change in thermo-mechanical properties with the presence of the CNT were
examined in DMA by conducting calculation of C factor, degree of entanglement,
adhesion factor, and volume of the constrained region, which enable to examine

CNT-polymer interaction effectively. In conclusion, we tried to fill the gap in the
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literature by investigating the viscoelastic properties of CNT reinforced PEI and PEEK

composites at both the oscillator rheology and DMA.

1.3 Overview of the Thesis

In this thesis, which consists of four main parts, we worked on revealing the
viscoelastic properties of CNT reinforced PEI and PEEK using oscillating rheological
analysis and DMA. Background information about viscoelastic properties of polymer
composites in two subsections as polymer types and filler types, were reviewed in
Chapter 1. The specifications of the materials, processing techniques & conditions, and
characterization methods were presented in Chapter 2. The change in morphological,
thermal, viscoelastic and mechanical properties of the PEI as amorphous and PEEK
as semi crystalline with presence of CNT were discussed and the CNT-PEI and
CNT-PEEK interactions were further explored with oscillatory rheology analysis and
DMA by using some approaches in Chapter 3 and finally, the entire thesis work was

summarized in Chapter 4.
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2. EXPERIMENTAL

The effect of CNT reinforcement on an amorphous and a semi-crystalline polymer
plays a crucial role on the overall mechanical and thermal properties. In this thesis, neat
and CNT reinforced PEI and PEEK polymers were fabricated to investigate the CNT
reinforcing effect on different chain configurations. In Fig. 2.1 the road map of the
thesis is demonstrated. An extensive characterization of the polymer nanocomposites
was performed to reveal the effect of CNT when an amorphous and a semi-crystalline

polymeric chains were considered.

CNT (1,3 and 5 wt.%) reinforced PEI and PEEK SEM To clarify the effect of CNT on the interfacial
composites interactions on PEI & PEEK using DMA with

approaches.
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Figure 2.1 : Road map of the thesis.

2.1 Materials

An industrial scale multi-walled CNT were used as reinforcing filler for polymer
nanocomposite fabrications. The CNT were supplied from Nanokomp with 10-20
nm in diameter, 1.5-2 um in length, and having 90% purity. An amorphous PEI and
semi-crystalline PEEK, referred as high performance polymers were used as matrix
materials (Fig. 2.2). PEI granules were purchased from Sabic (Ultem 1010) with
glass transition temperature of 217°C, and density of 1.27 g/cm>. PEEK granules were
purchased from Vitrex (450G) with glass transition temperature of 143°C, melting
temperature of 343°C and density of 1.30 g/cm>. Molecular structure of the polymers

were given in Fig. 2.3. All materials were used without treatment during processing.
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Figure 2.2 : Granules of (a) PEI and (b) PEEK.
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Figure 2.3 : Chemical structure of (a) PEI and (b) PEEK.

2.2 Fabrication

CNT reinforced PEI and PEEK composites were fabricated with 1, 3, and 5 wt.% by
using a custom-made co-rotating twin-screw extruder with 22 in length to diameter
screw ratio (L/D) designed by Kokbir Import&Export. The technical information of
the extruder was given in Table 2.1. Before the fabrication, all polymers were dried
in an oven at 150°C overnight to remove water accumulation. During the processing,
CNT and all polymers were fed to the same zone from separate hoppers in a cycle (see
Fig. 2.4). Process parameters of CNT/PEI and CNT/PEEK composites were tabulated
in Table 2.2. The whole experiment was shown in Fig. 2.5. To perform a comparison in
between the polymers, all processing conditions were kept constant except the process

temperatures as related with their 7.
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Table 2.1 : Specification of twin-screw extruder.

Properties Twin-screw extruder
Number of screws 2
Screw diameters 12 mm
Screw material Nitrified carbon steel
L/D ratio 22
Rotation Co-rotating
Motor power 1 kW

Speed range 1 to 350 rpm with 1 rpm precision
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Figure 2.4 : Extrusion process of CNT reinforced (a) PEI and (b) PEEK.

Table 2.2 : Fabrication parameters of the composites.

Parameters PEI PEEK
Zone 1 (°C) 310 330
Zone 2 (°C) 330 350
Zone 3 (°C) 340 360
Zone 4 (°C) 350 370
Adapter (°C) 360 380
Screw Rotor Speed (rpm) 210 210

The fabrication of polymer nanocomposites from both PEI and PEEK matrices, the
compression molding was performed by a hot press. Since the viscoelastic properties
of CNT/PEI and CNT/PEEK composites are of interest, DMA samples were initially
produced by using an aluminum mold. Before processing, all the neat polymer

and CNT-reinforced PEI and PEEK granules were conditioned at 150°C overnight,
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Figure 2.5 : Flow chart of composite fabrication.

removing water molecules to obtain a void-free structure. Production took place by
applying 2.5 MPa pressure to the aluminum mold of 150x75x3 mm at temperatures
between 300-330°C in about half an hour. Then the samples were cut to 65x13x3 mm
with a conical tip on a three-axis CNC machine as required within the ASTM standard

(see Fig. 2.6).

10 mm
J—

Figure 2.6 : DMA samples of (a) neat PEI, (b) neat PEEK, and (c) CNT reinforced
composites.
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2.3 Characterization

2.3.1 Thermogravimetric analysis (TGA)

Thermogravimetric analysis is a thermal analysis method in which the mass of
a sample is monitored as a function of temperature and time under a controlled
environment and temperature procedure. It provides both qualitative and quantitative
information. With this method, it is possible to determine the thermal stability and
decomposition temperature, as well as to moisture content, purity and compositions of

the material.

In this study, thermal stability and decomposition temperatures of the neat PEI, PEEK
and their CNT reinforced composites, weighing 10-12 mg, were examined by using
TA Instrument-TGASS at a heating rate of 10°C/min and the temperature range of
30-800°C under the nitrogen atmosphere (Fig. 2.7).

Figure 2.7 : TA Instrument-TGASS.

2.3.2 Differential scanning calorimetry analysis (DSC)

Differential scanning calorimetry (DSC) technique is used to investigate the physical
and chemical change of polymers as a response to heating. It enables to quantitative
and qualitative information about the material. It determines melting, crystallization,
and glass transition temperatures, and the corresponding enthalpy and entropy changes,

and changes in heat capacity or latent heat.

DSC measurements were performed in TA Instrument DSC Q2000 thermal analyzer in
accordance with ASTM D3418-15 standards. Neat PEI and its composites, weighing

10-12 mg, were heated from 50°C to 350°C with a heating rate of 10°C/min to erase the
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thermal history of the samples, then they were rapid cooled down from 350°C to 50°C
and reheated up to 350°C with 10°C/min. All steps were carried out under nitrogen
atmosphere. The same test procedure was performed for PEEK and its composites

with an upper temperature limit of 400°C. Second cycle data were used in the analysis.

2.3.3 Scanning electron microscopy analysis (SEM)

Scanning electron microscopy analysis (SEM) is a visualisation technique that creates
high magnified images of the sample by scanning it with a focused beam of electrons.
In the SEM device, which consists of an electron gun, anode, magnetic lens, scanning
coil, objective lens, detector, the electrons produced are sent to the sample and the
detector captures the images. The interactions of the electrons with the sample are
different, so images can be obtained from the secondary electron or the backscattering
electron. SEM provides characterization of the materials by imaging the morphology
of the sample surface, particle size, aggregated fillers and thickness of the filler

material.

Morphology of the all samples were investigated by using Field Emission Scanning
Electron Microscope (FE-SEM) (Quanta FEG 450), operating at 15 keV. To observe
the dispersion and distribution of the fillers in the polymer matrix, the fractured
cross-sectional area was obtained under cryogenic atmosphere, then coated with

gold-palladium alloys.

2.3.4 Oscillation rheological analysis

Rheology analysis, which is related to the flow and deformation properties of the
material, plays an important role in elucidating the physical and chemical structure
of the material, so it has a great importance for the development of new materials and

process improvements.

Dynamic rheological analysis was performed by a TA Discovery HR-2 rheometer
using an aluminum parallel plate having 25 mm in diameter with 1 mm gap (Fig.
2.8). . Before the testing, all samples were conditioned in an oven at 150°C overnight.
Firstly, strain sweep test was performed to determine the linear viscoelastic region in
the strain (%) range between 0.0125 and 12.5 at angular frequency of 10 rad/s and at

the temperature of 360°C. After deciding on the critical strain value for all samples,
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frequency sweep test was carried out in an angular frequency range between 0.1 and

628 rad/s at 360°C.

Figure 2.8 : TA Discovery HR-2 rheometer.

2.3.5 Dynamic-mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) characterize the viscoelastic behaviour of neat
and filled polymers by being subjected to dynamic or cyclic forces. Depending on
the shape of polymer materials, different deformation tools of the device such as
tension, compression, 3-point bending, can be used which are functional according

to measurement purposes.

Dynamic mechanical analysis (DMA) was performed on the all samples having
approximately 65 mm in length, 13 mm in width, and 3 mm in thickness using a 35
mm dual cantilever in TA Instrument DMA 850in accordance with ASTM D5023 - 15
(Fig. 2.9). Before the testing, all samples were dried in an oven at 150°C overnight.
First of all, an oscillation-strain sweep test was carried out to determine the linear
viscoelastic region in the amplitude range between 0.1 and 50 um at 35°C . Then, a
temperature sweep test was performed at 1 Hz., in the range between 50 and 230°C at

a heating rate 2°C/min.

2.3.6 Heat deflection temperature (HDT) testing

Heat deflection temperature (HDT) is a measure of the material’s resistance to

deflection under a certain stress at high temperature. The high HDT simplifies the
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Figure 2.9 : TA Instrument DMA 850.

injection process, while improving the performance of the material in service. HDT
is usually determined by the HDT-Vicat test, but it is also possible to determine HDT
using the DMA device. In the test, a constant stress of 0.455 MPa or 1.82 MPa is
selected and the point at which the sample subjected to temperature scanning under

constant stress yields 0.25 mm of deflection or 0.121% in strain is considered HDT.

All samples having 65x13x3 mm in dimension were tested to find heat deflection
temperature (HDT) using a 50 mm three-point bending clamp in TA Instrument DMA
850 (Fig. 2.9). Before the testing, all samples were dried in an oven at 150°C
overnight. The temperature at a strain value of 0.121% in the samples subjected to

temperature scanning under constant stress of 0.455 MPa was defined as HDT.

2.3.7 Flexural testing

Flexural testing of polymer materials measures flexural strength, which is related to
the force required to bend the material. The test helps determine the resistivity of
material before permanent deformation and the tendency to break. Different tools, like
either 3 or 4-point bending, may have been used according to the properties of the
tested materials. 3-point bending has been applied for homogeneous material, while

the four-point test is the most available choice for non-homogeneous materials.

Flexural tests were applied; all samples having 65x13x3 mm in dimension at ramp to
0.35 mm with 0.05 mm/min ramping rate using a 50 mm three-point bending clamp in
TA Instrument DMA 850 (Fig. 2.9). Before the testing, all samples were dried in an
oven at 150°C overnight. According to ISO 178, flexural modulus was calculated at

strain (%) range between 0.05-0.25.
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3. RESULTS AND DISCUSSION

3.1 Thermogravimetric Analysis of CNT/PEI and CNT/PEEK Composites

Thermal stability and thermal decomposition temperature of neat PEI, PEEK, and their
CNT reinforced composites were analyzed with thermogravimetry by examining the
effect of filler when an amorphous (PEI) and semi-crystalline polymers (PEEK) were

studied.

For PEI, as an aromatic polyimide, the chemical structure consists of repeating
aromatic imide, propylidene (isopropylidene) and ether groups. The aromatic imide
groups represents the stiffness and thermal resistance of the polymer, and the ether
groups provide ease on the processibility with low melt viscosities. Although PEI
is stable at high temperatures, with long dwell times in processes for advanced
applications such in aerospace, medical, and electronics; thermal degradation needs to
be further studied. Several earlier studies presented a two ways of thermal degradation
of PEI through chain scission or crosslinking. In here, until 400 °C, neat PEI
was thermally stable due to its phthalimide rings in its repeating units. A main
decomposition step was observed approximately at 529 °C followed by the second
step at 564 °C (Fig. 3.1). The first stage can be attributed to the scissioning of ether
bridges and broken imide rings, while the second stage was about the stronger aromatic

group [31,70].

The addition of CNTs as 1, 3 and 5 wt.% showed a slight increase on the thermal
stability of CN'T/PEI composites. The onset degradation temperature, 7y,5; %, for neat
PEI and 1, 3, 5 wt.% CNT/PEI composites were found as 515 °C, 520 °C, 519 °C, and
520 °C, respectively in an inert atmosphere (see Fig. 3.2 and Table 3.1). The maximum
weight loss rate temperature (75,4, %) for neat PEI was around 530 °C, whereas that of
CNT reinforced composites increased by 3 °C to 533 °C (see Fig. 3.3 and Table 3.1).
Also, at temperatures with 5% losses by weight (represented as 75%) increased by 6

°C in all CNT reinforced PEI composites.
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Figure 3.1 : TGA results of neat PEI focus on two stage decomposition.
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Figure 3.2 : TGA results of CNT/PEI composites focus on 7,5, %.

PEEK is an aromatic polyketone combining ketone and aromatic moieties and the
excellent thermal stability is achieved due to the stability of aromatic backbone. The
weakest bond in bridging aromatic rings tend to start the random scissioning resulting

with a noteworthy thermal stability over 565 °C [71, 72]. In an inert atmosphere
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Figure 3.3 : TGA results of CNT/PEI composites focus on 7,4 %.

Table 3.1 : TGA results of CNT/PEI composites.

Polymer Type CNT content (Wt.%) Topser CC)  T5% (°C)  Thpax% (°C)

0 515 514 530
1 520 520 533
PEL 3 519 520 533
5 520 520 533

at a single stage, the degradation of PEEK and its composites contain dehydration,
decarboxylation, and finally decarbonylation processes resulting with water, CO, CO,

and phenols (Fig. 3.4).

For neat PEEK and 1, 3, 5 wt.% CNT/PEEK composites, 7;,; was measured as 564
°C, 561 °C, 559 °C, and 560 °C, respectively in an inert atmosphere (see Fig. 3.5 and
Table 3.2). The rapid weight loss that occurs below around 600 °C is mainly attributed
to the phenols decomposition from PEEK with around 50 wt.%. T},,x% was found 579

°C for neat PEEK, however, with the reinforcement of CNT, it decreased to around

575 °C (see Fig. 3.6 and Table 3.2).

Although slightly, the addition of 5 wt.% CNT to PEI and PEEK resulted contrary

through increasing the 7,,s; of PEI by 5 °C, whereas decreasing the 7,5 by 5 °C
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Figure 3.5 : TGA results of CNT/PEEK composites focus on Ty, .

in PEEK. This behavior demonstrated that CNT showed a barrier effect in the neat
PEIL but it dissipated the thermal energy in the neat PEEK due to higher thermal
conductivity arisen from its semi-crystalline chain morphologies [73]. Since the

concentration of the CNT needs to be at a critical range for achieving an increased
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Table 3.2 : TGA results of CNT/PEEK composites.

Polymer Type CNT content (Wt.%) Topser CC)  T5% (°C)  Thpax% (°C)

0 564 561 579
1 561 559 575
PEEK 3 559 559 575
5 560 560 573

thermal decomposition temperature, none of the reported values can be related to this
threshold to create such a drastic effect [74]. Overall the addition of CNT to PEI
and PEEK did not cause a significant change in the thermal stability of these polymers,
likewise in related studies [75]. Since all ether, and aromatic groups remain as residues
till high temperatures, at 800 °C the residual weight was higher 54% for PEI and their
composites and around 50% for PEEK and their composites as consistent with earlier

studies (see Fig. 3.2 and Fig. 3.5) [71,76].

3.2 Differential Calorimetry Analysis of CNT/PEI and CNT/PEEK Composites

The thermal transitions of high-performance thermoplastics is of great interest since
these materials are alternatives to already existing thermoset based composites. But

the high temperature processing conditions requires a significant characterization on
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their phase transitions at particular temperatures. Since the degree of crystallinity is a
positive factor in the mechanical characteristics, the addition of fillers such as CNTs
should be studied in detail for the mobility of chains in polymers. Tracing the effect
of CNT on the melt states of engineering thermoplastic polymer nanocomposites will
bring benefits for developing advanced applications with multifunctionality. Hence,
transitions driven by new domains like in CNTs is being investigated broadly for
direct filler effects such as loading and aspect ratio. However indirect effects such
as crystallinity on the thermal transitions, and rigid amorphous transitions (RAF) are
less pronounced and discussed among the chain morphologies of the polymers such as
PEI and PEEK. It is clearly known that CNT can promote specific semicrystalline
morphologies or impose the ordering of polymers on the CNT surfaces [77, 78].
Establishing the relation in between these indirect effects on the overall properties
of polymer nanocomposites is crucial to a deep understanding when various polymer

types are considered.

The interfacial interaction in between the polymer and filler plays a significant role
on the enhancement of the polymer nanocomposites due to the lower mobility of the
polymer at this region compared to bulk fraction. Therefore, the interfacial polymer is

described as immobile and RAF has been utilized for further discussions.

In here, DSC was performed to clarify the effect of CNT incorporation on T, of
neat PEI and PEEK, also the melting and crystallization behavior of neat PEEK.For
thermograms, 7, manifests itself as a step and the temperature in the middle point of
the slanted area (step) of the DSC plot (see Fig. 3.7). T, was found as 216 °C and
152 °C for neat PEI and PEEK, while it was found as 218 °C and 152 °C for 5 wt.%
CNT reinforced PEI and PEEK, respectively (see in Table 3.3). It was demonstrated
that the presence of CNT did not significantly affect 7, of the polymers, as in similar
nanocomposite studies [31,79]. The reason for this phenomenon can be attributed to
the weak filler-polymer interaction due to poor wetting and low adhesion of the CNT

without any functional groups [80].

On the other hand, the melting temperatures (7,) from the endothermic reaction in
the DSC curve of neat PEEK and CNT/PEEK composites were around 341 °C (see
Fig. 3.8). The result clearly presents that CNT addition did not show a drastic change

on the melting temperature of PEEK, similar to earlier studies [79]. In addition, cold
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Figure 3.7 : DSC thermograms of (a) CNT/PEI composites and (b) CNT/PEEK
composites focus on the glass transition regions.

crystallization, defined as an exothermic crystallization process observed between (7y)
and (7,,) temperatures, was not seen in PEEK samples due to the lack of mobile
polymer chains to form a regular structure. However, hot crystallization temperature
(Tj), which was observed during cooling processing, was found between 258 °C and

266 °C and (Tj,) increased with the presence of CNT (see Fig. 3.9).

Moreover, crystallinity measurements of semi-crystalline PEEK samples were
performed by utilizing Eq. 3.1. Heat fusion enthalpy of 100% crystalline PEEK (AH)
was accepted as 130 J/g and AH, 045004 Was calculated from integral of the area under

melting peak being endotherm curve (see Fig. 3.10) [81].
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Table 3.3 : T, results of neat PEI, PEEK and their CNT reinforced composites.

CNT content (wt. %) T, of PEI samples (°C) T, of PEEK samples (°C)

0 216 152
1 217 154
3 217 153
5 218 152
-4 4 melting curves Tm
-6
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— 3 wt.% CNT/PEEK

endo
1——5 wt.% CNT/PEEK

310 320 330 340 350 360
Temperature (°C)

Figure 3.8 : DSC thermograms of CNT/PEEK composites focus on the melting

regions.
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Figure 3.9 : DSC thermograms of CNT/PEEK composites focus on hot crystalliza-
tion.
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Figure 3.10 : DSC thermograms of neat PEEK focus on calculation of the heat fusion
entalpy.

AH, measured ( 31 )

Xrp —
y AH

Also, ternary phase systems including crystalline (CF), rigid amorphous (RAF), and
a mobile amorphous fraction (MAF) for semi-crystalline polymers were studied in
detail. Amorphous zones referred as mobile and rigid is the main difference in a ternary
and binary phase system. RAF is defined by the region of restricted mobility around
the crystalline domains and does not contribute 7, just like the crystalline fraction, but
MATF relaxes and contributes to a heat capacity changes at Tg [81]. MAF and RAF
were estimated using Eq. 3.2 and Eq. 3.3. In the equations, AC,, and ACI‘f represent
specific heat capacity change of the sample and specific heat capacity change of 100%
amorphous PEEK at Tg, respectively. Tangents were plotted to C, so1iq and Cp jiguia
in Fig. 3.11, then the AC,, change at the midpoint (7) of the transient region was
calculated and ACY was taken as 0.27 J/g°C according to Advanced Thermal Analysis

System data bank [81].

Xuyar = ACy x 100% (3.2)
MAF = ACp? 2 .
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Figure 3.11 : DSC thermograms of CNT/PEEK composites focus calculation of AC),
at T,.

Xrar = 1 —Xcr — Xmar (3.3)

It should be clarified that the RAF is formed not only by the restricted amorphous
polymer chains around the crystalline region, but also the chains with restricted
mobility originating from the reinforcement material [82]. However, it was not
possible to calculate these two fractions with only DSC analysis, so the calculated
RAF was the sum of the restricted area due to the crystal region and the contribution of
CNT [82]. Based on the ternary phase system, neat PEEK and CNT/PEEK composites

were schematized in see Fig. 3.12 and all results were tabulated in Table 3.4.

Table 3.4 : DSC results of neat PEEK and their CNT reinforced composites.

Sample Name Ty (OC) The (OC) AHmeasured (J/g) %XCF %Xmar  YXrar

Neat PEEK 341 258 34 26 39 35
1 wt.%CNT/PEEK 341 263 38 29 32 39
3 wt.%CNT/PEEK 341 262 34 27 32 41
5 wt.%CNT/PEEK 341 266 35 27 28 44
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Figure 3.12 : Representation of the ternary phase system for (a) Neat PEEK, (b) 1
wt.% CNT/PEEK, and (c) 5 wt.% CNT/PEEK.

In earlier studies, the addition of CNT in a PEEK composite resulted with increased
crystallinity and the reason for such findings were attributed to the presence of CNTs
as if triggering the nucleation and forcing an ordered fashion [60]. In addition, as
stated before, the increase of 7y, with the amount of CNT was a sign of heterogeneous
nucleated sites, like other CNT/PEEK studies [83]. Also, the highest crystallinity was
obtained from 1 wt.% CNT/PEEK composite as 29% while neat PEEK had 26%. CNT
decreased the amount of MAF in PEEK both by increasing the crystal ratio and by
embedding in amorphous regions, limiting the mobility of polymer chains. The value
of RAF for neat PEI 35% while that of CNT/PEEK composites varied between 39%
and 44% (see in Table 3.4). RAF showed an increasing trend with respect to the amount
of CNT and highest RAF was obtained from 5 wt.% CNT/PEEK composite, due to an
increase in crystalline fraction and restricted area by the CNT. Although the crystal
ratio is the highest in the 1 wt.% CNT/PEEK composite, it is thought that CNT are
mostly embedded in the crystalline regions, since the RAF ratio is the lowest. When
the amount of CNT increased from 1 to 3 and 5 wt.%, it was accepted that CNT was
more distributed in amorphous chains, and thus, chain mobility was inhibited and RAF

increased (see Fig. 3.12 (b) and Fig. 3.12 (¢)).
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3.3 Morphological Analysis of CNT/PEI and CNT/PEEK Composites

The structural characteristics of the CNTs play a significant role in determining its
properties and the properties of the composite material as a whole. The morphology
of CNT/PEI and CNT/PEEK systems was examined employing the SEM method.
The cryo-fractured composites were investigated to establish the relationship between
the structure and property of the all polymer nanocomposites. The SEM images
of the fabricated CNT/PEI composites are shown in (see Fig. 3.13). Without
any functionalization or surface treatment of CNT, good quality of dispersion and
distribution of polymer nanocomposites were achieved by melt-processing where shear
forces dominating the overall process as depicted in Fig. 3.13. Along with the good
dispersion of CNT, the polymer bridging was also observed when compared with neat
PEI. The increase in CNT ratio also resulted with more fibrillary formation in a PEI
matrix similar to many thermoplastics as presented in see Fig. 3.13 from 1 to 5%
wt. of CNT [31]. To investigate the morphology in more details, SEM images were
taken for each CNT/PEI sample at 80.000X magnifications (see Fig. 3.13). The white
dots and lines indicated the CNT, while the darker parts were the PEI matrix itself,
pointing out that CNT were well covered by the matrix and no pull-out mechanism was
observed during cryo-fracturing of the specimens. In here, hot press was employed as
a composite manufacturing process in which especially at very high 7, polymers such
as PEI, the process may result with drawbacks such as causing irregularities such as
voids. Hence, the presence of voids at higher CNT fractions was also attributed to the
higher viscosities of the polymer at these loadings limiting the melt flow and resulting

with flaws as presented in Fig. 3.13 (c).

The cryo-fractured SEM results of neat PEEK and CNT/PEEK composites were
presented in Fig. 3.14 at 80.000X as similar to CNT/PEI with white dots and lines
representing the CNT, while the darker parts were the matrix. Melt processing of CNT
reinforced PEEK composites also showed a well dispersed and distributed polymer
composite by overcoming the electrostatic interaction and van der Waals force between
CNT with the help of the high shear force coming from extrusion, as in PEI (see insert
images in Fig. 3.14). When the CNT filler content is increased from 1 to 5 wt.%, less
irregularities such as voids was observed compared to 5 wt.% CNT/PEI composites.

One particular reason for that may be attributed to the lower 7, of PEEK compared to
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PEI and also lower phonon scattering due to crystalline domains of PEEK that creates

a more homogeneous thermal pathway [73].

Figure 3.13 : Morphological results of (a) neat PEL (b) 1 wt.% CNT/PEI, (c) 3 wt.%

CNT/PEI, and (d) 5 wt.% CNT/PEI images (Insert images represent the
distribution level as regards the CNT amounts.).

Figure 3.14 : Morphological results of (a) neat PEEK, (b) 1 wt.% CNT/ PEEK, (c) 3
wt.% CNT/ PEEK, and (d) 5 wt.% CNT/ PEEK images (Insert images
represent the distribution level as regards the CNT amounts.).
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3.4 Oscillatory Rheology Analysis of CNT/PEI and CNT/PEEK Composites

3.4.1 Strain dependency of viscoelastic properties

The properties of polymer nanocomposites are strongly related to adequate dispersion
of the fillers into the polymer matrix. Exploring the dispersion quality in the polymer
nanocomposites is usually not straightforward since researchers may find answers
either locally or globally at post factum with limited possibility for in-situ observations.
However, rheological characterizations may offer the investigation of the liquid state
with fillers since the linear and non-linear properties are sensitive to changes at the

microstructural scale.

In this section, the strain dependence viscoelastic properties of neat PEI, PEEK,
and their CNT reinforced composites were investigated. A strain sweep test was
performed to identify linear viscoelastic region (LVR) and to reveal the effect of
microstructure when fillers are present. In addition, critical strain values of CNT/PEI
and CNT/PEEK composites were obtained since will be important to examine at the
frequency dependent viscoelastic properties of them at linear region. The critical strain
which is defined as the transition from linear to non-linear behavior was defined at a
decrease in 5-10% for storage modulus [84]. Hence, it is important to define the critical
strain to determine the transitions from linear to non-linear regimes where regions up

to critical strain is LVR.

When neat PEI and PEEK considered, even at high strains a Newtonian plateau was
observed presenting the absence of any solid network formation when fillers was
not present [85]. Oppose to that, CNT/PEI and CNT/PEEK composites showed the
non-linear behavior at high strains with a dramatic yielding at their critical strains (Fig.
3.15). Similar to studies from literature, at the critical strain values of all CNT/PEI
and CNT/PEEK composites, a decrease of storage modulus was observed [84, 86—89].
This was attributed to the Payne effect, a phenomenon associated with the deterioration
of the filler-filler network structure [85]. With an increasing filler content, the Payne
effect is more pronounced and decreased the critical strains presenting a dense network

in the matrix similarly in PEK, PC, ABS nanocomposites [90]. On the other hand, the
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plateau modulus increased when CNT content was at 5 wt.% in both CNT/PEI and
CNT/PEEK around 6E4% and 2E3%, respectively (see arrows in Fig. 3.15). The
higher enhancement capability observed in CN'T/PEI composites may be attributed to
a better CN'T-polymer interaction where amorphous chain structure is also effective for

a high aspect ratio filler.
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Figure 3.15 : Strain-storage modulus graph of neat and CNT reinforced (a) PEI (b)
PEEK samples. %Increments in storage modulus and the critical strain
values are represented as arrows and stars, respectively.

Additionally, an exponential dependence of the critical strains were observed to
volume fraction of CNT (7, o J’}), which is represented with the Power Law similar
to earlier studies [84,91-93]. The Power-Law on the logarithmic scale showed the
slopes for PEI and PEEK as -1.76 and -1.40, respectively (Fig. 3.16). The slope for
CNT/PEI composites is higher than CNT/ PEEK composites and can be associated

with CNT-polymer interaction and CNT-CNT network formation due to the efficiency
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of dispersion and distribution [91, 92]. More detailed analysis of the interaction of

CNT to PEI and PEEK was investigated in frequency-dependent properties.
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Figure 3.16 : Critical strain-volume fraction graph of PEI and PEEK samples.

3.4.2 Frequency dependency of viscoelastic properties

3.4.2.1 Analysis of storage modulus - frequency plots

The study of frequency-dependent behavior of reinforced polymer composites is
critical from the scientific to industrial perspective to determine the process conditions
when scale-up is considered [94]. At high frequencies, the results are usually
evaluated to reveal the effect of filler on the overall processing properties. Besides,
at lower frequencies the rheological results are usually sensitive to composite
structure and gives information about the percolation state of the filler. In here,
the frequency-depended behavior of the CNT reinforced PEI and PEEK composites
was investigated in linear viscoelastic region (LVR). Although the storage module
is sensitive to microstructural changes in the low-frequency regions (up to 1 rad/s),
the high-frequency regions act oppositely. For CNT/PEI and CNT/PEEK composites,
the storage modulus of all samples showed an increase with the increasing frequency,
particularly in the high-frequency regions where the material is not allowed to flow for
a long time (Fig. 3.17). Also, the storage modulus of neat polymers and CNT/PEI
and CNT/PEEK composites showed a similar trend at high-frequency with the lack
of required relaxation time for the polymer chains. And hence increasing frequency

eliminated the effect of the CNT on the short-range dynamics of the polymer [94].
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Figure 3.17 : Storage modulus as a function of frequency for (a) neat PEI and
CNT/PEI and (b) neat PEEK and CNT/PEEK composites.

In the low-frequency regions, the fully relaxed PEI and PEEK are exponentially
frequency-dependent. They are expected to exhibit typical terminal behavior by
obeying G’ < w? scaling, however, PEI and PEEK showed terminal behavior with
0.7 and 1.56 scaling, respectively, which may be related to the difference in the
polydispersity of the polymers [95] (see Table 3.5). This frequency dependence is
an indication of the predominance of a liquid-like structure in the system, consistent
with previous findings for thermoplastics [27,43]. On the other hand, the degree
of frequency dependence began to disappear when CNTs present, which restricts
polymer relaxations and indicate the dominant liquid to solid-like transition. This

behavior is attributed to the rheological percolation where CNT-CNT interaction is
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Table 3.5 : Frequency dependency exponent of neat PEI, PEEK and their CNT
reinforced composites.

CNT content Frequency-dependency

(WE.%) exponent
. /0
PEI PEEK
0 0.70 1.56
1 0.29 0.68
3 0.21 0.34
5 0.32 0.27

more pronounced [19] and a sudden increase in storage modulus is presented. The
addition of CNTs increased the storage modules of neat PEI and PEEK by 6E4%
and 8E3% (see (Fig. 3.18) [31,43]. For CNT/PEI composites, a sharp increase
was observed at 1 wt.% CNT where the slope was decreased by 58%, and frequency
dependence disappeared, indicating that the percolation threshold was lower than 1
wt.%, in consistent with earlier findings [31]. Even, with 3 wt.% CNT reinforcement,
the slope further decreased and reached the plateau region, which indicated the
solid-like feature as dominant. Similar behavior has been observed in CNT/PEEK

composites, and the percolation threshold was reported to be below 1 wt.% [39].
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Figure 3.18 : The change in storage modulus for (a) CNT/PEI and (b) CNT/PEEK
composites.
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3.4.2.2 Analysis of complex viscosity-frequency plots

The complex viscosity, referred as the total resistance to flow was also studied to reveal
the effects of CNT reinforcement for processing. From Fig. 3.19, the neat PEI and
PEEK exhibited a typical thermoplastic behavior showing a Newtonian plateau at low
frequency where the chain entanglements are present, and a shear-thinning at high

frequency indicating the disentanglement of polymer chains during flow [96].
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Figure 3.19 : Complex viscosity as a function of frequency for (a) neat PEI and
CNT/PEI and (b) neat PEEK and CNT/PEEK composites.

At higher CNT loadings, the complex viscosity increased and shear thinning
behavior was observed in all frequency ranges likewise similar nanoparticle reinforced

composites [27,43]. This phenomenon can be illustrated with the Power Law equation
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(C7"=1)), n is defined as shear-thinning exponent) by utilizing the Cox-Merz rule
(M (P)=n*(w), for y = w) [90,97]. It was observed that the n value of PEI and PEEK
decreased with increasing CNT, and the lowest n was obtained from 5 wt.% CNT/PEI
and 5 wt.% CNT/PEEK composites as 0.35 and 0.26, respectively at a frequency range
between 10? and 103 rad/s (Table 3.6) meaning shear-thinning feature became more

pronounced with CNT incorporation.

Table 3.6 : Shear-thinning exponent (n) of neat PEI, PEEK and their CNT reinforced
composites.

Shear-thinning

CNT content
(Wt.%) exponent (n)
PEI PEEK
0 0.72 0.60
1 0.64 0.45
3 0.47 0.35
5 0.35 0.26

The restrictions of chain movement was clearly presented when CNT content increased
to 5 wt.% through the increased complex viscosity. Although from the processing
requirements, an increase in complex viscosity is a disadvantage, the shear-thinning
feature dominated [31]. Moreover, the sudden increase in the complex viscosity of
PEI and PEEK and the transition of Newtonian behavior to shear thinning in the
low-frequency region with CNT also indicated that the percolation threshold was

below 1 wt.%.

3.4.2.3 Analysis of modified Cole-Cole plots

The modified Cole-Cole plots (or Han Plot) obtained by plotting the storage modulus
versus the loss modulus is an analogy to dielectric spectroscopy made on polymer
relaxations [24,27]. It is an effective technique to analyze the structural change in

polymers and to use revealing percolation threshold of the polymer composites [24,98].

Cole-Cole plots of PEI and PEEK samples were plotted on a logarithmic scale and in
general, the Cole-Cole plots provide a master curve with a slope of 2for homogeneous
polymer melts and the deviation in the slope is indicative of heterogeneity (Fig.

3.20) [99]. Evaluating the slope of the neat PEI and PEEK polymers was found
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approximately 2, while the slope decreased rapidly with the CNT reinforcement,

which is a sign of the structural change in the system. In addition, neat PEI and

PEEK showed viscous properties in all frequency ranges (loss modulus is higher than

storage modulus), in contrast, 3 wt.% and 5 wt.% CNT reinforced PEI and PEEK

composites presented an elastic characteristics. chain characteristics of an amorphous

to semi-crystalline domains. The percolation threshold described as below 1 wt.% for

PEI and PEEK earlier was also confirmed with Cole-Cole plots.

Figure 3.20 :
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3.5 Dynamic-Mechanical Analysis of CN'T/PEI and CNT/PEEK Composites

DMA clarifies both the elastic and viscous response of the materials under cyclic
deformation depending on the frequency. Also, DMA reveals both the potential in
load-bearing applications of materials by analyzing the change in the storage modulus,
representing the stiffness of the composite, and filler-polymer interaction by examining
the tan delta value which is a sign of heat dissipation ability of the material. It is
critical to analyze change in material behavior correspond to temperature to explore
thermo-mechanical performance of the material, for this reason DMA is one of the
effective characterization techniques to determine the glass transition region in the
high sensitivity. In this section, the change in the thermo-mechanical properties of the

polymers having a different structure with the addition of CNT was investigated.

DMA was performed on neat PEI, PEEK and CNT/PEI and CNT/PEEK composites.
In DMA, two main regions were observed: the first one was a glassy region and the
latter was a rubbery region (see Fig. 3.21). Storage modulus in the glassy region
decreased with increasing temperature and the sudden change was observed at T, for
all samples, due to increasing molecular mobility of the polymers (Fig. 3.22) [100]. A
sudden decrease in storage modulus was more drastic in PEI samples compared with
PEEK ones, because the crystal region still provides stiffness, so the loss of stiffness

was less in semi-crystalline PEEK samples [101].
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Figure 3.21 : Representation of the glassy and rubbery region.
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Figure 3.22 : Storage modulus as a function of temperature for (a) CNT/PEI and (b)
CNT/PEEK composites.

For both CNT/PEI and CNT/PEEK composites, addition of CNT to these polymers
showed an increase in the storage modulus in both the glassy and rubbery regions. The
results may be attributed to a well CNT to polymer interaction and adhesion in which
the highest achievement for the glassy region was with 5 wt.% CNT/PEI and PEEK
composites [102,103]. However, when compared to an amorphous vs. semi-crystalline
polymer, the enhancement capability was more significant in CNT/PEEK composites
where CNT acted as nucleation sides for crystalline domains. Moreover, since the
specimen fabrication was performed by hot-press rather than injection molding, the
formation of voids in CN'T/PEI composites was more significant with higher 7, leading
to a lower mechanical characteristic. For tan delta, both CNT/PEI and CNT/PEEK

composites had decreased the height and area suggesting the confinement of polymer
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chains with CNT (Fig. 3.23) [30, 100]. Also, T, of the CNT/PEI and CNT/PEEK

composites were calculated from both the onset point of the storage modulus and the

peak point of the tan delta curve (see Table 3.7) The findings were in line with the DSC

analysis, confirming that the CNT did not significantly affect the 7, of the polymers.

Table 3.7 : T, results of CNT/PEI and CNT/PEEK composites by DMA.

CNT content (wt.%)

T, (°C) by Storage Modulus

T, (°C) by Tan Delta

PEI PEEK PEI PEEK
0 217 145 226 161
1 218 148 226 164
3 217 148 226 164
5 218 147 226 164
a) 25
Neat PEI
— 1 wt.% CNT/PEI
2.0 1 Tan Delta Peak —3 wt.% CNT/PEI
5 wt.% CNT/PEI
< 1s) Ry
2 .
=} I
S 1.04 :
0.5
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Temperature (°C)
b) 0.20
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—3 wt.% CNT/PEEK
0.15 /\ —— 5 wt.% CNT/PEEK
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Figure 3.23 : Tan delta as a function of temperature for (a) CNT/PEI and (b)
CNT/PEEK composites.
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Since the polymer type plays a crucial role on the overall enhancement capability
when a filler such as CNT is present, understanding the CNT-polymer and CNT-CNT
interaction is important.  Analytical approaches considering the amorphous or
semi-crystalline nature of the polymers when reinforced with CNT is usually described
upon the polymer chain movement. In here, the reinforcing efficiency of CNT in
polymers with different structures, the change in the entanglement level in the polymer
chain with the increasing amount of CNT, and the constrained region in polymers due

to CNT were revealed.

Initially C factor which evaluates the efficiency of CNT in a polymer matrix for
reinforcement is studied [21]. For all calculations, the storage modulus was used in
between 170 °C and 230 °C for PEI, 130 °C and 200 °C for PEEK, at the glassy and
rubbery regions, respectively (see Eq. 3.4).

(Eé’ / E’/’ ) composite
(E2/E

C factor (C) = (3.4)

7) potymer
It is well-known that as the C factor increases, the reinforcing effectiveness is expected
to decrease [21, 33]. Along with the calculations, the C factor for CNT/PEI and
CNT/PEEK was decreased with the CNT concentration (Fig. 3.24). The lowest C
factor was calculated as 0.27 and 0.30 from 5 wt.% CNT/PEI and 5 wt.% CNT/PEEK
composites, respectively. These results showed that 5 wt.% CNT had more efficiency
in the distribution in the polymers, which was supported with the morphological

characterization by SEM image given in section 3.3.
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The degree of entanglement was calculated by Eq. 3.5, of storage modulus in the
rubbery region (R: gas constant, T: temperature in the rubbery region 230 °C for PEI
180 °C for PEEK) [33].

/

~ 6RT

Degree of entanglement(N) mol /m> (3.5)

The results showed with an increase in CNT content, the degree of entanglement
in CNT/PEI and CNT/PEEK composites were increased supporting the good
CNT-polymer interaction as similar to CNT/PP and CNT-ABS composites (see Fig.
3.24) [21,33].

Moreover, the adhesion factor was calculated for CNT reinforced PEI and PEEK
composites. Calculations were performed by tan delta at 7, and volume fraction of

the CNT according to the Eq. 3.6 below.

1 tan§
Adhesion factor (A) = — M 4 (3.6)

(1-9¢s) tan3,
As the interaction between CNT and polymer increases, the adhesion factor is expected
to decrease. For CNT/PEI and CNT/PEEK composites, the adhesion factor decreased
with the increasing CNT content, and the lowest adhesion factors were obtained from 5
wt.% CNT reinforced PEI and PEEK composites as -0.37 and -0.14, respectively (see
Fig. 3.25).
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Also, the lower mobility of chains when CNT were calculated by utilizing Eq. 3.7.

As discussed before, the decrease in the height and under the area of the tan delta
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curve with the CNT reinforcement were indications that the polymer mobility of the
CNT was restricted, that is, the fillers constrained a certain region. Thus, for further
calculations, tan delta at 7, was employed and energy loss fraction of neat polymer and
composites represented as Wy and W, respectively were found according to Eq.3.7.
In the equations, C, and Cy (Cp was taken as 0) were named as the volume of the
constrained region of composites and the neat polymer, respectively. By rearranging
Eq. 3.7 with Eq. 3.8, Eq. 3.9 was obtained and calculated accordingly.

Ttan

- mwtand + 1 S
(1-Cy)Wp
W=-~__—"Y = 3.8
(1-Co) G:8)
B (l —CO)W
Cy=1-— —WO 3.9

An increase in the constrained region of the polymers with CNT reinforcement were
clearly observed and the maximum constrained region values were calculated as 0.07
and 0.12 from 5 wt.% CNT/PEI and 5 wt.% CNT/PEEK composites, respectively (see
Fig. 3.25).

3.6 Heat Deflection Temperature of CNT/PEI and CNT/PEEK Composites

HDT determination is one of the effective tools used to reveal the physical
performance of polymers and polymer composites. Also, it is especially critical for
high-performance thermoplastics produced by injection moldings such as PEI and
PEEK, as the increase in HDT results in a faster injection process. In this section,
The HDT of neat PEI and PEEK were measured as 204 °C and 190 °C, respectively,
and the highest HDT was obtained from 5 wt.% CNT/PEI and 5 wt.% CNT/PEEK
composites as 207 °C and 219 °C increasing by 3 °C and 29 °C, respectively ((see
Table 3.8)). Higher increment in PEEK samples may be attributed to and increase in
crystalline fraction with the presence of CNT and less void content. With the presence
of CNT an increase in HDT was indicative of improved thermal properties and a good
CNT-polymer interface which is important for processing and the performance (see

Fig. 3.26) [104].
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Table 3.8 : HDT of neat PEI, PEEK and their CNT reinforced composites.

CNT content (wt.%) HDT of PEI (°C) HDT of PEEK (°C)

0 204 190
1 205 210
3 204 218
5 207 219
220 ——
215+ % T1\1\6;5:% CNT
1 [ ]3wt%CNT
2109 5 wt%CNT ]
o 1 -
2054 —— |
‘g 200 -
£195-
et
1904
1854
180
PEI PEEK

Figure 3.26 : HDT of CNT/PEI and CNT/PEEK composites.

3.7 Flexural Modulus of CNT/PEI and CNT/PEEK Composites

It is important to improve the mechanical properties of polymers to bring them
multifunctional properties, thus, flexural testing of neat PEI, PEEK, and their CNT
reinforced composites were performed to evaluate the effect of CNT on the overall
mechanical properties of polymer composites. The flexural modulus of the neat PEI
and PEEK were found to be 2.76 and 2.95 GPa, respectively (see Table. 3.9). When
compared with earlier studies performed with injection molding, the neat PEI and
PEEK modulus was lower in this study. Hence, the results may be affected due to
the processing technique in which a driven pressure of the polymer through a die is not
present. So the resulting composites presents more voids and irregularities [105-107].
On the other hand, revealing the CNT on flexural modulus, the modulus were both
increased in CN'T/PEI and CNT/PEEK composites. The highest modulus was obtained
from 5 wt.% CNT/PEI and 5 wt.% CNT/PEEK composites as 3.38 and 3.77 GPa, with
22% and 28% increment, respectively (see Fig. 3.27). In addition, examining the

effect of 1 and 3 wt.% CNT on the polymers, CNT provided a further increase in the
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flexural modulus of PEEK, which is also related to the increase in the crystal fraction
of CNT and its less void content. The improvement of the mechanical properties
of the polymers by CNT reinforcement indicated that the interaction between CNT

and polymers is high and a good interface is formed between the CNT and polymers
[80, 108].

Table 3.9 : Flexural modulus of neat PEI, PEEK and their CNT reinforced
composites.

CNT content

Flexural Modulus of PEI Flexural Modulus of PEEK

(wt.%) (GPa) (GPa)
0 2.76 2.95
1 2.73 3.27
3 2.83 3.72
5 3.38 3.77
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Figure 3.27 : Stress-strain curve for (a) CNT/PEI and (b) CNT/PEEK composites.
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4. CONCLUSION

In this study, 1, 3, and 5 wt.% CNT reinforced PEI and PEEK composites were
successfully produced with a twin-screw extruder. The thermal, morphological,
viscoelastic, and mechanical properties of the produced composites were examined
in detail. According to TGA and DSC results, no significant effect of CNT
on T, and decomposition temperature of PEI and PEEK was observed, however,
CNT as acting nucleation side increased crystalline fraction of PEEK, and higher
crystallinity was obtained from 1 wt.% CNT/PEEK composites as 29%. The
morphological analysis revealed that CNT reinforced PEI and PEEK composites were
fabricated homogeneously without any agglomerations. However, CNT reinforced
PEI composites presented voids and less dispersion efficiency of CNT as in-line with
the DMA results. Additionally, critical strain decreased and the Payne effect was
more pronounced with CNT presence. Also, it increased the storage modulus and
complex viscosity of PEI and PEEK depending on frequency. Frequency dependency
of storage modulus disappeared and shear thinning behavior became more dominant
with increasing CNT loading and the percolation threshold was found below 1 wt.%
for both polymers. The thermo-mechanical properties of CNT/PEI and CNT/PEEK
composites showed a coherency with the CNT concentration on the enhancement
of storage modulus and decrease in tan delta of them. It is also shown that the
increase in storage modulus of CNT/PEEK composites were higher than CNT/PEI
ones, due to an increase in a crystalline fraction of PEI thanks to the presence of CNT.
Analyzing the CNT polymer interaction mathematically using DMA data, the C factor
and adhesion factor decreased with the amount of CNT, and the degree of entanglement
and volume of the constrained region increased. The best results were obtained from
5 wt.% CNT/PEI and 5 wt.% CNT/PEEK composites having C factor of 0.27 and
0.30, and constrained regions of 0.07 and 0.12, respectively. It was also reported that
CNT increased the HDT of PEI and PEEK by 3 and 29°C, respectively, at 5% CNT

reinforcement. The reason for the increase in PEEK samples is related to the increase
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in the crystal fraction of CNT. The CNT reinforcement increased HDT, which is an
indicator that it improves the thermal properties. It is important for the analysis of
the performance of the part to be used as a structural part under temperature and for
the faster molding time of the materials to be produced by injection molding. Also,
the flexural modulus which is important for materials that can be multifunctional were
analyzed. The CNT increased the flexural modulus of the neat PEI and PEEK, which
is the sign of well filler-polymer interphase, and the highest modulus was obtained
from 5 wt.% CNT/PEI and 5 wt.% CNT/PEEK as 3.38 ve 3.77 GPa. As a result,
viscoelastic properties of CNT reinforced PEI and PEEK composites were evaluated
by oscillator rheology analysis and DMA, and it was revealed that CNT-polymer

interaction increased with increasing CNT content.
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