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MULTIFUNCTIONAL PROPERTIES OF CONTROLLED MORPHOLOGY 
ALIGNED CARBON NANOTUBE POLYMER NANOCOMPOSITES AND THEIR 

APPLICATIONS 

SUMMARY 

The composite materials needed by the aerospace industry are expected to have 
unparalleled material properties. These requirements motivate the adoption of 
nanotechnology and nanomaterials to existing composite materials. The use of 
nanotechnology in composites can help satisfy the requirements of better 
performing, lighter weight materials that can be processed cost-effectively and have 
long lifecycles. Structural composites in the aerospace industry are known as 
advanced composites, or high performance polymer matrix composites (PMCs), 
which consist of enhanced performance resin systems with layers (laminae) of 
aligned fibers having high stiffness and strength. Even though PMCs can reduce 
fuel consumption and maintenance costs of vehicles that employ them by up to 50% 
and 20%, respectively, compared to metals, future aerospace and defense 
applications will need materials with even better properties. These fields are 
expected to take significant advantage of nanotechnology-based materials such as 
carbon nanotubes to create better-performing composites with minimal weight 
addition. 

Carbon nanotubes (CNTs) are equivalent to a two dimensional graphene sheet 
rolled up into a tubular structure. Single walled carbon nanotubes (SWNTs), as their 
name suggests, contain a single wall of carbon atoms forming the tube, while 
structures with more than one wall and an interlayer separation of 0.34 nm are 
called multi walled carbon nanotubes (MWNTs). The strong C-C bonds and flawless 
molecular structures of CNTs offer intrinsic properties such as high mechanical 
stiffness and strength with low density (1.4-1.5 mg/mm3 for SWNTs), and good 
thermal and electrical conductivities compared to metals. These exceptional 
properties, along with high surface to volume area and large aspect ratio, make 
CNTs promising nanostructures for future applications in many fields, especially 
aerospace.  

A particular challenge for incorporation of CNTs into advanced composites is 
integration, control and adaptation to a hierarchical composite with commercially 
viable processing methods. Unreinforced pure polymer layers in composite 
laminates are a weak point that can fail through numerous modes such as 
delamination and matrix cracking. Several processes have been developed to 
overcome this problem, like 3D-braiding, weaving and z-pinning. A possible method 
to increase the material properties of pure polymer layers in laminates is the use of 
carbon nanotubes in the interface layer, which will improve the mechanical 
properties of the inter-ply region and create a continuous load path to resist crack 
propagation. Extensive efforts on preparing dispersions of SWNTs or MWNTs in low 
modulus polymers have been conducted by several groups and are reported in the 
literature (see Chapter 2). One of the major problems in preparing these materials is 
dispersion or bulk mixing of CNTs into matrix materials. When weight fractions of 
CNTs exceed a relatively small number, i.e. less than 5%, they tend to agglomerate, 
which lowers their reinforcement capability. The critical factors affecting the overall 
properties of these composites have led some researchers to synthesize CNTs in a 
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vertically aligned fashion. A new approach, nano-engineered composites, is offered 
to create hybrid (also called hierarchical) advanced composites with these aligned 
CNTs (A-CNTs). Rather than using CNTs as nanoinclusions or fillers, A-CNTs act 
as fibers in the nanoscale for reinforcement and are placed in advantageous areas 
(e.g., A-CNTs at ply interfaces), overcoming dispersion or mixing problems and 
being employed where conventional fibers are insufficient. Such results motivate the 
study of aligned CNT polymer nanocomposites (A-PNCs), which is a representative 
volume element of 3D reinforced nano-engineered composites. Similar to the 
existing advanced fiber composites, the idealized morphology of A-PNCs has high 
volume fraction of aligned, continuous, high quality CNTs homogeneously 
distributed in a surrounding matrix without voids or inclusions.  

In Chapter 3, the details of A-CNT synthesis procedure with characterization and 
testing are explained. A-CNTs, synthesized by chemical vapor deposition to 
millimeter lengths, were used to fabricate the A-PNCs. The synthesized A-CNTs 
were grown onto silicon wafers in the vertical direction as forests with an areal 
coverage of 109-1010 cm2 (~1% (volume fraction) Vf) and diameter of ~8 nm having 
4-6 walls. A novel method to compress A-CNTs allowed fabricating densified forests 
(up to 20-25% Vf) with preserved morphology. Mechanical property investigation of 
A-CNTs was performed by nanoindentation method for both as grown (~1% Vf) and 
high volume fractions. The nanoindentation results show a drastic increase in 
modulus of A-CNTs from low (~1%) to high (~20%) volume fractions of ~2 orders of 
magnitude. A-PNCs were fabricated with a three-step method consisting of growth 
of A-CNTs, mechanical densification of A-CNTs, and finally capillary asisted wetting 
of A-CNTs with an unmodified aerospace-grade epoxy. This procedure yields A-
PNCs with various volume fractions, while having control over the morphology and 
alignment of CNTs, which avoids the issues of dispersion, random orientation, and 
discontinuity of the CNTs (explained in details in Chapter 4). Controlling morphology 
of the PNCs is critical for utilizing the properties of the resulting composites in useful 
ways, and both SEM and non-destructive synchrotron X-ray scattering studies 
showed well-preserved alignment of CNTs after the fabrication procedure. Both 
aligned and randomly oriented PNCs were tested via standard nanoindentation 
methods for mechanical property extraction in the axial and transverse directions. 
As expected, A-PNCs have a higher mechanical reinforcing effect in the axial than in 
the transverse direction due the presence of A-CNTs consistent with the 
expectations based on micromechanics. Electrical properties of A-PNCs were 
studied for bulk volume conductivity in two directions, axial and transverse. The 
highest bulk conductivity (23 S/m) is reported for an epoxy PNC along the axis of the 
continuous CNTs.  

In Chapter 5, a novel gas-phase deposition method is introduced to fabricate 
hierarchical composites by eliminating the wet chemistry processing that can alter 
the orientation and morphology of vertically aligned CNTs in PNCs. Polymer CVD is 
a state-of-the-art method for depositing both conducting and insulating nanoscale 
polymer films on nearly any substrate. Both conducting and insulating polymers 
were deposited onto A-CNTs successfully, and electrical property investigations 
were performed with the conducting polymer coated A-PNCs. It was found that the 
electrical conduction occurs primarily along the CNT axial direction such that the 
conformal conducting polymer has little effect on the activation energy required for 
charge conduction. In contrast, the conducting polymer coating enhanced the 
conductivity in the radial direction by lowering the activation energy required for the 
creation of mobile charge carriers, in agreement with variable-range-hopping 
models. The fabrication strategy introduced here can be used to create many 
multifunctional materials and devices (e.g., direction-tailorable hydrophobic and 
highly conducting materials), including a new four-phase advanced fiber composite 
architecture.  
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Even though enhanced modulus results were achieved, the A-PNC modulus is far 
from predictions. Numerous morphological features play a role in determining the 
effective PNC physical properties, including the degree of polymer bonding with the 
CNTs, changes induced in the polymer packing and conformality (and possibly 
crystallinity), CNT aspect ratio and CNT alignment, among others. CNT waviness 
effects on modulus are investigated in Chapter 6. A wavy CNT is modeled the using 
the finite element method, and waviness of the CNT reinforcement in the polymeric 
composites is shown to dominate the elastic response. An analytical reduction is 
presented which allows the wavy CNT reinforcement to be straightforwardly 
implemented in finite element analyses; the strong dependence on CNT diameter 
that controls the amount of bending vs. extension contribution to PNC modulus is 
deduced.  

Applications of A-PNCs are discussed in Chapter 7 including A-PNCs as an ionic 
electroactive polymer actuator (i-EAP), PEKK nanostitches, and 3-phase 
hierarchical composites via gas-phase polymer CVD. Recent advances in 
fabricating A-CNTs with ultra high volume fraction, as discussed in earlier chapters, 
create a unique opportunity for improving the electromechanical performance of 
these i-EAP actuators. Continuous paths through inter-A-CNT channels allow fast 
ion transport, and high electrical conduction of the aligned CNTs in the composite 
electrodes leads to fast device actuation speed (> 10% strain/second). Experiments 
demonstrate that the A-CNTs give an anisotropic elastic response in the composite 
electrodes, which suppresses unwanted strain in the thickness direction and 
markedly enhances the actuation strain. The results reported here suggest 
pathways for optimizing the electrode morphology in i-EAPs using ultrahigh volume 
fraction A-CNTs to further enhance performance. Two macroscopic composite 
applications of A-PNCs, are also demonstrated. First, an advanced thermoplastic 
PEKK was used to fabricate PEKK/A-CNT composite interfaces using A-CNTs, as a 
possible application that can be used in reinforcing composites. Second, a 3-phase 
fiber CNT polymer scaffold is created that can form the basis for a 4-phase highly 
tailorable nanoengineered hierarchical composite. 

In conclusion, control of the morphology of the A-CNT nanocomposites helps to 
elucidate the classic structure-property linkage for PNCs. Further, appropriate 
morphology control and characterization allow dominant nanoscale interactions to 
be interpreted. CNT waviness is identified as a limiting factor on CNT reinforcement 
in composites, requiring very fine (micro to nano-scale control) of CNT waviness to 
reach significant modulus contributions from the CNTs. Results from this work 
support the feasibility of CNT use in structural composites for tailoring and 
enhancing properties of bulk materials, and demonstrates the importance of 
controlling and characterizing nanostructure morphology in the same way that 
microstructure is controlled for existing advanced structural composites. Several 
other new applications that take advantage A-PNC controlled morphology such 
electroactive polymer actuators are described. 
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KONTROLLÜ YAPIDA DİKEY YÖNELİMLİ KARBON NANOTÜPLER İLE 
ÜRETİLMİŞ POLİMER NANOKOMPOZİTLERİN ÇOK FONKSİYONLU 

ÖZELLİKLERİ VE UYGULAMALARI 

ÖZET 

Havacılık ve uzay sanayinin ihtiyaç duyduğu ileri kompozit malzemelerin, 
nanoteknoloji ve nanomalzeme uygulamalarının günümüz teknolojisine adaptasyonu 
ile yüksek özelliklere sahip olması beklenmektedir. Bununla birlikte yapısal kompozit 
malzemelerin, yeni malzemelerin tasarımında kullanılmak amacıyla daha iyi 
performans, hafiflik, maliyeti düşürmek için güncel teknolojilerle işlenebilme kolaylığı 
ve uzun kullanım gibi çeşitli vasıfları bir arada bulundurmaları gerekir. Uçak-uzay 
endüstrisinde kullanılan yapısal kompozitler ileri kompozitler ve yüksek performans 
polimer matris kompozitleri (PMC) olarak da bilinirler ve geliştirilmiş performans 
reçine sistemlerinde tabakalar (lamine) şeklinde yönelimliö sert ve yüksek dayanımlı 
fiberlerden hazırlanırlar. Bu sebeplerden dolayı PMC’ler metal matris sistemleriyle 
kıyaslandığında yakıt giderini %50 ve bakım giderlerini %20 oranında düşürürler.  
Fakat havacılık ve askeri sistemlerin gelecekteki ihtiyaç duyacağı uygulamalar için 
daha fazla kompozit malzeme kullanılması beklenmektedir. Bu alanlarda yapılacak 
çalışmaların erişilebilir ileri melez kompozit kaynaklara ve hangi alanlarda ihtiyaç 
duyuluyorsa nanoteknoloji esaslı malzemelere, örneğin karbon nanotüpler gibi çok 
yönlü özelliklere sahip ve minimum ağırlık ilavesi ile daha iyi mekanik performansın 
sağlandığı sistemlere ulaşılması beklenmektedir. 

Karbon nanotüpler (CNT) iki boyutlu yaprak grafitten tüp yapısının oluşturulmasına 
eşdeğerdir. Tek bir cidara sahip yapılar tek cidarlı nanotüpler (SWNT) olarak 
bilinirken, birden fazla cidara sahip ve tabakalar arası mesafesi 0.34nm olanlar ise 
çok cidarlı nanotüpler (MWNT) olarak bilinirler. Kuvvetli C-C bağları ve kusursuz 
moleküler yapısı sayesinde çok düşük yoğunlukta (SWNT’ler için 1.4-1.5 mg/mm3) 
çok yüksek mekanik sertlik ve dayanımın yanı sıra metallere göre iyi termal ve 
elektriksel özellikler sunarlar. Yüksek yüzey alanı ve yüksek en boy oranı, gibi sıra 
dışı özellikleri karbon nanotüpleri içerisinde havacılık endüstrisinin de bulunduğu 
birçok alanda geleceğin uygulamaları için umut vadeden nanoyapıların arasına 
koyar.    

Karbon nanotüpler ayni zamanda ileri kompozitleri yaratmak için son on yıldır 
güçlendirme elemanı (genellikle dolgu veya takviye) olarak kullanılmaktadır. 
Bugünkü işleme teknikleriyle CNT’lerin uygulamalarında en zorlu konular ileri 
kompozitlerin içine entegrasyonu, kontrol ve sıradüzensel yapıların uyarlanmasıdır. 
Kompozit lamineler içerisinde bulunan takviye edilmemiş saf polimer tabakaları 
delaminasyon ve çatlama gibi çeşitli türlerde bozunuma uğrayabilen zayıf 
parçalardır. Bu problemi geçmiş yıllarda çözmek için 3D-örgü, sarma, z-pinleme gibi 
çok çeşitli çalışmalar yapılmıştır. Lamineler arasındaki saf polimer tabakasının 
dayanımı arttırmak için literatürde yapılmış bir çalışmada karbon nanotüpler 
katmanlar arasındaki bölgenin mekanik özelliklerini arttırıp sürekli bir yük hattı 
oluşturarak çatlak oluşumunu engelleyecek şekilde yerleştirilmiştir. SWNT veya 
MWNT’lerin düşük elastisite modülüne sahip polimerlerin içerisinde düzgün olarak 
dağıtılması için birçok çalışma yapılmış ve literatürde yayınlanmıştır. Bu tür 
malzemeleri hazırlamadaki en önemli problemlerden birisi de CNT’lerin matris 
malzemeleri içerisinde disperse edilip kütle karşımı olarak hazırlanmasıdır. 
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CNT’lerin ağırlıkça değerleri belirli bir yüzde oranına erişince, örneğin %5’den az, 
topaklaşma verme eğilimine girerler ve bu durum onların güçlendirme kapasitelerini 
düşürür. Bu kritik faktör bu türdeki kompozitlerin tüm özelliklerini etkilediğinden bazı 
araştırmacıları CNT’leri dikey yönelimli olarak sentezlemeye yöneltmiştir. Bu yeni 
yaklaşımla elde edilen dikey yönelimli CNT’lerle (A-CNT) melez (sıradüzenli) ileri 
nano-mühendislik kompozitleri üretilebilir. CNT’leri katkı veya dolgu olarak 
kullanmak yerine A-CNT’ler nanoboyutta güçlendirici fiberler olarak davranırlar. Bu 
yapılarda CNT’ler geleneksel fiberlerin yetersiz kaldığı, dispersiyon veya karışım 
problemlerinin üstesinden gelinmesi gereken, örneğin ara yüzey tabakaları gibi 
avantajlı oldukları yerlerde kullanılırlar. Bu gibi sonuçlar dikey yönelimli A-
CNT’lerden hazırlanan polimer nanokompozitlerin (A-PNC) çalışılması adına umut 
vericidir. Güncel ileri fiber kompozitlere benzer şekilde ideal A-PNC yapısı çok 
yüksek hacim yüzdesinde yönelimli, sürekli, yüksek kaliteli CNT’lerin matris 
içerisinde homojen olarak yerleştirilmesi ve sonuçta üretilen kompozitteki boşluksuz 
ve kabarcıksız bir yapı oluşumuna katkıda bulunurlar.  

A-CNT’lerin sentez, karakterizasyon ve test prosedürleri detaylarıyla birlikte üçüncü 
bolümde açıklanmıştır. A-PNC’leri üretmek için kullanılan A-CNT’ler milimetre 
boyutlarında kimyasal buhar biriktirme tekniğiyle sentezlenmiştir. Sentezlenen A-
CNT’ler silisyum yonga plakası üzerinde dikey yönelimli CNT ormanı olarak 109-1010 
adet/cm2 (~1% Vf) ve yaklaşık 8nm çapında 4-6 cidarlı olarak üretilmiştir. A-CNT’leri 
sıkıştırmak için yeni bir yöntem geliştirilmiştir ve bu sayede CNT’lerin yapıları 
korunarak %20-25 hacim oranına kadar sıkıştırılabilmektedirler. A-CNT’lerin 
mekanik özelliklerinin incelenmesi ise hem üreildikleri gibi hiçbir işlem yapılmadan 
(~%1) hem de sıkıştırılma sonrası daha yüksek hacim yüzdelerindekiler için 
nanoindentasyon yöntemi ile yapılmıştır. Nanoindentasyon sonuçları A-CNT’lerin 
elastisite modül değerlerinde ~%1 den ~%20’ye çıkıldığında yaklaşık yüz katlık bir 
artış gözlenmiştir.  

A-CNT’ler kullanılarak A-PNC’lerin üretilmesi üç aşamada gerçekleştirilmiştir. 
Bunlar; A-CNT’lerin sentezlemesi, mekanik olarak sıkıştırılarak yoğunlaştırılmaları 
ve son aşamada yapısı değiştirilmemiş havacılık uygulamaları kalitesinde bir epoksi 
ile kapiler kuvvetlerin katkısıyla kompozit oluşturulması olarak özetlenebilir. Bu işlem 
protokolü sayesinde çeşitli hacim yüzdelerinde A-PNC’ler hazırlanarak CNT’lerin 
yapı ve yönelimi kontrol edilebilir. Böylelikle geleneksel CNT’lerde gözlenen 
dispersiyon, rastgele yönelim ve süreksizlik problemleri giderilebilir (4. Bölümde de 
detaylı olarak açıklanmıştır). PNC’lerin yapılarının kontrolü çok fonksiyonlu 
özelliklerinin doğru yorumlanması açısından çok önemlidir. Bunu gözlemlemek için 
SEM ve tahribatsız X-ray saçılımı çalışmaları CNT’lerin üretim işleminden sonra 
yönelimini çok iyi şekilde koruduğunu tespit etmiştir. Hem dikey hem de rastgele 
yönelimli PNC’ler mekanik özellikleri için standart nanoindentasyon yöntemleriyle 
eksenel ve enine olarak test edilmişlerdir. Beklenildiği gibi mikromekanik kabul ve 
çalışmalarla da uyumlu olarak A-PNC’ler eksenel yönde daha iyi mekanik 
güçlendirme etkisine sahiptir. A-PNC’lerin elektriksel özellikleri her iki yönde de katı 
iletkenlik yöntemiyle çalışılmıştır. En yüksek katı iletkenlik değeri sürekli CNT’lerden 
oluşmuş bir epoksi PNC için eksenel yönde 23 S/m olarak ölçülmüştür. 

Beşinci bölümde, PNC’ler içerisindeki dikey yönelimli CNT’lerin yönelimini ve 
yapılarını değiştiren kimyasal işlemleri ortadan kaldırmak amacıyla yeni bir gaz fazlı 
kimyasal buhar biriktirme yöntemi kullanılarak, sıradüzenli kompozitleri üretmek için 
bir metod anlatılmıştır. Kullanılan son teknoloji teknikle hem iletken hem de yalıtkan 
nanoboyutta polimer filmler herhangi bir altlık üzerine kaplanabilir. Bu çalışmada 
hem yalıtkan hem de iletken polimerler A-CNT’ler üzerine başarıyla kaplanmış ve 
iletken polimerle kaplanan A-PNC’lerin elektriksel özellikleri incelenmiştir. Çalışma 
sonunda elektriksel iletkenliğin sadece CNT’lerin eksenleri yönünde olduğu ve 
çepeçevre iletken polimer kaplamanın çok küçük bir etkisi olduğu gözlemlenmiştir. 
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Buna karşın iletken polimer kaplama radyal yöndeki iletkenliği mobil yük taşıyıcıları 
oluşturmak için gerekli aktivasyon enerjisini düşürerek arttırdığı gözlemlenmiştir. 
Burada ortaya konulan üretim stratejisi bir çok fonksiyonlu malzemeleri, cihazları 
(örneğin hidrofobik ve yüksek iletkenlikte malzemeler) ve yeni dört faz ileri fiber 
kompozitleride üretmek için kullanılabilir. 

Her ne kadar daha iyi elastisite modül değerleri elde edilse de, A-PNC modül değeri 
beklenen tahminlerin altındadır. Bunda PNC’lerin fiziksel özelliklerini mesela 
polimerlerin CNT ile bağlanmasını belirleyen çok çeşitli yapısal nitelikler belirler. 
Bunlardan bazıları; polimerlerin kristalin yapısı, CNT en boy oranı ve yönelim olarak 
sıralanabilir. Ardından, PNC’lerin yönelime bağlı olan baskın özelliklerinden birisi 
olduğu varsayılan, CNT’lerin dalgalı yapısının mekanik özelliklere etkilerinin 
incelendiği analitik ve modelleme çalışmaları 6. bölümde anlatılmıştır. Dalgalı CNT 
yapısı sonlu elamanlar analiz yöntemiyle modellenmiş ve polimer kompozitlerin 
dayanımının dalgalı CNT yapısın etkin olduğu çekme ve basma testleri 
uygulanmasıyla gözlemlenmiştir. Dalgalı CNT polimer kompozitin yapısına olan 
katkısı farklı CNT tipleri için analitik indirgenme yapılarak sonlu elemanlar analizinde 
kullanılması yolu ile araştırılmıştır. CNT çapına büyük ölçüde bağlı olan eğilme 
miktarına karşı uzamanın elastisite modül değerine olan katkısı çıkarılmıştır.  

Yedinci bölümde A-CNT polimer nanokompozitlerle (A-PNC) yapılmış iyonik elektro 
aktif polimer işleticinin (i-EAP), PEKK-CNT nanokompozitleri ve üç fazlı sıradüzenli 
kompozit uygulamaları anlatılmıştır. Çok yüksek hacim yüzdelerinde A-CNT’leri 
üretmede son zamanlardaki ilerlemeler daha önceki bölümlerde anlatıldığı gibi bu 
işleticilerin elektromekanik özelliklerini iyileştirmek için çok iyi bir fırsattır. A-CNT’ler 
arasındaki kanallardaki sürekli yollar çok hızlı iyon transferine ve yüksek elektriksel 
iletkenliğe müsaade eder ve bu sayede yüksek performansta cihaz işletme hızına 
olanak tanır (>%10 gerilme/saniye). Deneyler A-CNT’lerin kompozit elektrotlarda 
istenmeyen gerilmeyi baskılayıp işletici gerilimini (4V’nin altında %8 den büyük) 
belirgin de arttırarak izotropik olmayan elastik tepki verdiğini göstermiştir. Burada 
rapor edilen sonuçlarda i-EAP’lerde elektrot yapısını çok yüksek hacim yüzdelerinde 
A-CNT’ler kullanarak optimize etmek için yollar önerilmiştir. Diğer bir uygulamada 
ise ileri bir termoplastik olan PEKK kullanılarak üretilen PEKK-CNT kompozitleri 
sahip oldukları yüksek mikrodalga absorbsiyon kapasitesi sayesinde tamirat ve 
birleştirme gerektiren yerlerde kullanılabileceğinden önemli uygulama alanları 
bulabilir. 

Sonuç olarak bu çalışmada elde edilen sonuçlar ve çıktılar ile literatürde bu zamana 
kadar yeterince açıklanamayan PNC’lerdeki klasik yapı-özellik ilişkisindeki morfoloji 
kontrolünün önemini ve etkilerini açıklamaya yardımcı olmaktadır. Bu morfolojik 
yapının mekanik ve elektriksel özellikler açısından izotropik olmayan davranış 
gösterdiği ispatlanmıştır. Bununla birlikte uygun morfoloji kontrolü ve 
karakterizasyonu baskın nanoboyutta etkileşimlerin yorumlanmasına olanak tanır. 
CNT’lerin dalgalı yapısının kompozitlerin yapısal özelliklerinde belirleyici etken 
olarak tanımlanması ve CNT’lerden yeterli elastisite modül katkısına erişebilmek için 
çok hassas (mikrodan nano boyuta) olarak dalgalı yapının kontrol edilmesi 
gerekliliğini göstermiştir. Bu çalışmadan elde edilen sonuçlar malzemelerin çok 
fonksiyonlu özelliklerini iyileştirmek ve istenilen şekilde düzenlemek için CNT 
kullanımının yapısal kompozitlerle uyumluluğunu ortaya koymuştur ve var olan ileri 
yapısal kompozitlerde mikroyapinin kontrolünde olduğu gibi nanobirimlerin yapısal 
kontrolü ve karakterizasyonun önemini göstermiştir.  
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1. INTRODUCTION 

Composite materials needed by the aerospace industry are continuously need to 

improve thereby increasing the adoption of nanotechnology and nanomaterials into 

current technologies. Examples of these attributes include lighter weight, easier 

integration into existing technologies, lower costs and greater life span. Structural 

composites in the aerospace industry, known as advanced composites or high 

performance polymer matrix composites (PMCs), consist of enhanced performance 

resin systems with layers (laminaes) of aligned or woven fibers having high stiffness 

and strength. Although PMCs reduce the fuel consumption by 50% and 

maintenance costs up to 20% as compared to metal matrix systems [1; 2] for 

commercial transports, future applications in aviation and military systems will 

require even better performance. It is expected that these applications will require 

more affordable advanced hybrid composites and incorporate the significantly 

higher performance properties of nanotechnology-based materials such as carbon 

nanotubes (CNTs) to add multifunctionality and enhanced mechanical performance 

with the minimal addition of weight [3].  

CNTs are equivalent to a two dimensional graphene sheet rolled up into a tubular 

structure. While having one wall corresponds to a single walled carbon nanotube 

(SWNTs), structures with more than one wall and an interlayer separation of 3.4 Å 

are called multi-walled carbon nanotubes (MWNTs). Another factor affecting the 

properties of CNTs is their chirality, defined as the orientation of graphene lattice 

with respect to the axis of rolling. Chirality determines the band-gap which is 

inversely proportional to the SWNT diameter. While SWNT sometimes acts as a 

semiconductor or metal electron transport, MWNTs are usually metal. The strong C-

C bonds and flawless molecular structures offer several intrinsic properties such as 

high mechanical stiffness and strength with low density, and good thermal and 

electrical conductivities compared to metals [4]. These exceptional properties 

combined with high surface area, and large aspect ratios, make CNTs promising 

nanostructures for future applications in many fields including aerospace 

composites. 
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A particular challenge for implementation of CNTs into advanced composites is 

integration, control and adaptation to a hierarchical composite with commercially 

viable processing methods. Extensive efforts on preparing dispersions of SWNTs or 

MWNTs in low-modulus polymers have been studied by numerous groups [5-14] 

and have been reported in the literature. One of the major problems in preparing 

these materials is dispersion or bulk mixing of CNTs into matrix materials. When 

weight fractions of CNTs exceed a few percent, e.g., less than 5%, they tend to 

agglomerate which lowers their reinforcement capability. Another challenge arises 

when a high strength resin such as an aerospace-grade epoxy is considered, and 

the resultant composites do not show a significant property enhancement due to 

agglomeration and non-homogeneous distribution that originates from the 

uncontrolled (random) orientation of CNTs [5; 7; 15]. The critical factors affecting the 

overall properties of these composites have led some researchers to synthesize 

CNTs in a vertically aligned fashion [16-25]. A new approach, nano-engineered 

composites [26; 27], is offered to create hybrid (also known as hierarchical) 

advanced composites with aligned CNTs (A-CNTs) [26; 28-35]. Rather than using 

CNTs as nanoinclusions, A-CNTs act as fibers at the nanoscale for reinforcement in 

advantageous areas (e.g., A-CNTs at ply interfaces) to overcome dispersion or 

mixing problems. These hybridized composites are termed as (see Figure 1.1) 

“nanostitched laminates” and “fuzzy fiber reinforced plastics” that are engineered at 

the nanoscale to achieve enhanced macroscopic properties. Recent studies have 

shown improvements in interlaminar shear strength, tension bearing strength and 

toughness of such nano-engineered composites [26; 36]. 

Such results motivate the study of aligned CNT polymer nanocomposites (A-PNCs), 

which is a representative volume element of the 3D-reinforced nano-engineered 

composites. Similar to existing advanced fiber composites, the idealized morphology 

of A-PNCs has high volume fraction of aligned, continuous, high quality A-CNTs 

homogeneously distributed in a surrounding matrix without voids or inclusions. The 

ideal morphology of A-PNCs is schematically shown in Figure 1.1 as a 

representative volume element (RVE) of more complex structures. This thesis is 

motivated by potential improvements in mechanical and electrical properties of A-

PNCs as a part of nano-engineered CNT composites. Outstanding questions and 

key points related to CNT contributions to PNC properties are numerous. Several 

critical questions arising from randomly-oriented PNC studies (e.g., CNT alignment 

on PNC properties, continuity of CNTs...etc.) from the literature will also be 
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addressed. Understanding properties of the A-PNCs will help to tailor and design 

advanced hierarchical materials for future applications. In addition to the nano-

engineered composites, A-PNCs are interesting new composites by themselves with 

applications (at high CNT volume fractions) as structural elements and as polymeric 

actuators which will be discussed further in this thesis.  

 

Figure 1.1 : A-PNCs shown as a representative volume element of hierarchical 
materials such as nanostitched laminates and fuzzy fiber reinforced 
plastics. 

This dissertation investigates production of A-CNTs using a modified chemical vapor 

deposition technique with an aim to have millimeter scale long CNTs to be used in 

fabrication of A-PNCs. A-CNTs will help to achieve mechanical and electrical 

transport pathways necessary for A-PNC and nano-engineered composites property 

enhancement. This thesis is summarized as follows: 

In Chapter 2, fundamentals of CNTs with a literature survey on the mechanical and 

electrical properties of CNTs and PNCs are summarized.  

In Chapter 3, synthesis of a CNT forests, morphological characterization and 

mechanical testing with nanoindentation technique are introduced. 

In Chapter 4, fabrication of A-PNCs using A-CNTs and high performance space-

grade epoxy resin followed by extensive characterization studies are summarized. 

Mechanical and electrical properties of A-PNCs are also investigated in detail with 

nanoindentation and DC electrical resistivity measurements linked with the dominant 

morphological feature of CNT waviness. 
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In Chapter 5, a new means of functionalization of A-CNTs with gas-phase 

deposition by CVD is introduced avoiding the wet chemistry that ruins CNT 

alignment. This new method is used to fabricate hierarchical composites with both 

conducting and insulating polymers for further investigation. 

In Chapter 6, a new finite element model that incorporates a dominant 

morphological feature, waviness of CNTs, is studied. The wavy CNT model captures 

the proper CNT geometry for a better understanding with a decomposition of axial 

vs. extensional stiffness for tension and compression loads. Different CNT 

morphologies such as SWNT and MWNT are also considered. 

In Chapter 7 a novel application of A-PNCs as an ionic polymer actuator is showed. 

The controlled morphology of A-PNCs with high volume fraction gives the ability to 

fabricate ionic polymer actuators with enhanced elongation strain and actuation 

speed. 

In Chapter 8 findings of this thesis in a wide range of topics about the PNCs and 

possible applications as a structural component or novel materials for actuation is 

summarized. The key questions and fundamental understanding of the preferential 

alignment and high volume fraction of CNTs is also deduced with further 

suggestions as future work.  
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2. BACKGROUND AND MOTIVATION 

Carbon nanotubes (CNTs) are an attractive class of nanomaterials that offer various 

advantages for a broad range of applications with their exceptional properties. 

Extensive studies have been performed worldwide to incorporate these 

nanostructures into existing technologies for multifunctional property enhancement 

in hybrid composites and nanocomposites. However lack of control over the 

orientation and morphology of CNTs often leads to underperformance of composite 

properties. One of the key areas of CNT research is the pursuit of the controlled 

growth of CNTs in an aligned fashion to avoid poor dispersion and distribution, 

which results in poor reinforcement in polymer nanocomposites. Direct incorporation 

of A-CNTs into polymers offers a promising array of applications in many fields, from 

electronics to defense industries. The focus of this chapter will be on the details of 

CNT properties, and common CNT growth methods such as arc-discharge, laser 

ablation and chemical vapor deposition. Since most of the literature in CNT 

mechanical reinforcement research focuses on applications of randomly-oriented 

CNT polymer composites, a literature survey will be introduced to compare previous 

reports with a aligned polymer nanocomposite (A-PNC) research, and possible 

applications of such work.  

2.1 CNT Fundamentals 

Carbon nanotubes (CNTs) are unique structures of nanometer diameter and large 

aspect ratio (length/diameter ratio). Apart from its well-known graphite form, carbon 

can be arranged in an open or closed cage with a honeycomb-like structure. 

Fullerenes, geometric cage-like structures of carbon atoms with hexagonal or 

pentagonal faces, were first developed by Smalley et. al. and co-workers [38]. While 

many types of cage-like structures have been investigated, in 1991 Iijima [39] 

observed tubular structures as a quasi one-dimensional form of carbon and termed 

it the carbon nanotube (CNT). Since then, for the last 20 years, many researchers 

have been interested in these unique structures and their possible applications for 

advanced  materials in many industrial fields. However, utilizing their exceptional 
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properties is very challenging due to their very small size, generally poor quality of 

several growth methods, and problems in handling and processing. Extensive 

efforts are ongoing to grow defect-free CNTs with macroscopic lengths for 

composite applications. Hybridized composites are one of the steps towards 

achieving these goals, via the incorporation of randomly oriented and aligned CNTs 

into advanced composite structures for multiple property enhancements.  

2.1.1 CNT Structure and morphology 

Carbon nanotubes can be thought of as a sheet of graphite rolled up to form a 

tubular structure. The properties of pristine CNTs rely on their atomic structure 

arrangement, diameter, morphology, and the length of the tubes. Generally, two 

types of CNTs exist depending on the number of walls, single-walled (SWNT) and 

multi-walled (MWNT) nanotubes. SWNTs consist of one layer of graphene cylinders 

with a narrow diameter distribution clustered around ~1-2 nm and lengths of several 

millimeters [37-39]. The second kind, MWNTs, have two or more concentric shells of 

graphene sheets arranged in a constant spacing equal to ~0.34 nm which is similar 

to graphite layer spacing [40; 41]. Schematics of SWNT and MWNT are shown in 

Figure 2.1. Depending on the growth methods, CNTs length can reach up to 

centimeter scales [16-21; 23-25]. 

 
Figure 2.1 :  Typical carbon nanotube structures. (a), Schematic representations of 

a single-walled carbon nanotube (SWNT), a multi-walled carbon 
nanotube (MWNT) and a common SWNT bundle, (b) Schematic 
representation of two SWNTs with nearly identical diameters but 
different chiral indices [42]. 

Helicity of CNTs is one of their most important characteristics and is defined as the 

deviation from the parallel and normal orientations of the ring arrays with respect to 

the tube axis [22]. The helicity is denoted by (n,m) indices, chiral vector, Ch, and 

chiral angle, θ. The chiral vector, known as the roll-up vector, can be described as: 
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 (2.1) 

where a1 and a2 are unit vectors. The chiral angle determines the twisting in the tube 

where the limit cases are termed zig-zag (θ=0º) and armchair (θ=30º). Schematics 

of zig-zag and armchair nanotubes are shown in Figure 2.2. 

 

Figure 2.2 :  Illustrations of the atomic structure of (a) armchair and (b) a ziz-zag 
CNT [43]. 

The helicity of the CNTs has a strong influence on their electrical properties. Even 

though graphite is known as semi-conducting, CNTs can be either conducting or 

semi-conducting [44]. Besides electrical properties, mechanical property 

dependence on helicity was investigated by Yakobson et al., [45] analytically. It was 

concluded that helicity has a small influence on the elastic stiffness of CNTs.  

2.1.2 CNT synthesis: methods, growth mechanisms and parameters 

Primary synthesis methods for SWNT and MWNTs can be grouped as: arc   

discharge, laser ablation, gas-phase catalytic growth and chemical vapor deposition 

(CVD) from hydrocarbons. For industrial applications, large quantities of CNTs are 

required to be incorporated into macroscopic composite systems. Both laser 

ablation and arc discharge methods need a further purification step which has been 

a bottleneck in CNT research for many years; this step limits the amount of CNTs  

that can be produced and increases their cost. Recently, gas-phase deposition 

Ch = na1 +ma2
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techniques such as CVD have offered new opportunities for large-scale synthesis by 

allowing an ability to control the morphology and orientation of CNTs. In this section, 

a brief description of laser ablation and arc discharge methods will be introduced, 

followed by the chemical vapor deposition method used herein in more detail. 

Arc-discharge and laser ablation methods: 

In 1991, Iijima reported the growth of MWNTs ranging from 5-30 nm in diameter by 

the electric arc-discharge method [46] which has been used in synthesis of 

fullerenes for many years [47-50]. In this method, two high purity graphite rods are 

used as anode and cathode under a helium atmosphere. The MWNTs are deposited 

onto the cathode due to the voltage applied, and the anode is consumed. A 

schematic illustration of the arc-discharge method is shown in Figure 2.3. The 

CNTs are bound together by van der Waals interactions and tight bundles were 

observed. After this discovery, large-scale synthesis of MWNTs of high quality was 

achieved by Ajayan and Ebessen using a similar method [22]. The CNTs had 

diameters of 2-20 nm with lengths of several microns. For the growth of SWNTs, 

Iijima [37] and Bethune [51] have reported substantial amounts of CNTs grown with 

metallic catalyst particles. Even though their methods were similar, the processing 

conditions and metallic catalyst particles were different. A purification step is needed 

after the arc discharge growth to remove the by-products of the process. 

 

Figure 2.3 :  Schematic illustration of the arc-discharge technique for growing 
CNTs [43; 52]. 
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The laser ablation method was first used by Smalley and co-workers to produce 

high yields of SWNTs. Small amounts of Ni and Co were used as catalysts at very 

high temperatures [53]. In this method, an intense laser pulse is used to ablate a 

carbon target in a tube furnace at very high temperatures (~1200 ºC). During the 

ablation process, an inert gas is flushed into the tube furnace to carry the CNTs onto 

the collector. The synthesized SWNTs are in the form of bundles . A schematic 

illustration of the laser ablation method is shown in Figure 2.4. In this method, a 

purification step is also necessary similar to the arc-discharge method. Smalley and 

co-workers created a purification process [54] called “nitric acid treatment” which is 

still widely used by many researchers. Both arc-discharge and laser ablation 

methods are very high temperature procedures with difficulties in scaling-up for 

structural applications. The limited carbon source used during the procedures 

makes them suitable for continuous fabrication. Also the uncontrolled morphology of 

CNTs (usually ropes or bundles of SWNTs, or MWNT) makes them unsuitable for 

applications due to their low aspect ratio.  

 

Figure 2.4 : Schematic of the laser ablation process for CNT growth [43; 55]. 

Chemical Vapor Deposition Method: 

Besides these two conventional methods that allow synthesis of randomly-oriented 

CNTs, chemical vapor deposition (CVD) is a successful method for achieving CNT 

growth in different morphologies and orientations; it has been in use for the last 15 

years. Several CVD methods have been developed for large-scale production of 

vertically aligned single-walled, multi-walled, and super-long carbon nanotube 
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arrays [16; 56-58]. CVD methods can be divided into two major classes as thermal 

CVD (CVD) and plasma enhanced CVD (PECVD). In thermal CVD, the growth rate 

is higher than the PECVD in which millimeter long CNTs can be achieved.  

 

Figure 2.5 : Schematics of various thermal CVD apparatus (a) horizontal tube 
furnace with fixed catalyst, (b) vertical tube furnace with floating 
catalyst, (c) tube furnace with fixed gas-permeable or fluidized bed 
catalyst [59-61]. 

In the thermal CVD growth process (used in this thesis), a catalyst material is 

heated to 500-1200 ºC inside a tube furnace depending on the catalyst system and 

growth procedure. A hydrocarbon gas is then flushed into the reactor, along with an 

inert gas (helium is used as an inert gas in this study). The key parameters in a 

thermal-CVD system are catalyst material, growth temperature, and gas 

combinations. Two major catalyst systems known as “fixed-catalyst” and “floating-

catalyst" are being used for CVD growth of CNTs. If the catalytic species are fixed 
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onto the substrate, the system is called “fixed catalyst” and if the catalyst is fed 

inside the furnace by an outside source continuously, the catalyst system is called 

“floating-catalyst”. The precipitation of carbon precursor onto the catalytic species 

leads to the growth of CNTs [59]. Various thermal CVD apparatus are illustrated in 

Figure 2.5.  

In fixed-catalyst growth, the CNT growth configuration is determined by CNT-CNT or 

CNT-substrate surface interactions. The arrangement and the activity of the catalytic 

sites also affect entanglement or alignment of CNTs. For tangled-CNTs, the growth 

procedure ends after the CNTs reach a few micrometers in length due to steric 

hindrance. However when aligned CNTs are grown, the neighboring effects (initial 

crowding) and catalyst density helps to achieve millimeter long aligned CNTs [59]. 

During the growth, catalyst particles can remain either on the substrate, which is 

called as “base-growth”, or can lift and stay on the top of the grown CNT which is 

called “tip-growth” mechanisms. The two growth mechanisms proposed for thermal 

CVD are illustrated in Figure 2.6. 

 

Figure 2.6 : Two general growth modes of CNTs via chemical vapor deposition 
using Fe as an example metal catalyst particle. Left diagram: base 
growth mode. Right diagram: tip growth mode. 

The benefits of chemical vapor deposition over other methods can be summarized 

as below; 

a) Continuous CNT synthesis  
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b) Large area growth 

c) Arrayed or aligned growth of CNTs directly onto substrate  

d) Possibility of controlling the morphology and orientation of CNTs 

Understanding the chemistry of growth mechanism is critical in scaling-up CVD-

grown CNTs for hybrid composite structures and other applications. As mentioned 

before, interest in CVD-grown CNTs is related to the development of controlled 

morphology and orientation in the growth of CNTs. Since the mid 1990's, CVD has 

emerged as the most versatile and scalable method of CNT synthesis, owing to its 

low reaction temperatures (relative to arc, laser, and flame methods) and high yield 

[57; 60-63]. In Table 2.1 performance characteristics of various CNT growth 

methods are summarized [59]. 

Table 2.1: Characteristic comparison of CNT growth methods [59]. 

 

Growth parameters of CNTs can be divided into two categories, encompassing 

process and the reaction parameters. Process parameters include catalyst material, 

catalyst size, and substrate type. Iron, nickel or cobalt nanoparticles or thin films are 

the most common catalyst materials for all CNT growth methods. The rationale for 

choosing these metals as catalysts lies in the phase diagrams for the metals and for 

carbon. At high temperatures, carbon has finite solubility in these metals, which 

leads to the formation of metal-carbon solutions and therefore the aforementioned 

growth mechanism [64] is possible. The catalyst size roughly determines the CNT 

diameter, and the substrate type selection is critical for withstanding the high 

reaction temperatures inside the CVD furnaces. For reaction parameters, the 

reactant composition and flow rate is critical in determining the CNT yield and its 

compatibility with the catalyst material. Most of hydrocarbons (e.g. C2H2, CH4, C2H4, 

C2H5OH, C6H6…etc.) can be used as a precursor. The typical growth temperature is 

between 500-1200ºC and high quality CNTs can be grown either in atmospheric 

pressures or in vacuum systems. The atmospheric pressure processes are more 

readily scalable to industrial quantities and bulk yields, while low-pressure 
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processes are most often used in precisely-controlled growth of small numbers of 

CNTs for electronics applications [59; 65; 66]. 

 

Figure 2.7 :  Initial CNT growth mechanism (a) CNT ‘‘embryos’’ form in the vapor 
and deposit on substrate, (b) TEM image of nanotube end showing 
catalyst particle shape (50 nm scale bar), (c) continued growth, high 
surface density causes alignment, (d) SEM image of densely packed, 
well-aligned CNT sample (200 µm scale bar) [67]. 

Many groups have reported A-CNT growth by CVD with different precursors, growth 

parameters and procedures. In one of the early studies, Rao et al. [68] used 

pyrolysis of ferrocene at high temperatures (~900ºC) onto a silica substrate. One 

step processes from organic metal complexes containing both the metal catalyst 

and the carbon source is another topic of interest by many researchers. In this 

context, Dai and co-workers have prepared large-scale aligned MWNTs 

perpendicular to the substrate surface from pyrolysis of iron (II) phthalocyanine, in 

an Ar/H2 atmosphere. The as-synthesized CNTs align almost normal to the 

substrate surface and the constituents CNTs have a fairly uniform tubular length and 

diameter with a well-graphitized multiwall structure [69]. Deck et.al have used two 

different growth methods to synthesize aligned CNTs: spray pyrolysis in CVD (a 

vapor phase growth procedure) and a more conventional thermal CVD process. The 

samples grown by thermal CVD have showed an appearance as predicted by the tip 

growth theory while the spray pyrolysis growth samples had base growth 
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mechanisms. In Figure 2.7 the mechanism, SEM and TEM images of these aligned 

CNTs are shown [67]. 

Hart et al. (see Figure 2.8) used a thin film catalyst to grow millimeter long multi-

walled CNT forests by a modified CVD process. An Fe/Al2O3 catalyst film was 

deposited onto silicon wafers by electron beam evaporation and a rapid growth (1 

mm in 15 minutes growth time) was achieved. Pretreatment of the substrate with 

H2/Ar was found to be important for the resulting morphology. Overall, it was 

reported that for efficient synthesis of extended length CNTs, growth systems must 

maintain spatial uniformity and temporal control of the chemical and mechanical 

conditions at the catalyst surface [18]. 

In another study, aligned multiwalled CNT architectures with diameter of 20-30 nm 

were synthesized by exposing the Si/SiO2 substrate to a xylene/ferrocene 

(C8H10/Fe(C5H5)2) vapor mixture at around 800ºC [70]. In Figure 2.9, periodic arrays 

of vertically and horizontally aligned CNTs grown on repeating patterns of SiO2 

features machined on a planar silicon wafer were shown. The CNTs were evident in 

orthogonal directions in the plane of the substrate itself [70].  

  

Figure 2.8 : (a) Oblique view (stage tilted 70°) SEM image of aligned CNT film, 
approximately 1.8 mm high, grown from 60 min. from 100/500/200 
sccm C2H4/H2/Ar (scale 650 µm). (b) Typical alignment of CNTs within 
film, viewed from side (scale 0.5 µm); In (b), the rectangle indicates a 
large strand and the circle indicates an isolated CNT bridging two 
strands [18]. 
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Figure 2.9 :  Direct assembly of organized, multiwalled carbon-nanotube structures 
grown by chemical vapour deposition. a) Image obtained by scanning 
electron microscopy of three blocks of cylindrical pillars (about 10 mm 
in diameter) of aligned carbon-nanotube arrays. Each pillar consists of 
several tens of nanotubes grown in vertical alignment and in a normal 
direction to SiO2 patterns on the Si/SiO2 template. No growth occurs 
on the Si parts of the template. The separation (d in diagram, top 
right) between pillars in the three blocks is indicated. b) Vertical and 
horizontal growth of aligned nanotubes (CNTs), viewed in a cross-
section of patterned Si/SiO2 wafer. Scale bars, 100 mm [70]. 

Films of vertically aligned SWNTs with few micron lengths have been grown by 

catalytic-CVD with a Co-Mo catalyst system dip coated in quartz substrates by 

Maruyama and co-workers [24]. The ethanol-assisted low temperature process 

successfully produced films of aligned SWNTs as shown in Figure 2.10 and opened 

the possibility of SWNT-based devices with controlled morphology.  
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Figure 2.10 : SEM micrographs of vertically aligned SWNT bundles grown on 
quartz under different magnifications, taken from the horizon. The 
substrate was fractured to study cross-sectional morphology. The 
inset shows the substrate without CVD (left) and that with CVD used 
for synthesis of vertically aligned SWNT film (right); its upper left 
corner is blank because it was covered during the dip-coat process 
[24]. 

In other studies, some researchers have used porous membranes (e.g. mesoporous 

silica, alumina nanoholes) as a template to synthesize MWNTs which was called 

“template-synthesis” [71-75]. In particular, Li and Xu studied the pyrolysis of 

hydrocarbons in a porous silicon substrate with a nickel catalyst [75]. 

Electrochemical etching of porous silicon by hydrofluoric acid (HF) created micro-, 

meso-, and macro-pores. Generally speaking, anodic aluminum oxide films can be 

used for producing A-CNTs with uniform diameters and lengths by the pyrolysis of 

organic molecules into the well-defined nanopores either with or without a catalyst 

[69; 76; 77].  

This wide variety of growth possibilities with different catalyst systems, carbon 

precursors, growth temperatures, CNT morphology and orientation opens up the 



 

 

 
17 

possibility of using these A-CNTs as structural reinforcements, thermal and 

electrical conduction pathways, and connectors, etc., for many industrial fields. 

2.1.3 Mechanical properties of CNTs 

A number of studies are considered here in order to understand the mechanical 

properties of CNTs used both individually and in an arrayed fashion. Thostenson et 

al. [43] reports the challenges in characterization of CNTs and their composites as: 

a) Complete lack of micromechanical characterization techniques for direct 

property measurement 

b) Tremendous limitations on the specimen sizes 

c) Uncertainty in data obtained from direct measurements 

d) Inadequacy in test specimen preparation techniques from indirect 

measurements 

e) Lack of control in CNT alignment and distribution 

Direct measurements of individual CNTs are limited and shows a variation in a 

broad range of parameters in the experimental studies. When the previous reports 

were analyzed, it was clear that MWNT direct measurements were published earlier 

than SWNTs, which took longer due to difficulties in handling SWNT specimens. It 

should be noted that for the first measurements on MWNTs, the CNTs were grown 

by arc-discharge method. Besides experimental studies, much theoretical and 

modeling work on the mechanical properties of CNTs has also been reported.  

Treacy et al. [78] reported on the elastic modulus of arc-grown MWNTs by 

measuring the amplitude of their intrinsic thermal vibration in a TEM. Due to the 

experimental uncertainties such as CNT length, the averaged value for 11 samples 

was calculated as 1.8 TPa (minimum 0.40 to maximum 4.15 TPa). In 1997 Wong et 

al [79] measured the mechanical properties of arc-grown MWNTs attached to a 

substrate using atomic force microscopy (AFM). The AFM tip loaded the side of the 

CNT in order to apply a perpendicular load, and bending force-displacement was 

recorded to investigate the mechanical properties. The obtained elastic modulus 

was 1.26 TPa and bending strength was measured as 14.2 ± 8 GPa. In 2000, 

another study was performed using an AFM and a tensile load was applied to arc-

grown MWNTs [80]. The estimated Young`s modulus was between 270-950 GPa 

with a breaking strength of 11-63 MPa. More interestingly, a failure mechanism 

called “sword and sheath” was also observed where the outer wall of the CNT failed 
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and the inner walls telescoped out. In more recent experiments, Barber et al. tested 

CVD-grown MWNTs and the results showed tensile strengths between 55-148 GPa 

(with Weibull statistics) [8]. In another study, stress-strain measurements on CVD-

grown MWNTs were performed, and a modulus of 450 GPa and tensile strength of 4 

GPa were reported [81]. When the results of arc and CVD-grown MWNTs were 

compared, the much larger variation of values in CVD-grown MWNTs suggest that 

modulus is highly dependent on defect concentration and CNT type. While the arc-

grown MWNTs are expected to have a lower defect density and therefore be 

stronger than the CVD-grown MWNTs, it has been hypothesized that defect induced 

ripples in the sidewalls of MWNTs improved stress transfer through the structure 

and thereby increased the strength [81]. 

The first direct measurements on the mechanical properties of SWNTs were 

reported in 1999 by Salvetat et al. [82] using an AFM. The tested SWNTs were 

bundled and resulted in 1TPa of tensile modulus which decreased with increasing 

bundle diameter, suggesting SWNTs were slipping within the bundle. The studies 

performed by Yu et al. showed a larger variation for moduli in the range 0.32–1.47 

TPa and strengths between 10 and 52 GPa with the same method used in MWNT 

experiments [80]. The failure mechanism was observed on the perimeter of the 

bundles and intertube slippage occurred in the rest of the tubes presenting a limiting 

mechanism on the mechanical properties.  

Difficulties in direct measurements of CNT properties due to small sizes and 

handling have led researchers to investigate the mechanical properties by 

theoretical and modeling studies as well. As early as 1993, Overney et al. [83] 

calculated the rigidity of short SWNT using ab initio local density calculations to 

determine the parameters in a Keating potential. The Young’s modulus was 

calculated as 1.5 TPa, similar to that of graphite. Lu et al. [84] adopted an empirical 

lattice dynamics model to answer the basic questions including the dependency of 

elastic properties of CNTs on size and chirality, and the comparison of elastic 

properties of CNTs to graphite and diamond. The results suggested that elastic 

properties were not affected by size and chirality of CNT, with a predicted Young`s 

modulus of ~1 TPa and a bulk modulus ~0.74 TPa. In another study, with similar 

calculations [85], the predicted CNT modulus was 0.64 TPa. These results showed 

that CNT elastic properties were sensitive to tube diameter and structure. Yakobson 

et al. [45] studied the inelastic properties of several types of CNTs (single and 
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double-walled CNTs). The report showed a roadmap of CNT behavior beyond the 

linear elastic regime. For the MWNTs, several theoretical studies were performed as 

well. In the first of these studies, Govindjee et al. [86] used continuum mechanics to 

investigate the properties of MWNTs. Bernoulli-Euler bending was used to deduce 

the Young`s modulus and showed a strong dependency on the system sizes when a 

continuum cross-section assumption was used. The mechanical properties of 

different morphology CNTs (SWNTs and MWNTs) and growth procedures have 

been summarized in Table 2.2. The summarized results of CNTs in Table 2.2 have 

different area (EA) assumptions making direct comparison difficult. 

Table 2.2 : Summary of mechanical properties of CNT types with different 
morphology and growth methods. 

Material Modulus 
[GPa] Strength [GPa] Measurement Method Reference 

SWNT 

750 - AFM & e- irradiation [87] 

1000 - AFM (bending) [82] 

320-1470 10-52 - [80] 

1250 45 AFM [88] 

Arc-grown 
MWNTs 

810 - AFM (bending) [82] 

700-1300 - Electromechanical resonant 
vibrations [89] 

1800 - TEM (thermal vibrations) [78] 

1280 14.2 (bending) AFM (compression) [79] 

270-950 11-63 (breaking) AFM (bending) [80] 

CVD-grown 
MWNTs 

 - 55-148 (tensile)  - [8] 

12-50  -  - [82] 

450 4 (tensile) AFM [81] 

2.2 Literature Survey on CNT Research for Mechanical Reinforcement and 

Applications 

Composites made from reinforcing materials such as alumina, glass, boron and 

carbon fibers have been used widely in many industrial fields. Carbon fiber 

reinforced composites have shown impressive mechanical properties, including 230-

725 GPa in stiffness and 1.5-4.8 GPa in strength, respectively [90]. In more recent 

studies, carbon nanofibers have been used as reinforcements with higher surface 
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area than traditional fibers and good mechanical properties close to carbon fiber 

reinforced composites in strength and stiffness. However, after the discovery of 

CNTs, these nano-scale materials have been accepted as the ultimate 

reinforcement. Many groups using a wide variety of methods, matrices, and 

processing conditions, have studied the mechanical properties of CNT-reinforced 

composites, primarily focusing on polymer matrices. The advantages of CNTs as a 

reinforcement can be explained on the basis of their size (diameters between 1-50 

nm), aspect ratio (1 to 105), high surface area, low density (~1.3 g/cm3 [4]), and 

exceptional mechanical, electrical and thermal properties. However, the drawbacks 

in processing and handling of CNTs, limited compatibility and adhesion to polymers, 

and uncontrolled morphology of CNTs inside composites has hindered the 

performance of polymer nanocomposites. In this section, progress in mechanical 

properties of polymer nanocomposites until now will be discussed over a wide range 

of processing methods and polymeric materials. Critical issues that remain to be 

addressed to achieve the potentially outstanding reinforcement capabilities of CNTs 

in a matrix will be highlighted.  

As discussed earlier in this chapter, pristine, isolated SWNTs are rarely available for 

experimental studies as they tend to form large bundles due to their high surface 

energy. These bundles contain SWNT ropes in an entangled fashion. The 

separation of these bundles into individual SWNT is difficult, so most of the studies 

in the literature focus on MWNT reinforced composites for polymer nanocomposite 

applications due to their relatively easily availability in different morphologies and 

orientations. In this section, CNT reinforcement of PNCs were divided into two major 

categories, randomly-oriented CNT reinforced PNCs and orientation-controlled CNT 

reinforced composites and fibers. 

2.2.1 Randomly-oriented CNT reinforced polymer nanocomposites 

For effective CNT reinforcement, four system requirements [90] have been 

specified: large aspect ratio, good dispersion, alignment, and interfacial stress 

transfer. Achieving the full potential of CNTs as a mechanical reinforcement in 

polymer nanocomposites depends on the ability to disperse and distribute the CNTs 

uniformly through the polymer matrix without any damage to their integrity. By good 

dispersion and distribution, effective load transfer can be achieved, minimizing the 

formation of stress concentration in the matrix. Poor dispersion usually results in a 

decrease in strength and modulus due to agglomeration when the CNT 
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concentration exceeds a few percent in the polymer matrix [5-7]. Even though 

alignment of CNTs is identified as a less crucial issue by few researchers [5; 90], 

avoiding limitations from dispersion can be achieved via controlled morphology and 

alignment of CNTs in the matrix. These aligned CNTs can either be transferred onto 

different substrates or implemented into existing advanced composites to form more 

complex structures. Also, Dai et al [69] reported that controlled-morphology and 

aligned structure offers the additional advantages of controlled surface modification. 

Surface modification of CNTs can lead to improved interfacial bonding between the 

CNT and matrix, but care should be taken as functionalization could create defects 

that lower CNT properties [5; 6; 91-93]. Interfacial shear strength (IFSS) can be 

defined as the critical stress that causes the rupture of the CNT-matrix bond and 

leads to de-bonding when an external stress is applied. It is very challenging to 

control or measure the IFSS in polymer nanocomposites as compared to traditional 

CFRPs.  

Three main mechanisms of load transfer from filler to matrix are proposed in the 

literature: micromechanical interlocking, chemical bonding, and van der Waals 

bonding. The first mechanism, micromechanical interlocking, is not found to be 

effective for CNT reinforced nanocomposites due to the smooth surface of CNTs 

[94]. Significant efforts have been put into determining the IFSS by either 

experimental or computational studies in the literature [43; 95; 96]. Wagner et al. 

[97] observed the fragmentation of MWNT/urethane nanocomposites in a TEM by 

tensile loading, resulting in an extremely high value of 500 MPa. The covalent 

bonding of the CNT to the matrix is credited as the main mechanism that causes 

high IFSS. Schadler et al. also studied MWNT/epoxy nanocomposites in 

compression and tension. It was found that the compression modulus is higher than 

the tension modulus indicating a more effective load transfer mechanism in 

compression. It was proposed that for tension, only the outer layers of MWNTs 

carried the stresses, whereas in compression all of the layers participated [94]. In 

another study, a relatively low value of IFSS was obtained by pulling out the 

MWNTs from a polyethylene-butane film with an AFM tip. A single MWNT attached 

to an AFM tip is shown in Figure 2.11 with the AFM topographical images of before 

and after pullout testing [98]. 
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Figure 2.11 : CNT pullout testing from a polymer: (a) high resolution SEM picture of 
a single MWCNT on a AFM tip, (b) AFM topography image of 
polyethylene–butene at room temperature before testing and (c) after 
the pullout experiment. Note: the horizontal scan size was 1 µm. 

After this study, the same researchers measured the adhesive interaction between a 

MWNT and a polymer matrix using a nanopullout technique similar to microfiber 

pullout tests in composite testing. With neglected end effects, 47 MPa IFSS was 

reported [98]. The pulled out MWNT is shown in Figure 2.12.  

      

Figure 2.12 : (a) A single MWCNT-AFM tip - nanotube (diameter 80 nm) before 
pullout and after pullout (b) Typical plot of pullout force taken from the 
AFM cantilever deflection against pullout time. 

When the experimental and theoretical results of interfacial adhesion are 

assembled, the range of IFSS is found to be between 20-150 MPa, showing 

promising results for future applications [99]. If covalent bonding between CNT-

matrix is considered, higher values of IFSS are expected to be achieved [90; 100].  

CNT reinforced polymer nanocomposites can be fabricated by a variety of methods 

reported in the literature. Many researchers have focused on embedding or mixing 

short randomly-oriented CNTs into polymer matrices due to their relatively easy 

availability over the last 15 years. Besides using randomly-oriented CNTs, the 

incorporation of already aligned CNTs into a polymer matrix can avoid drawbacks 

from dispersion and distribution. The self orientation of CNTs prior to fabrication and 
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the controlled morphology helps to assemble both CNT arrays or yarns as CNT 

“fibers” in the matrix so that the CNT properties are translated from nano to 

microscale [101]. This type of approach is the main focus of this thesis through 

experimental and theoretical studies and will be discussed with further examples 

from the literature in the following sections.  

Based on the matrix type, polymer nanocomposites can be divided into two 

categories: CNT reinforced thermosets and CNT reinforced thermoplastics. It is also 

possible to differentiate nanocomposites based on the processing technique used to 

fabricate them, the most common methods being melt processing, solution 

processing, in situ polymerization, covalent functionalization, and polymer grafting. 

Melt processing is applied at high temperatures with shear forces to mix the polymer 

and CNTs. When compared to other processing techniques, melt processing is 

limited to low CNT concentrations and is less effective in dispersion. Rather than 

fabricating bulk materials out of polymer nanocomposites, another widely studied 

processing technique is melt-processing of fiber composites. CNTs and polymers 

are mixed and processed by fiber production techniques to achieve aligned CNTs 

inside the matrix. A variety of studies have focused on this technique with improved 

results relative to melt processing of bulk composites. In solution processing, the 

key parameter is the chosen solvent to disperse the CNTs before mixing them with 

the polymer. Since pristine CNTs cannot be well dispersed in many solvents, 

surfactants are used to solve this problem. However, using surfactants adds another 

fabrication step and variability to the composite system. Solution processing is used 

for both thermosets and thermoplastics. When the polymers are insoluble or 

unavailable for thermal processing, in-situ polymerization is used as an alternative 

processing technique to fabricate polymer nanocomposites. Since this method 

offers molecular-scale control, high volume fractions of CNT loading is achievable 

with very good miscibility. Conductive polymer grafting and solution 

electropolymerization are the most studied in situ polymerization types among the 

published reports [6; 43; 99; 101]. 

From several studies reported in the literature about CNT reinforced polymer 

nanocomposites, a brief summary of the methods, polymers, and composite 

properties by CNT type is tabulated in Table 2.3 below. Since all the studies have 

different focuses, Young`s modulus improvement is chosen as the common 

comparable parameter for discussion below.  
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Table 2.3 : Summary of mechanical properties of CNT reinforced polymer 
nanocomposites with different processing techniques, various 
polymers and CNT types. 

Method CNT Type Polymer Loading  
Elastic 

Modulus 

(increment) 
Ref 

Solution 
Processing 

(with 
thermoplastics) 

CVD-MWNT PVA 6% wt 101% [102] 

Arc-MWNT PVA 0.6% wt 80% [103] 

CVD-MWNT PVA 0.6% wt 270% [104] 

Arc-MWNT PVK 4.8% vol 80% [103] 

Melt Processing 

CVD-MWNT PS 25% vol 108% [105] 

CVD-MWNT PMMA 10% wt 37% [106] 

Arc-MWNT PMMA 17 wt% 123% [107] 

In situ 
polymerization Arc-MWNT PMMA 1% wt 66.7% [85] 

In situ poly 
(functionalized) 

Arc-
MWNT/PMMA PMMA 20% wt 900% [108] 

Solution 
Processing 

(with thermoset) 

CVD-MWNT Epon SU-8 0.1% wt 19% [109] 

CVD-MWNT 
Bisphenol A/ 

epichlorohydrine 
/triethylenetetramine 

1% wt 100% [110] 

 

The mechanical properties of CNT reinforced polymer nanocomposites show large 

variations and depend on several factors. The processing techniques, polymer 

types, CNT types and their physical properties (diameter, aspect ratio, length…etc.), 

orientation of CNTs, and the dispersion quality are the major ones discussed in the 

literature. These critical factors lead to apparent inconsistencies due to variability 

between samples and the experimental methods used (shown in Table 2.3). In the 

solution processing of thermoplastics, Cadek et al. [104] reported increasing 

crystallinity of PVA with CNT content. However, in studies with PVK, no such effect 

was observed, and this was explained by the presence of a crystalline interface and 

successful stress transfer mechanisms [5]. Studies reported by other groups 

showed high modulus enhancements in PVA as well and concluded that amorphous 

interfaces can also transfer stresses successfully, and crystallinity is not needed. In 

melt processing, it is seen that the CNT loading rate is much higher than solution 

processing since dispersion and distribution are not seen as critical issues with this 

technique. However, despite several advantages including industrial compatibility, 

the mechanical reinforcement of polymer nanocomposites has not been achieved as 
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expected with this technique. Andrews et al. and co-workers [111] studied several 

commercial polymers with melt processing. Even though good dispersion and high 

CNT content was achieved, polymer degradation and a decrease in CNT length due 

to shear forces was reported as the reason for minimal change in the mechanical 

reinforcement.  

In summary, the excitement about the CNT-reinforced polymer nanocomposites is 

not surprising due to the unique structure of CNTs, their low-density, high aspect 

ratio, and exceptional mechanical properties of CNTs by experimental and 

theoretical predictions. However, to harness their outstanding potential, several 

critical issues must be solved to close the gap between theoretical and experimental 

results. Rather than widely used polymer nanocomposite fabrication techniques 

(e.g., solution processing, melt mixing ... etc.), novel systems should be created and 

designed for future applications. Several mechanisms for the improvement in these 

critical factors are reported in the literature and summarized as below: 

a) Understanding the mechanism of interfacial adhesion at the molecular level 

for further optimization of the interface [5] 

b) Creating functional sites that don’t disrupt the CNT surface for better load 

transfer  

c) Creating and designing novel fabrication techniques 

a. Polymer grafting 

b. Growing controlled CNT structures such as aligned arrays, yarns or 

bucky papers for implementation of CNTs directly into polymers while 

preserving morphology, 

2.2.2 Controlled morphology CNT reinforced composites and fibers  

As discussed in the previous section, controlled morphology and orientation of 

CNTs is essential to achieve significant breakthroughs in CNT reinforcement in 

polymer nanocomposites. Rather than using the conventional methods introduced 

above, several new and creative processing techniques are being studied to tailor 

and design aligned CNTs for incorporating into advanced composite materials and 

fibers. 

One of the best-known approaches for creating hierarchical structural composites is 

to develop high performance continuous fibers based on CNTs. As summarized by 
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Chou et al. [112], CNT fibers can be achieved by: (a) wet spinning, (b) spinning from 

a CNT carpet, (c) spinning from aerogels, and (d) twisting from SWNT films. Zhang 

et al. [113] drew CNT fibers from a forest by spin-twisting and achieved a stiffness of 

330 GPa and a strength of 1.9 GPa. The SEM images of drawn CNT fibers can be 

seen in Figure 2.3. 

 

 
Figure 2.13 : SEM images of CNT ribbons and fibers: (a and b) CNT ribbon 

initiation from a CNT array for spinning, (c) as-spun CNT fiber, and (d) 
the same fiber after post-spin twisting [113]. 

Besides spinning of fibers, electrospinning of CNT/polymer fibers is highlighted by 

Chou et al. [114] as a promising processing method to achieve aligned CNTs inside 

the polymer matrix and producing CNT-fibers continuously. Electrospinning of 

several different polymer-CNT combinations have been studied and high CNT 

loadings were obtained [115; 116] .  

Recent advances in fabricating CNTs at millimeter length scales give the opportunity 

to fabricate continuous aligned polymer nanocomposites by polymer infiltration. 
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Studies have shown successful fabrication of aligned CNT PNCs with improved 

properties using thermoplastic, thermoset and elastomer polymers [117-119]. Ci et 

al. fabricated aligned CNT PNCs by elastomer (PDMS) infiltration into CNT forests 

and studied the compressive stress-strain behavior of the resulting PNC. The results 

showed a drastic increase (3300%) in the longitudinal direction due to the very low 

MPa initial modulus of the elastomer. The fabricated continuous PNC morphology is 

shown in Figure 2.14. Raravikar et al. [120] infiltrated the monomer methyl 

methacrylate (MMA) into a vertically aligned CNT forest and fabricated composites 

by in situ polymerization. The resulting composites showed higher thermal stability 

than pure PMMA.  

 

Figure 2.14 : Structural characterization of PDMS A-PNCs: (a) SEM images of 
millimeter long vertically carbon nanotube arrays, and (b) SEM images 
of continuously reinforced carbon nanotubes-PDMS composite [119]. 

 

In some other approaches, paper-like CNT films, known as bucky papers, were 

fabricated to achieve high volume fraction CNT composites. These types of 

composites have shown electrical and thermal enhancement with applications in 

electromagnetic interference shielding, sensors, super-capacitors, and electrostatic 

discharge protection in electronics [114].  

Interlaminar surface properties of composites have been modified by using aligned 

CNTs. Direct incorporation of CNT forests in between plies of composites or 

growing CNTs onto fibers by CVD has created hybrid advanced composites with 

improved fracture toughness, better load transfer at the fiber-matrix interface, and 

higher mode-I and mode II properties [26; 36; 121-123]. In one of the early studies, 

CNTs were grown on the surface of SiC plain weave fabric by CVD and significant 
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improvements were gained in the inter-laminar fracture toughnesses [121]. Garcia et 

al. [26] reported mechanical properties of a hybrid advanced composite composed 

of aligned CNTs transferred onto prepreg as shown in Figure 2.15. During the 

fabrication procedure, CNT alignment was maintained in the through-thickness 

direction. Initial test results showed increased fracture toughness 1.5–2.5X in Mode 

I, and 3X in Mode II (see Table 2.4). 

 

 
Figure 2.15 : Composite interface reinforcement with aligned CNTs; SEM image of 

a 2-ply aligned CNT-interlayer hybrid composite fabricated to assess 
wetting of the CNT interlayer, showing a CNT/epoxy interlayer in 
between the two unidirectional carbon fiber prepreg plies. 

Table 2.4 : Summary of Mode I and Mode II tests [26] 

 
 

In summary, tailoring and designing advanced composites by direct implementation 

of CNTs while preserving their alignment and morphology is a promising new 

method for taking advantage of their outstanding properties. Understanding 

structure-property relations using various processing methods offers a wide range of 

future applications.  
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2.3 Motivation 

As discussed in previous sections, synthesizing A-CNTs is highly desirable in order 

to harness the outstanding performance of CNTs when incorporated into structural 

components and/or device configurations. It is also essential to engineer and design 

A-CNT structures for creating functional materials with good bulk and surface 

properties as demanded for specific applications.  

This thesis work is motivated by potential applications of the new polymer 

nanocomposites fabricated by novel methods with multifunctional properties. Many 

economic and technical issues currently prevent CNT-reinforced polymers from 

being applied to advanced composite structures or in developing hybrid composites. 

This thesis aims to enhance knowledge in the field of aligned polymer 

nanocomposites (A-PNCs). Providing experimentally verified engineering 

knowledge will lead to specific applications (e.g. actuators, sensors, etc.) of A-PNCs 

and hierarchical materials and composites with A-CNTs (e.g.,  [26] and [27]) 
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3. ALIGNED CNT FORESTS: SYNTHESIS, CHARACTERIZATION AND 
TESTING 

Since the 1990`s, several synthesis methods for CNT production have been 

developed, most of which have already been refined over the past decade and 

implemented in research and industry. As introduced in the previous chapter, CNTs 

can be produced with many techniques in different morphologies and orientations. 

In this chapter the following topics will be covered. 

1. A modified CVD technique is used for the growth of millimeter lengths of 

vertically aligned CNTs (A-CNTs). 

2. An “easy delamination” treatment will be explained, which is necessary to 

obtain freestanding (A-CNTs) forests without any damage. 

3. A novel mechanical densification method [118] will be utilized for fabricating 

mechanically densified CNT forests for high volume fractions. 

4. Morphology will be characterized by imaging and other techniques. 

5. Mechanical properties of A-CNTs (not A-PNCs which will be explained in 

detail in Chapter 4) will be studied using the nanoindentation technique. 

3.1 Synthesis of Aligned CNT Forests by Chemical Vapor Deposition  

While there are several approaches for manufacturing carbon nanotubes (CNTs) 

including laser-ablation and arc-discharge, the preferred method for large volume 

production (especially when preferential orientation is necessary), is chemical vapor 

deposition (CVD). Rapid growth in the number of published articles about CNT 

synthesis have led to the development of a CVD method with many advantages like 

ease of use, controlled morphology of CNTs, and relatively low temperature [16; 18; 

57; 67; 105]. Synthesis of millimeter-long CNTs to measure mechanical, thermal 

and electrical properties is important for tailoring and designing macroscopic scale 

advanced materials [26; 27; 29]. 

CNT growth by CVD consists of surface and/or bulk diffusion of carbon in a metal 

catalyst particle at temperatures between 500-1200℃. In a typical CVD procedure, 



 

 

 
32 

a hydrocarbon gas in a reducing or inert atmosphere (e.g. He or Ar) is the feedstock 

interacting with the catalyst particles which template CNT growth. The catalytic 

material plays the most critical role in the CVD process. At high catalyst particle 

density and CNT growth rate, vertically-aligned CNTs can be achieved by initial 

crowding and then aligned growth of CNTs [59; 124]. While understanding the 

growth and termination mechanisms of CNTs are widely studied in literature, the 

focus of this thesis is based on using CNTs as structural reinforcement of hybrid 

multifunctional composites. Because of this reason, a minimal review of growth 

mechanisms of CNTs will be discussed in this chapter. 

 

Figure 3.1 : CVD system (a) A single zone atmospheric pressure quartz tube 
furnace with temperature controller unit and preheater (b) gas tanks 
and channels (c) ANSARI automation software specially created to 
control the furnace system with Visual Basic software (Code written by 
Stevie Steiner, MIT Department of Aeronautics and Astronautics).  

A 10/1 nm catalyst film of Al2O3/Fe was deposited onto silicon (Si) wafer substrates 

using e-beam evaporation. The fixed catalyst systems on substrates offer great 

control of the arrangement, density, and length of CNTs compared to floating 

catalyst procedures, which have higher impurity content [125; 126]. After the 

deposition of catalyst onto Si wafers, the substrates were cut into ~10 mm x 10 mm 

sized squares with a diamond cutter. The cleaning procedure involved washing the 

Si wafers with acetone and sonicating in an acetone bath for 30 seconds. The aim 

of this step was to get rid of any Si particles left onto the wafer during the cutting 

process which will block CNT growth on the wafer. Prepared Si wafers were placed 
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into the quartz tube furnace for the growth procedure. Since the system remained 

open before the growth procedure, it was important to purge the gas channels and 

quartz tube by flushing before starting the high temperature process. 

Helium (He), Hydrogen (H2) as a carrier gas, and ethylene (C2H4) as a carbon 

source, and were used for CNT synthesis. The growth was performed in a tube 

furnace system with temperature control unit, gas tanks, channels and preheater as 

shown in Figure 3.1. A single-zone atmospheric pressure quartz tube furnace 

having an inner diameter of 22 mm was used for all the synthesis procedures. The 

automated software program, ANSARI, was created to control the furnace system 

by Stevie Steiner (PhD. Student at TELAMS laboratory). The tube was purged with 

He (Ultra high purity grade) for 10 minutes before ramping to the set point 750˚C. 

Then the tube was heated under He (75 sccm) and the reducing gas H2 (400 sccm) 

for preconditioning the Fe catalyst to form clusters of Fe catalyst nanoparticles. The 

temperature set point was held constant to stabilize the temperature profile under 

the same gas combination for 10 minutes. C2H4 (200 sccm) was introduced into the 

furnace for the growth period of 10-15 minutes, depending on the required CNT 

length. Finally, the H2 and C2H4 flows were discontinued and the He (400 sccm) flow 

was maintained for 10 more minutes to displace the reactant gases from the tube, 

before being reduced to a trickle (~10 sccm) while the furnace cooled to below 150 

ºC. 

 

Figure 3.2 : Image of vertically aligned CNT (A-CNT) forest synthesized by CVD 
technique having 3.2 mm length. 

Depending on the required CNT length, different recipes have been created. 

Millimeter scale (from 100 µm up to 3 mm length) vertically aligned CNT forests 

were synthesized and an image of a 3.2 mm long A-CNT is shown in Figure 3.2. A-

CNT forests grew rapidly reaching up to 1 mm height in 15 minutes with 75/200/400 
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sccm of He/C2H4/H2 gas flushing rates with a growth rate of ~1 µm/s. A schematic of 

A-CNT growth is also summarized in Figure 3.3. 

 

Figure 3.3 : CVD growth of an aligned CNT forest: catalyst deposition, catalyst 
reduction and formation of nanoparticles, CNT nucleation, and CNT 
growth. 

After growth, no additional procedures were applied for functionalization or 

modification of CNT properties. However, since these A-CNT forest will be used to 

fabricate aligned polymer nanocomposites (A-PNCs) (see chapter 4), it is important 

to have freestanding forests for further fabrication steps. An “easy delamination” 

treatment was developed to create freestanding forests that can be applied to the 

quartz tube furnace at high temperatures (750 ºC) before the cooling step. After 

C2H4 was discontinued, H2 was kept flushing for 5 minutes more at high 

temperature; the catalyst roots of CNTs were attacked and easy delamination of 

forests from the substrate was performed while preserving the CNT forest integrity. 

The easy delamination procedure is discussed in Figure 3.4 with a detailed 

procedure. 

X-ray photoelectron spectroscopy (XPS) was used to survey the surface chemistry 

of the Fe/Alumina film on the Si wafer at various stages of the easy delamination 

procedure; 

a) processing: before (without) CVD,  after CVD but before easy 

delamination and not exposed to air 

b) after CVD but before easy delamination after 1 d exposure to air 

c) after CVD and easy delamination and not exposed to air 

d) after CVD and easy delamination after 1 d exposure to air.  
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Figure 3.4 : Easy delamination procedure explained with XPS that supports the 
hypothesis of easy delamination procedure. 
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Figure 3.4 (continued): Easy delamination procedure explained with XPS that 

supports the hypothesis of easy delamination procedure. 
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Initial results from this study suggested that the easy delamination process 

(exposure to hydrogen after CVD) changed the alumina chemistry in a way that 

weakened the Fe-alumina interface. Additionally, XPS of the bottom of a 

delaminated forest showed a detectable quantity of iron but no alumina.  This is 

highly suggestive that the easy delamination process weakened the Fe-alumina 

interface as opposed to the CNT-Fe interface, as the low areal density of solid in the 

forest, the small mass of iron used, the suboptimal geometry of the forest bottom for 

XPS analysis, and relatively low sensitivity of XPS to Fe would make Fe virtually 

undetectable if it were not present on the majority of CNTs at the bottom of the 

forest.  Both iron oxide and a zero-valent form of iron such as a carbide or metal 

were detectable after CVD, and after CVD with easy delamination.  Exposure of the 

forests to air after CVD and/or easy delamination correlated with the disappearance 

of metallic or carbidic phase of iron and the growth of the iron oxide phase, 

indicating oxidation from the atmosphere after growth occurs. Further studies to 

verify and quantify these preliminary results are underway. 

3.2 Mechanical Densification of Aligned CNT Forests 

Volume fractions of CNT forests were changed after growth by a unique mechanical 

densification method to vary the inter-CNT spacing. Densification was preformed by 

uniaxial and biaxial squeezing of CNT forests in a home built Teflon mechanical 

densification instrument. The instrument was first designed by Prof. John Hart (MIT 

Postdoc) and Diego Saito (visiting student at MIT) [127]. Protecting the basic 

principles of the first-generation device, a second-generation instrument was 

designed and built (see Figure 3.5) [128]. The second-generation device designed 

in this thesis has a top cover of plexiglass, which helps observation of any buckling, 

or glass damage of the A-CNTs that can occur along the procedure. Figure 3.5 

shows the parts of next generation mechanical densification instrument. 
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Figure 3.5 : Second generation mechanical densification instrument with specific 
parts for compressing up to ~25% volume fractions. 

As-grown CNT forests were easily delaminated with the recipe explained in section 

3.1. A freestanding A-CNT forest was placed on the instrument to compress it in two 

orthogonal directions. To find the final Vf, the area of the CNT forests was measured 

before and after the densification procedure to calculate the final volume fraction. 

With the current instrument dimensions it is possible to densify the A-CNT forest up 

to ~25% Vf. An A-CNT forest before and after densification is shown in Figure 3.6 

on the mechanical densification instrument. In this thesis Vf is the bulk volume of the 

CNTs based on their outer diameters, i.e., CNT Vf include the void space inside the 

CNTs. 

 

Figure 3.6 : A-CNT Forest before and after densification process. 

For calculating the final volume fraction of the densified forest, it is critical to make a 

proper estimation of the initial volume fraction of A-CNTs, the density, and the CNT-

CNT spacing. Yamamoto et al. characterized the A-CNTs with and without easy 

5 mm 5 mm 
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delamination treatment [3]. The CNT forest density was calculated to be 1.4-1.5 

mg/mm3. The characterization was based on a equally spaced concentric tube walls 

with a density of graphene. Then by using this density the CNT-CNT spacing was 

calculated with and without the easy delamination process. Finally the A-CNT initial 

volume fraction was estimated at ~1% and the post-growth H2 treatment did not 

have a significant effect on properties (as expected). It was also found that CNT 

growth is varied by the time of the year and highly sensitive to weather conditions 

which might result in different characteristics of CNTs. The results were summarized 

in Table 3.1. 

Table 3.1: Characterization of A-CNTs, with and without the “easy delamination” 
treatment [3]. 

 
 

The growth procedure of A-CNTs is highly sensitive to the time of the year which 

also may be causing the differences in CNTs characterization. 

3.3 Morphological Characterization of A-CNT Forests 

The resulting A-CNT forests have been qualitatively investigated for alignment, 

diameter, number of walls, and damage by SEM and TEM. The height of a typical A-

CNT forest was measured to be ~1 mm unless otherwise stated. Free standing A-

CNT forests were weighed to be 1.0±0.1 mg, corresponding to a bulk density of 

8.0×10−3 mg/mm3. 
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Figure 3.7 : HR-SEM images of A-CNTs (a) as-grown ~1% Vf, (b) ~8% Vf , (c) 

~20% Vf. 

(a) (b) (c) 
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A-CNT forest morphologies were evaluated using scanning-electron microscopy 

(SEM), utilizing a JEOL 5910 and a Philips XL 30 with resolutions of 1 nm and 50 

nm, respectively. SEM images showed that CNTs preserve their alignment even 

after the densification procedure. For higher Vf’s, the alignment improved as the 

CNT-CNT spacing decreases (see Figure 3.7) and CNTs appeared to be less wavy. 

This phenomenon has also seen in pristine A-CNT forests and the A-PNCs 

fabricated from A-CNTs in Chapter 4. 

Transmission electron microscopy (TEM) was used to investigate CNTs in more 

details. The samples were prepared by removing a piece of the A-CNT forest with 

tweezers then dispersing the CNTs in isopropanol, followed by sonicating mildly for 

5 minutes and air-drying a drop of the solution on a copper grid coated with a holey 

carbon film. A-CNTs were primarily found to be multi-walled and tubular. A TEM 

image of an A-CNT forest is shown in Figure 3.8. The average CNT inner and outer 

diameter (ID and OD) were approximately 5 and 8 nm, respectively, with 4-5 

concentric walls for CNTs synthesized without the “easy delamination” treatment. 

Additionally, during the TEM examination metal particles were not observed along 

CNT axis consistent with a base growth mechanism [62] where the catalyst particle 

remains on the substrate and new carbon is added there. 

 
 
Figure 3.8 :  Exemplary TEM images of CNTs  from A-CNT forests (a) broad view, 

and (b) zoomed view. 
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3.4 Mechanical Properties of A-CNT Forests via Nanoindentation  

One of the most critical steps for structural reinforcement is the mechanical property 

investigation of a novel material for future applications. Since CNTs are of significant 

interest due to their unique mechanical and chemical composition, it is important to 

investigate their mechanical properties. Young’s modulus (E) of CNTs is the most 

fundamental phenomenological mechanical property under elastic deformation. 

Many experimental tests revealed that CNT modulus lies in a wide range between 

0.5- 4.15 TPa [78; 80; 97; 129]. These experimental measurements suggested that 

when viewed as a structure, the mechanical properties of CNTs vary with radius, 

length, and the number of walls, which were influenced by various manufacturing 

techniques adopted by the specific research groups. It was also speculated that the 

measurement of elastic modulus may also be affected by the magnitude and type of 

loading [130]. In addition, all of these experimental techniques mentioned above 

were challenging to implement  at the nanoscale, particular in the sample 

preparation, mounting, and testing setup. New testing methods need to be 

developed and implemented to investigate mechanical properties of individual 

CNTs. 

Nanoindentation is an ultralow-load indentation technique that has been widely used 

to measure the constitutive relationships of materials at very small length scales 

[131; 132]. It is an effective method and is independent of substrate removal and 

mounting conditions which simplifies specimen preparation [21]. In nanoindentation 

experiments, an indenter tip is driven into and then withdrawn from a specimen. 

High-resolution depth-sensing instruments are used to continuously control and 

monitor the penetration depth and reaction force on the indenter. Indentation forces 

as small as several nN and displacements less than 1nm can be accurately 

measured. Many instrumented indentation systems, generally known as the depth 

sensing indentation or nanoindentation, can be generalized in terms of a schematic 

illustration as shown in Figure 3.9 [133; 134]. In this chapter, nanoindentation is 

performed by a Hysitron Turboindenter with a maximum load capability of 12 mN, a 

high resolution at smaller penetration depths and a vertical axis of indentation. 

In contrast to traditional hardness testers, nanoindentation systems allow controlled 

application of force, P, and displacement, h, over the complete loading cycle. Elastic 

modulus extracted from nanoindentation curves will be called the indentation 

modulus in this thesis, and will be compared to typical Young’s modulus in the 
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direction of interest. It should be noted that, finite element modeling and dimensional 

analysis of such nanoindentation tests data have been studied by many researchers 

to predict stress strain behavior or predict material constitutive behavior [135].  

 

Figure 3.9 : Schematic illustration of an instrumented indentation system [133-134]. 

The analysis of force depth curves is often based on studies by Doerner and Nix  

[136] and Oliver and Pharr [132]. These analyses rely on relationships developed by 

Sneddon et al. [137] for the penetration of a flat elastic half space by different 

probes with axisymmetric (e.g. flat-ended cylindrical punch, a cone or a parabloid). 

They are applied to unloading data of a force depth curve assuming to the unloading 

behavior of the material is elastically recovered [134]. A typical load-displacement 

curve of a nanoindentation cycle is shown in Figure 3.10. Hardness, H, is calculated 

using the load, P, and projected contact area, A, at that load (see Equation 3.1). 

 
(3.1) 

The projected area is dependent on the geometry of the indenter and is calculated 

from the depth of indentation, h, or measured directly via imaging. The slope of the 

initial portion of the unloading curve, S=dP/dh (as indicated in Figure 3.10), and the 

projected contact area are used to calculate the reduced modulus: 

H =
P
A
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(3.2) 

where β is a constant that depends on the geometry of the indenter used. The 

reduced modulus, Er, which is usually taken directly from the indentation instrument 

software, includes contributions from both the specimen and indenter. The elastic 

modulus of the sample, E, which will also be referred to here as the indentation 

modulus [132; 138] is then calculated using the Oliver-Pharr theory (Equation 3.3) 

where the Poisson ratio of the test material is ν, the modulus of indenter is Ei and 

Poisson ratio of the indenter is νi. For a diamond-tipped indenter, Ei = 1140 GPa and 

ν= 0.03 (commonly used Poisson ratio for the polymeric materials) νi = 0.07.  

 
(3.3) 

This procedure measures the hardness and modulus at a maximum penetration of a 

single load-unload indentation cycle. During an indentation analysis, however, it is 

possible to measure several indentation cycles continuously to yield averaged 

results with a standard deviation for more accurate representation.  

 

Figure 3.10 : Typical load penetration depth curve for nanoindentation tests. 
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3.4.1 Results and discussion 

The nanoindentation tests were performed by a Hysitron Turbometer with a 

controlled positioning stage with a coupled optical light microscope. A-CNT forests 

for low (~1%) and high (up to ~20%) volume fractions were studied. The effect of 

the indenter was also investigated by using both a spherical and a sharp (Berkovich) 

indenter. Standard methods were used to calculate the machine compliance and 

area function (based on contact stiffness) using a series of indents into the fused 

silica reference. The machine compliances were analyzed and calculated before 

CNT data analysis as a baseline. The nanoindentation testing procedure consists of 

six steps as summarized below: 

a. Preparing the sample surface  

b. Finding the region of interest through the optical microscope 

c. Programming the load file 

d. Programming spatial matrix 

e. Executing the loading experiment 

f. Analyzing the data to obtain properties 

Since nanoindentation is a surface measurement technique, it is important to have a 

smooth surface to obtain repeatable data. As-grown or mechanically-densified A-

CNTs were all dominated by air in their structure. The porosity and brittleness of the 

A-CNT forests does not allow any surface polishing or grinding for sample 

preparation. Due to their rough surfaces, an alternative technique, laser machining 

(ablation), was performed on CNT forests to achieve smoother surfaces.  

Laser machining is the process of removing material from a solid (or occasionally 

liquid) surface by irradiating it with laser beam. Laser pulses can be varied over a 

wide range of duration (milliseconds to femtoseconds) and fluxes and can be 

precisely controlled, making laser ablation very valuable for both research and 

industrial applications. Carbon nanotubes are absorptive and throughout the near 

infrared (NIR) especially around 1064 nm where Nd.YAG (neodymium-doped 

yttrium aluminum garnet; Nd:Y3Al5O12) lasers have peak power. By using a 

femtosecond laser and adjusting for average/peak power, repetition rate, objective 

magnification, and N.A. (20,40,60,100), A-CNTs can easily be machined. A Multi-

Photon/CARS laser system from Harvard CNS (Center for Nanoscale Research) 

Facility is used for machining A-CNTs before nanoindentation. The CNS multi-

photon/CARS laser system is a collection of three pulsed lasers: (i) a Coherent Mira 
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900D fs/ps convertible, mainly used for two photon fluorescence excitation and 

SHG, (ii) a HighQ picotrain ps laser and a (iii) APE Levante ps OPO, the last mostly 

being used as pump and stokes beam for CARS microscopy. The multi photon / 

CARS laser system is used in combination with the Zeiss META510 LSM 

microscope (HAR-018) available coupled to a modified Olympus Fluoview 300 

confocal microscope.  

 

 

Figure 3.11 : SEM images of top surfaces of A-CNTs (a) 1% Vf and (b) 10% Vf 
before laser machining  
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Figure 3.11 (continued): (c) 10% Vf and (d) zoomed view after laser machining. 

A-CNTs are attached to a metal plate by super glue for 1 and 10% Vf’s and left 

overnight for drying process. The attached forests are then placed under the 

confocal microscope to determine an area of 100x100 µm to machine. After an area 

is chosen, 50mW is applied to the sample at 1064nm and 816nm. The process is 

run at 2-2.5x zoom with slow scanning and lots of averaging to illuminate the 

surface for 60 seconds and machine the area. After the ablation process, the area is 

checked under an optical microscope. SEM images of top surfaces of A-CNTs for 1 
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and 10% Vf’s before laser machining are shown in Figure 3.11 (a and b). The top 

surface of a pristine 1% A-CNT forest was found to be smooth enough to be tested 

by nanoindentation, so only higher Vf’s of A-CNTs were machined with the laser. 

After the 10% Vf A-CNT surface was machined, SEM images were taken and found 

to have a smoother surface (see Figure 3.11c and d).  

Two sets of experiments were performed on A-CNTs with various Vf’s with and 

without laser machining. The samples prepared without laser machining were 

carefully densified for higher Vf’s and mounted onto the metal plate. Before 

indenting these samples, a careful investigation for target areas with smoother 

surfaces was explored with SEM and isolated for further testing steps. Other areas 

or samples having bumpy surfaces with high roughness were discarded. An 

example of a load-displacement plot is shown in Figure 3.12(a). For this 1% Vf A-

CNT sample, a 7x7 spatial matrix was defined with a 50µm spacing and a scan area 

of 0.3 µm x 0.3 µm and it can be seen that due to smaller surface roughness of low 

Vf  A-CNTs, the data was repeatable. The indentation depth was set at 3 µm to 

investigate whether the A-CNTs will exhibit any buckling along the loading and 

unloading cycles. At around 2.5 µm for all the indents a small decrease in the 

loading curve was observed which might be due the buckling of CNTs just for 1% Vf. 

This point corresponds to a critical buckling load between 12-14 µN. In recent 

experimental studies, Water et al. used a 100 µm radius Berkovich indenter to 

compress multiwalled CNT arrays with an outer diameter of 50 nm, heights between 

50-100 nm and a spacing of 100 nm. From their load-displacement curves, a 

buckling load between 2-2.5 µN was estimated, independent of CNT heights [139]. 

In recent nanoindentation tests below, at high volume fractions (10 and 20%), it is 

clear from load-displacement curves that no critical buckling plateau or region for 

both Berkovich and spherical indentation cycle is formed (see Figure 3.12b). These 

buckling of CNTs were not observed in higher volume fractions of A-CNTs.  

Higher volume fractions of A-CNTs were also tested and results are plotted in 

Figure 3.13. In these tests, indenter choice was investigated for Berkovich (three 

sided pyramidal tip with a nominal radius of 80 nm) and spherical (conical tip with a 

10 µm tip diameter and an apex angle of 60º) indenters. Since Berkovich indenters 

are sharp and induce plastic deformation, the indentation depth is kept constant at 1 

µm (as opposed to 1% A-CNT forest indentation with a 3 µm indentation depth) 

similar to the spherical indenter, which will keep the indentations in the elastic 
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regime. From 1% to 20% Vf, there is an increasing trend of indentation modulus 

from 1.7 to 982 MPa for Berkovich and from 8.9 to 816 MPa for spherical 

indentation with a change of ~600x and ~90x, respectively. 

 

 
Figure 3.12 : A-CNT load-displacement data: (a) 1% Vf A-CNT with Berkovich 

indenter for 48 indents (b) 10 and 20% Vf with Berkovich and spherical 
indenters.  

Loading 

 

Unloading 

 

(a) (b) 
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Figure 3.13 : Indentation modulus of A-CNTs for 1, 10 and 20% Vf`s with Berkovich 
and spherical indenters. 

3.5 Summary 

Aligned carbon nanotubes (A-CNTs) were synthesized by chemical vapor deposition 

(CVD) in a controlled fashion with vertical orientation. The ability to control the 

length and orientation of CNTs offers significant advantages for fabricating polymer 

nanocomposites with controlled morphology and more complex structures such as 

hybrid materials for future applications. The unique ability to densify A-CNTs by 

mechanical densification method to achieve variable (and high) volume fractions is 

also demonstrated. Characterization and testing of A-CNTs were explained in 

details in this chapter and mechanical properties were studied by nanoindentation. 

The nanoindentation results show a drastic increase in modulus of A-CNTs from low 

(~1%) to high (~20%) volume fractions of ~2 orders of magnitude in the axial 

direction. Transverse direction measurements of A-CNT modulus is not performed 

due to difficulties in mounting and testing samples in that direction. The sensitivity of 

the nanoindentation to surface roughness makes it harder to indent the surface of A-

CNTs in the transverse direction as well.  
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4. ALIGNED CNT POLYMER NANOCOMPOSITES (A-PNCS): 
FABRICATION, CHARACTERIZATION AND TESTING 

Bulk nanostructured composites combining existing advanced fibers, structural 

polymers, and carbon nanotubes (CNTs) with tailorable and enhanced macroscopic 

engineering properties are being developed by many groups for aerospace and 

other applications [140]. Development of such materials requires scaling and 

establishing long-range order of the nanostructures, and also an understanding of 

the properties of the constituents and how they interact [5; 15; 141-144]. In this 

chapter, an aligned-CNT polymer composite (A-PNC) is fabricated using a high-

performance (aerospace grade structural epoxy) thermoset and anisotropic 

multifunctional properties are quantified and discussed as related to their 

morphology. A novel mechanical densification technique (already introduced in 

Chapter 3) is used to fabricate high volume fraction (Vf) continuous A-PNCs which 

avoids the issue of dispersion, random orientation, and discontinuity (non-

continuous CNTs) of the CNTs. Controlling morphology of the PNCs is critical for 

interpreting the multifunctional property results, and both SEM and X-ray scattering 

are performed to provide detailed quantification of PNC morphology. Randomly-

oriented PNCs (R-PNCs) are also fabricated for comparison vs. aligned 

reinforcement for mechanical and electrical properties. Nanoindentation is used to 

investigate the mechanical properties of A-PNCs similar to A-CNTs in Chapter 3.  

4.1 Experimental Procedure for As-grown and High Volume Fraction A-PNCs 

The fabrication procedures for as-grown and high Vf A-PNCs are similar except for 

the mechanical densification step that is needed to compress the as-grown forests 

(~1% Vf) up to 20-25% Vf’s. The schematic in Figure 4.1 summarizes the steps of 

the fabrication procedure for both of the cases.  

The mechanical densification step was explained in detail in Chapter 3 for 

compressing A-CNTs. Already densified A-CNTs are then attached to a z-stage 

using adhesive carbon tape and lowered into a pool of heated and uncured polymer. 
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If as-grown A-CNTs will be used for A-PNC fabrication, this step is skipped and 

fabrication procedure starts from second step, wetting. The A-CNT forest is brought 

in contact with the surface of polymer and the matrix infuses into the CNT forest via 

capillary-induced wetting, which will be explained further in the following section, at 

rates that depend on characteristics of the A-CNT forest (e.g., volume fraction, 

surface condition) and the polymer (viscosity, contact angle, etc.) [7,8]. The epoxy is 

cured following the recommended process for each polymer, yielding the desired A-

PNCs. The cured samples were machined and polished to achieve uniform 

specimens for characterization and testing. 

Mechanical Densification 

  
Wetting Procedure 

 
Curing and Machining 

 
Figure 4.1 :  Schematics of fabrication procedure of A-PNCs with three steps for 

as-grown and high Vf’s [145]. 

4.1.1 Wetting of CNT forests 

The controlled manufacturing of A-PNC test structures can be achieved using 

capillarity-induced wetting, and such a method has been shown to preserve CNT 

alignment in earlier work [6]. Several groups have investigated capillarity-induced 

wetting of CNT forests, focused on increasing the volume fraction of a dry CNT 

forest using solvent-induced densification, or creating controlled CNT micropatterns 

[7-10]. Low-viscosity and low boiling-point solvents (e.g., isopropanol) are 
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introduced into the ends of a CNT forest and due to capillary forces, the solvent is 

pulled into the forest while densifiying it, creating a higher volume fraction aligned-

CNT forest. The solvent-induced densification approach does not provide control 

over volume fraction, and the final densified forest is a function of the solvent and 

forest. Raravikar et al. [11] calculated the infiltration of monomers into aligned 

nanotube arrays using the Lucas-Washburn technique [12] and found that it is 

largely driven by the wetting of liquids against the nanotube walls, internanotube 

(CNT-CNT) spacing or volume fraction, and the low viscosity of the wetting liquid. 

 

Figure 4.2 : Polymer wetting routes [145]. 

It is assumed that infiltration of epoxy into CNT arrays occurs via capillarity due to 

the internanotube gaps at rates that depend on properties of the CNT forest (e.g., 

volume fraction) and the polymer (viscosity, contact angle, etc.) [8]. Identified 

wetting routes for CNT forests with epoxy due to capillary action are shown in 

Figure 4.2. Since the CNTs just touch the epoxy surface rather than being 

immersed, the most probable route of epoxy to infiltrate the CNT forest is capillary 

action along the CNT axis. The objective is to identify the quantities controlling the 

infusion of polymers, particularly thermosets, into CNT forests as this mechanism 

has been utilized to fabricate large-scale nano-engineered composite test articles. 

Understanding the wetting mechanism and limitations on wetting (e.g., height of a 

forest that can be wet) is necessary for effective and controlled processing of 

nanocomposites and large-scale nano-engineered composites. The approach taken 

in this study is to experimentally explore wetting of aligned CNT forests at different 

CNT volume fractions with two different epoxy systems, RTM6 and VRM34. The 

processing characteristic properties of these epoxy systems are shown in Table 4.1. 

The study of A-PNCs with VRM34 was already performed by Saito et al. [127] and 

summarized here. Capillary action models are implemented to discuss the 

controlling parameters for wetting, and results from these models are used to 
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explain observed wetting of aligned CNTs in large-scale nano-engineered 

composite architectures.  

Table 4.1: General characteristics of two thermosets used for wetting study [127; 
145]. 

Epoxy Manufacturer Typical 
Application 

Wetting 
Temperature ( Tw) 

Viscosity 
@ Tw 

VRM34 Hexcel Aerospace 
Composite 90oC 12 cP 

RTM6 Hexcel Aerospace 
Composite 90oC 33 cP 

Capillarity-driven wetting and patterning of aligned-CNT forests is studied for 

solvents where the degree of wetting and densification are noted to be a function of 

the contact angle of the liquid with the CNTs, the liquid’s viscosity, and CNT 

characteristics (diameter, volume fraction) [29,30] These same physical parameters 

are relevant also for the thermoset epoxies studied here. The proposed wetting 

mechanism is the drawing up of epoxy through CNT-CNT spacing due to capillarity 

forces arising from contact of the epoxy with the external sidewalls of the CNTs. The 

Washburn theory indicates that if the porous solid is just touching the liquid’s 

surface, then the rise of liquid into the pores of the solid due to capillary action can 

be measured by measuring the change in mass of the solid sample with time, as it 

absorbs the liquid (also known as Lucas-Washburn equation) [31]. The equation is 

as follows, where t is time after the solid and the liquid are brought into contact, m is 

mass of liquid pulled-in into the solid, and A is a constant that is dependent on the 

properties of the liquid and the solid: 

 (4.1) 

 
(4.2) 

where η  is liquid’s viscosity, ρ  is liquid’s density, γ   is liquid’s surface tension, 

θ  contact angle between the solid and the liquid, and c is a material constant which 

depends on the porous architecture of the solid. Experimentally, A is obtained as the 

slope of the plot using Equation 4.1. The contact angle between the liquid and the 

solid is then calculated using Equation 4.2. 

t = Am2

A = !
c"2# cos$
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Before starting to work on high volume fraction PNCs, it was necessary to model 

whether the CNT forests are expected to be effectively wet by epoxy as limited by 

volume fraction, viscosity of polymer and CNT forest height. First, as a simple 

approach, just capillary forces were taken into account in a one-dimensional model. 

A simple expression for height of a liquid column (h) that can be sustained by the 

capillarity force in a straw ignoring viscous forces is given by: 

 
(4.3) 

Where g is gravity, rc is the effective radius. In the present analysis, the liquid is the 

epoxy and the solid is CNTs. Since the wetting of nanotubes occurs outside 

between nanotubes and not inside, the channel through which the liquid is drawn is 

not a circular straw. An estimate is to consider the effective radius, which is the 

radius of a circle with the same area as the cross section of the channel, to give an 

effective radius.  This effective radius is ~40 nm for the as-grown forests used here. 

The epoxies used in this study are commercial but the surface energy was not 

available for either aerospace resin, so the value was taken from literature for an 

epoxy with a low viscosity similar to those used here, at 24 cP [32]. To our 

knowledge, the contact angle of CNTs with epoxy has not been measured yet, so its 

value was estimated from the literature as 33.6º [11]. Using equation 1, the 

maximum height of a forest can be calculated as a function of CNT volume fraction 

(square-packing) or, equivalently, effective radius. For the 8 nm diameter CNTs 

studied here, the maximum wetting height is shown in Figure 4.3 vs. effective 

radius. The maximum height for 100 nm effective radius is >50 meters and it is clear 

that viscous forces likely limit the amount of wetting. Since viscous forces (see 

Figure 4.4) represent a resistance to epoxy flow through the inter-nanotube spacing 

and such forces depend upon the velocity of the fluid, it does not prevent epoxy 

flow, but rather slows down the movement to time scales that may present a 

practical limitation to wetting.  

h = 2! cos"
#grc
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Figure 4.3 : Possible maximum height of wetting CNT forest with just capillarity 
force [145].   
 

 

Figure 4.4 : Wetting schematic between CNTs in an idealized forest [145]. 
 

Considering just the effect of capillarity and viscous forces, the flow velocity of fluid 

in a capillary tube can be expressed by the Washburn-Darcy equation where 

Darcy`s law [19] is modified by Washburn as follows: 

 
(4.4) 

where u is the velocity of liquid flowing through a tube, η  is the viscosity of liquid, l is 

the height of tube and ΔPc is the capillarity pressure. ΔPc can also be expressed as: 

       
 
 
  

u = ! rc
2"Pc
8#l
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(4.5) 

where γ  is the surface tension. Combining Equations 4.4 and 4.5, the required time 

for wetting of a CNT forest (with rc = the effective radius between CNTs) is:  

 
(4.6) 

While the contact angle can be measured directly for many surfaces, such a 

measurement for nanoscale surfaces is practically difficult. Also, the surface of the 

CNTs from as-grown forests as in this work contain various species adsorbed onto 

the CNT surface that will affect the contact angle measurement. Furthermore, the 

geometry of the contact of the fluid to the walls of CNTs is not the same as contact 

inside of a ‘straw’. Equation 4.6 can be used to extract the contact angle under 

these assumptions if time is measured for a liquid to wet a forest. This is the 

experimental approach taken here, and it incorporates the same approximations as 

the more common experimental approach of tracking the mass change versus time 

using Equations 4.1 and 4.2 [11].  

To estimate the contact angle using Equation 4.6, an experiment was developed 

under an optical microscope to capture the flow of epoxy into variable volume 

fraction  aligned-CNT PNCs. An A-CNT forest grown on a patterned substrate in the 

shape of a plate is anchored as a cantilever on the edge of a glass slide covered 

with double-sided tape (see Figure 4.5). The dimensions of the CNT forest plate are 

1.3 mm long (CNT length. A razor blade is coated with RTM6 resin and is placed on 

a micrometer movement stage, in front of the CNTs as shown in Figure 4.5. The 

set-up is heated at 90 ºC to reduce the viscosity of the resin and is observed under 

an optical microscope  (Zeiss Axiothec 25 HD with image capture) in order to 

monitor the wetting process. Once the resin is heated, the stage with razor blade 

and resin is moved until it touches the edge of the CNTs in order to observe wetting 

of the CNT forest. An advantage of this configuration is that gravity acts 

perpendicular to the capillary force, and there is no contact between the resin and 

any bottom surface because the CNT plate is cantilevered; the resin is only in 

contact with the end of the CNT forest during the experiment. 

!Pc =
2" cos#
rc

t = 4nl2

! cos"rc
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Figure 4.5 :  Illustration of experimental set-up for the wetting experiment on 
aligned CNTs [145]. 

The wetting process only takes 13 seconds for 1% Vf A-CNTs. The resin is pulled in 

due to the capillarity effect. Since the razor blade and CNTs surface are not 

completely parallel, the CNTs do not wet evenly as can be seen in Figure 4.6 

middle. Once the resin reaches the end of the CNT forest, more resin is still pulled 

in, wetting the forest completely. A little excess of resin is observed at 50s, but the 

process doesn’t seem to progress further.  

 

Figure 4.6 : In-situ wetting experiment under an optical microscope for as-grown 
(~1% Vf ) A-CNTs. 
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Figure 4.7 :  In-situ wetting experiment under an optical microscope for ~20% Vf A-
CNTs. 

When 20% Vf A-CNTs are wet under the optical microscope with the same 

experimental set-up, the wetting time takes around 32 minutes from top to bottom 

(see Figure 4.7). This drastic change in wetting time is attributed to the decreased 

CNT-CNT spacing in higher Vf’s of A-CNTs when densified. As a reminder, when 

the A-CNTs are densified to ~20% Vf the CNT-CNT spacing decreases from 80 to 

20 nm. These are only roughly estimations and further experiments and 

measurements are being developed.  These values show a trend that when the 

nanotube spacing decreases (due to mechanical densification), the contact angle 

decreases and a reduction in effective wetting behavior is observed. A deep 

understanding of the capillarity effect at such scales is essential before making final 

conclusions. 
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4.1.2 Curing, machining and polishing  

An aerospace-grade epoxy, RTM6 (Hexcel), having viscosity of 33 cP at 90oC is 

used for the rest at this chapter. Since A-CNTs preserve their alignment during 

polymer infiltration, transferring the wet forest to the z-stage does not affect the A-

PNCs morphology either. The epoxy is cured following the recommended procedure 

from the manufacturer, yielding the desired nanocomposites. RTM6 is a 

monocomponent resin that is already degassed, specifically developed to fulfill the 

requirements of the aerospace industry in advanced resin transfer molding (RTM) 

processes. It has service temperatures between from -60°C up to 180°C (-75°F up 

to 350°F). The typical curing cycle is one hour at 160°C and two hours at 180°C. 

Several curing cycles were tried in both a hot plate and traditional oven. In the oven, 

due to a thermal gradient samples were not totally cured after the standard three 

hours curing step indicating inconsistencies in temperature control. In either hot 

plate curing or oven curing procedures, it was important to control the heating rate 

for 1°C/min as recommended by manufacturer to successfully control the 

crosslinking. In the classic oven, there was no option to control the heating rate so 

hot plate curing was selected as the preferred method. To avoid the effects coming 

from thermal gradient, PNC samples between bottom to top surface of samples, an 

aluminum cap and foil are used to cover the top of the hot plate. The cured samples 

are polished before machining to achieve smooth surfaces. A three step polishing 

procedure is applied to all the samples. In the first two steps, rotating discs of 

sandpaper of 5 µm and 0.05 µm roughness are used to polish the surface for 15 

minutes. The rotating discs have a water supply for sending away excess particles 

from the sandpaper during polishing. After that, a vibrational polisher is used as a 

final step to achieve smoother surfaces with a solution having 0.05 µm particles. As 

a result of the polishing and the base-growth CNT growth process, no Fe catalyst is 

expected to be present in the specimens. 

The polished samples are machined with a lathe to obtain cylindrical samples with 

the proper dimensions for mechanical testing. Figure 4.8 shows the epoxy sample 

machined by lathe. During machining, epoxy and A-PNC samples are held between 

two cylinders with 3 mm diameter and a diamond knife crops the edges of sample 

that exceeds the holder’s diameter. The applied pressure to the samples is very low 

to avoiding any damage to the samples. Volume fractions for all samples are 

assessed by volumetric calculations of A-CNTs after densification, as explained in 
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Chapter 3. Exemplary machined samples of A-PNCs with 1% Vf and neat epoxy are 

shown in Figure 4.9a. Also an SEM image of a 1% Vf A-PNC shows the preserved 

alignment of A-CNTs after the fabrication steps. The sample was fractured and then 

imaged under SEM.  

 

Figure 4.8 : Machining of epoxy and A-PNC samples by lathe. 

As mentioned in Chapter 2, most of the literature studies have been focused on 

randomly oriented CNT reinforced polymer nanocomposites. To compare and 

discuss the results of A-PNCs in this study, randomly oriented polymer 

nanocomposites (R-PNCs) were fabricated with A-CNTs grown in our furnaces. The 

R-PNCs were produced by shear mixing of a CNT forest in epoxy. The mixture was 

placed between two Teflon plates that were sheared by hand for 10 minutes. After 

10 minutes, the CNT/resin dispersion appeared homogeneous visually and was 

poured into a silicone mold with a spatula.  The samples were cured and machined 

following the procedure indicated above for A-PNCs. R-PNCs were fabricated for 

~0.5, 1, 2 and 4% volume fractions; 4% was the maximum volume fraction achieved 

due to processing difficulties arising from viscosity increase due to the CNTs 

agglomeration. 
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Figure 4.9 : Controlled-morphology polymer nanocomposites: (a) Image of 1% 
aligned-CNT forest, 1% A-PNCs and pure epoxy samples, (b) SEM 
image of 1% A-PNCs with an inset schematic of the CNT alignment 
direction [145]. 

4.2 Characterization of Polymer Nanocomposites 

An extensive characterization of PNCs was performed to determine the quality of 

the PNC samples. The critical parameters considered during characterization steps 

are, whether the alignment of CNTs is preserved during fabrication, and if the CNT 

presence affects the properties of unmodified resin.  

4.2.1 Morphological characterization  

After preparing the variable volume fraction A-PNCs and R-PNCs, their morphology 

is characterized by optical and scanning electron microscopy (OM and SEM) and 

micro-CT scan. The A-PNC and R-PNC morphologies were evaluated using 

scanning-electron microscopy (SEM), utilizing a JEOL 5910 and a Philips XL 30, 

with resolutions of 1 µm and 50 nm, respectively. R-PNC and A-PNC fracture 
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surfaces (prepared cryogenically) for different volume fractions are shown in Figure 

4.10. The neat aerospace-grade resin (Hexcel RTM6) shows a relatively smooth 

surface (see Figure 4.10a) whereas samples with A-CNTs have a surface 

morphology indicating both CNT alignment and packing as compared to R-PNCs. 

Increasing the volume fraction of the aligned CNTs from 1% to 20% alters the 

fracture surface significantly and also serves as a visual indication of alignment and 

effective wetting (Figure 4.10b and c). The R-PNCs form a so-called good 

dispersion with a typical filler-like morphology as can be seen for 4% volume fraction 

of R-CNTs in Figure 4.10d.  

 

 
 

Figure 4.10 : SEMs of (a) Epoxy sample, (b) 1% Aligned-PNC, (c) 20% Aligned-
PNC, (d) 4% Random-PNC. In images (b) and (c), the direction of 
CNT alignment is indicated [128]. 
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Figure 4.10 (continued): (c) 20% Aligned-PNC, (d) 4% Random-PNC 

To assess the quality of samples, A-PNCs were investigated for voids by micro-CT 

scan. Micro-CT scan is a 3D, non-destructive imaging system and a facility at 

Harvard Center for Nanoscale System. It is used to obtain 3D images using micro-

computed tomography (X-Tek HMXST225, 3-5 µm resolution). Only four samples 

were checked for their quality since this instrument is only available at Harvard 

University. The two of A-PNCs samples (1% and 20% Vf) imaged and shown in 

Figure 4.11. Both epoxy-rich areas and air bubbles can be observed with this 

technique and for the 1% Vf A-PNC surface seem to have more epoxy rich region 

and voids than the 20% Vf A-PNC. In low Vf forests, when the epoxy is infiltrated, 

CNTs tend to cling closer together forming CNT islands and epoxy rich regions. This 

phenomena is accepted as a trend for A-PNCs during characterization and 

mechanical testing.  
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Figure 4.11 : 3D micro-CT scan images showing epoxy-rich regions and air bubbles 
of A-PNCs  (a) 1% Vf A-PNC and (b) 20% Vf A-PNC. 
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4.2.2 Thermogravimetric Analysis (TGA) of A-CNT and A-PNCs 

Thermogravimetric analysis of CNTs were studied in air and nitrogen. Thermal 

analyses were carried out in a thermogravimetric analyzer of TA instruments Q50 

model. Samples were heated in a platinum pan in excess air or nitrogen (100 

mL/min). The temperature of the maximum rate of oxidation (peak in the differential 

curve) for 1% A-CNT forest was found as 700 ºC (see Figure 4.12) in air, higher 

than the 500 ºC reported for A-CNTs synthesized by spray pyrolysis, and is closer to 

the oxidation temperature of high-purity graphite at ~850 ºC [146]. The presence of 

significant amounts of metal catalyst in CNTs or along with graphite can significantly 

lower oxidation temperatures [146]. The high oxidation temperature of A-CNTs may 

be due to their very high purity [59] with CVD growth method.  

 

Figure 4.12 : TGA plot A-CNTs heated in air at 10 ºC/minute, revealing oxidation 
temperature of 700 °C. 

TGA curves of pure RTM6 and A-CNTs with different CNT contents (1% and 10% 

Vf) are shown in Figure 4.13. The analyses were performed under air at 10 ºC/min 

similar to A-CNT forests. Two different decompositions occurred for all the samples 

indicating two different decomposition temperatures as (Td
1) and (Td

2) calculated 

from the peaks in differential curves. For pure RTM6, the first decomposition 

temperature (Td
1) was 385 ºC. When A-PNCs were evaluated at 1% Vf, Td

1 is almost 

the same as pure epoxy showing no significant changes in RTM6 thermal 
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properties. For higher A-CNT loadings it was observed that Td
1 shifted to a higher 

temperature as 510 ºC. The same trend was observed for the second 

decomposition temperatures (Td
2) as well. Although low Vf A-PNC did not show a 

significant change in thermal properties of epoxy, higher A-CNT reinforcement 

increased the thermal stability of A-PNCs. Rather than observing degradation of A-

CNTs and epoxy separately, a combined decomposition of A-CNTs in 1% Vf A-

PNCs was detected with a missing degradation peak around 700 ºC for CNTs. 

However, for 10% Vf A-PNCs a small peak around 700 ºC was seen as in Figure 

4.13. Since 1% Vf A-CNT was a small amount of CNTs, the thermal stability might 

be dominated by RTM6 characteristic whereas in 10% A-PNCs, CNTs affect might 

be increased and thermal characteristics altered with improved thermal stability.  

 

Figure 4.13 : TGA plot A-PNCs with 1% and 10% Vf and pure RTM6 with derivative 
of weight loss indicating two decomposition temperatures. 

4.2.3 Differential Scanning Calorimetry Analysis 

A differential scanning calorimeter (DSC) (TA instruments Q100) was used to 

monitor the cure kinetics and glass transition temperature (Tg) of pure epoxy and A-

PNCs. The experiments were performed in pure nitrogen flow, in the range of 

temperature 0-300 ºC with a heating rate of 10 ºC/min. Samples were already cured 

before the DSC analysis. 
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Figure 4.14 : DSC curves at a heating rate of 10 ºC/min obtained from the second 
heating cycle for pure epoxy (RTM6), 1% A-PNCs and 20% A-PNCs. 

DSC analysis are used to evaluate the effect of A-CNTs inside the epoxy polymer. 

After investigating first and second heating cycles, no crystallization or melting 

peaks were observed due to the nature of the thermoset polymer. The DSC curves 

for pure epoxy (RTM6), 1% A-PNCs and 20% A-PNCs are shown in Figure 4.14 for 

the second heating cycle. From the curves it is clear that Tg  was not affected due to 

the presence of A-CNTs even at very high loadings (~20% Vf). Several studies in 

the literature showed induced crystallinity of thermoplastics with the presence of 

CNTs, however, unchanged thermal properties of epoxy with CNT inclusion is 

considered as a positive result for fabrication of more complex structures as 

advanced composites. Also to investigate the different batches of RTM6 received 

from the supplier, DSC scans were performed. The results are summarized in Table 

4.2 for Tg with a comparison to A-PNCs.  

Table 4.2 : Summary of Tg for pure epoxy, 1% A-PNCs and 20% A-PNCs from the 
exothermic peak. 
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4.2.4 X-Ray Spectroscopy analysis: SAXS and WAXS 

X-ray scattering studies allow CNT alignment within the polymer and polymer 

morphology to be assessed. X-ray scans were performed at the G1 beamline station 

at the Cornell High Energy Synchrotron Source (CHESS) by collaboration with Prof. 

A. John Hart (Michigan University). The wavelength of the X-rays was 0.1239 nm, 

and the sample to detector distance was calibrated with silver behenate (first order 

scattering vector q of 1.076 nm-1, with; 

 (4.7) 

where 2θλ  is the scattering angle and λ  is the wavelength). Slit collimation was 

used to achieve a resulting beam spot that was approximately 0.2 mm in height and 

0.4 mm in width (the y- and x-axes, respectively). A slow-scan CCD-based X-ray 

detector, home-built by Dr. M. W. Tate and Dr. S. M. Gruner of the Cornell 

University Physics Department, was used for data collection.  

 

   
Figure 4.15 : (a) SAXS patterns of Epoxy, A-PNCs and R-PNCs where asymmetric 

scattering indicates increasing alignment of CNTs within the matrix. 
(b) Integrated intensity curves from SAXS patterns of pure Epoxy, A-
PNCs and R-PNCs, showing a characteristic peak for monodisperse 
CNTs.  The peak is more prominent at higher CNT Vf %’s. (c) WAXS 
analysis showing epoxy, A-PNCs, R-PNCs, pure PVA, 20% Vf  A-PVA 
PNC, and A-CNTs [145]. 

q = 4! sin(" / #)



 

 

 
70 

Wide-angle X-ray scattering (WAXS) was performed using the same setup as SAXS 

but with a 40.5 mm sample-detector distance for capturing a wider scattering angle. 

WAXS therefore examines features on the sub-nanometer scale.  The samples 

were placed on a motorized stage, which was moved relative to the fixed 

synchrotron beam and detector. For CNT forest and A-PNC samples, the samples 

were oriented with the direction of CNT alignment perpendicular to the X-ray beam, 

and along the vertical axis of the detector.  The detector plane is perpendicular to 

the X-ray beam. 

PNC morphology was investigated non-destructively by synchrotron X-ray 

scattering. As shown in (Figure 4.15 a-b), neat epoxy exhibits a smoothly decaying 

scattering pattern with no significant features, whereas CNT addition causes a 

shoulder with position corresponding to the average diameter of CNTs in the X-ray 

beam path.  For x-ray interpretation, the CNTs were modeled as hollow cylinders 

with a lognormal diameter distribution [147] to give DCNT = 10.5 nm across all PNC 

samples, which is in close agreement with previous TEM measurements of 8-10 nm.  

CNT alignment within the PNCs was quantified using Hermans’ orientation 

parameter (H) [148], calculated by azimuthal integration over a single quadrant of 

the scattering pattern, at the location of the CNT shoulder peak.  A value of H = 1.0 

indicates perfect vertical CNT orientation, H = 0 represents random orientation, and 

H = -0.5 represents perfect horizontal orientation [147]. As indicated by the 

scattering images and summarized in Table 4.3, the H values are effectively zero 

for the randomly mixed R-PNCs and up to 0.5 for A-PNCs, with the highest in 20% 

Vf A-PNCs. The value of 0.5 is typical for an as-grown CNT forest before polymer 

infiltration, demonstrating that A-PNC fabrication in this work preserves the 

advantageous aligned morphology of the CNT forest. 

Table 4.3: Summary of non-destructive SAXS measurements of CNT alignment 
within A-PNCs and R-PNCs [145]. 
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CNTs have been shown to alter polymer packing and crystallinity [144], particularly 

for thermoplastics. Such interactions during the processing can confuse 

interpretation of PNC properties because the polymer phase has been altered by 

the formation of an interphase region which is estimated to be 10 to 100 nm in 

extent local to the CNT [5]. If such interphase estimates are correct, up to 100% of 

the polymer phase can be interphase in the PNCs studied here. While thermosets 

are less susceptible to creating an interphase, this possibility is directly assessed 

using WAXS as altered polymer properties are a critical feature in interpreting 

modulus results subsequently. The features in Figure 4.15c are interpreted to be a 

simple superposition of the CNT and epoxy features, indicating that the epoxy has 

not formed a measurable interphase. By contrast, A-PVA PNC was analyzed in the 

same way and a new peak is observed (Figure 4.15c) at q = 37 nm-1, indicative of 

a change in polymer structure due to the presence of CNTs.  

For further analysis, WAXS is used to assess the A-PNC properties along the CNT 

axis from the bottom up to maximum 200 µm up its length. The aim is to investigate 

if any morphology changes occur in different spots when the volume fraction of A-

PNCs changes. WAXS results show no significant changes and no crystallinity 

peaks and further suggests that an interphase was not formed for any location and 

any volume fraction of A-PNCs (see Figure). 

 

Figure 4.16 : WAXS analysis of A-PNCs from bottom to two different spots (a) 1% 
A-PNC, and (b) 20% A-PNC, and (c) WAXS patterns. 

     

(a) 
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Figure 4.16 (continued) : WAXS analysis of A-PNCs from bottom to two different 
spots  (b) 20% A-PNC, and (c) WAXS patterns. 

     
(b) (c) 
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4.3 Testing of A-PNCs by Nanoindentation for Mechanical Properties 

Both aligned and randomly oriented PNCs were tested via standard nanoindentation 

methods for modulus extraction. Surfaces were inspected under optical microscope 

for roughness before testing. The tests were performed using a Nanotest 600 

nanomechanical testing system (Micro Materials, UK). The nanoindenter monitors 

and records the load and displacement, which is capable of measuring and applying 

loads and depths ranging from 10 mN to 20 N (resolution ~100nN), and up to 50 µm 

(resolution ~0.1nm respectively). Tests were performed inside the nanoindenter’s 

thermally insulated environmental chamber (25 ± 0.5 oC) and relative humidity (45 ± 

2%) with a Berkovich and spherical-type indenters (See Chapter 3 for details). In 

order to compare the results obtained for the unreinforced epoxy matrix and the 

nanocomposites, the tests’ parameters were held constant, including importantly for 

polymers loading and unloading rates (100mN/s respectively) as is. Depending on 

the sample sizes, 12 to 20 indents were applied over the surface of each sample 

with a spacing of 350 µm.  The samples were mounted on an aluminum stub and 

indented to 30 µm. Surface quality of the indents was ensured by SEM inspection 

after testing and results were averaged. The load-displacement curves were 

analyzed to determine modulus using the Oliver-Pharr theory [149] similar to the 

analysis in Chapter 3 for A-CNTs. 

4.3.1 Effects of surface roughness 

As interest increases in nanomaterials and their properties, several new techniques 

such as nanoindentation have been developed to investigate these materials. 

Before nanoindentation became widely used, most of the reports published were 

focused on smooth surfaces where roughness was not an issue. However with the 

wide variety of nanoscale reinforcements like CNTs, nanoindentation is now used 

for many types of materials. Since it is a surface testing method, having a smooth 

surface is very important to achieve repeatable mechanical data. Wang et al. [150] 

experimentally studied the influence of the sample surface condition on the 

hardness, elastic modulus, and other mechanical parameters of materials measured 

from nanoindentation. Jiang et al. [151] investigated the nanoindentation process on 

a single crystal copper thin film by a two dimensional quasi-continuum model and 

found that to rule out the surface morphology, the indentation depth should be much 

greater than the characteristic size of the surface roughness for a reasonable 
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indenter size. They also compared these modeling results with several experimental 

studies and found a good correlation.  

 

 
Figure 4.17 : SEM images of  1% Vf (a) unpolished A-PNC sample (b) well polished 

A-PNC sample having a surface roughness < 50 nm and load-depth 
curves of (c) unpolished, and (d) well-polished sample. 
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Figure 17 (continued) : load-depth curves of (c) unpolished, and (d) well-polished 

sample. 

It is clear that surface roughness has a significant influence on both the nano-

hardness and elastic modulus of thin films determined from nanoindentation tests. 

Before testing A-PNC samples by nanoindentation, the surface roughness is 

investigated by optical and scanning electron microscopy to ensure a successful 
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polishing for a reasonable surface roughness. It was found that with the current 

polishing procedure, a surface roughness of <50 nm is achievable, which is much 

more than indentation depth as 30 µm. SEM images of unpolished and well-polished 

indented surfaces of A-PNCs can be seen in Figure 4.17 (a) and (b). The load 

displacement plots also are in agreement with the surface condition of samples. 

Good surface quality via the three-step polishing method yields highly repeatable 

(overlapping indentation curves) results (see Figure 4.17c-d).  

4.3.2 Effects of indenter and investigation of elastic modulus in axial and 

transverse directions 

Despite the high measured modulus values reported for CNTs [152; 153], PNCs 

have not demonstrated expected levels of stiffness improvement due to several key 

issues largely related to processing and morphology, e.g., [154; 155]. Mixing 

methods produce low volume fraction PNCs in a randomly-oriented configuration, 

and adhesion between CNTs and the polymer is coupled to processing through 

functionalizations that are used to disperse and avoid agglomerations. Here, as-

grown (unfunctionalized) forests are combined with unmodified (no solvents) epoxy 

to avoid this processing-property coupling. Since the modulus of a composite is a 

function of the fiber and matrix properties and their interaction, it is of interest to 

determine the reinforcing effect by comparing A-PNCs and R-PNCs at different 

volume fractions as in a typical fibrous composite characterization. Care must be 

taken when discussing the modulus of a hollow MWNT [156], and the approach 

taken here follows the current practice of using an effective modulus based on the 

total MWNT cross-sectional area [80], conservatively calculating the PNC modulus. 

The mechanical tests of nanocomposites were performed using standard 

nanoindentation loading-unloading curves and the effective elastic modulus (E) of 

the samples is obtained, using assumptions that give the most conservative 

calculation [128].  

A linear trend in axial modulus is observed in Figure 4.18 with increasing volume 

fraction of A-PNCs, a trend consistent with standard composite mechanics 

predictions such as simple rule of mixtures or Mori-Tanaka. Modulus values of A-

PNCs in Figure 4.18 are the highest reported for epoxy resin, due to the CNT 

alignment at all volume fractions (for comparison with literature all the volume 

fraction values are converted to weight fractions in Figure 4.18a [90]). Further, at 

high volume fraction, the modulus trend continues linearly, whereas in the extant 
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data (Figure 4.18a) the modulus increase falls off at high volume fractions which is 

usually attributed to poor dispersion.  

 
Figure 4.18 : A-PNCs axial modulus results; (a) comparison of A-PNC results in 

axial direction to extant elastic modulus data [90], (b) elastic modulus 
effect investigation for aligned and random PNCs for various volume 
fraction inset: schematics representation of standard nanoindentation 
procedure by Berkovich indenter image of nanoindented A-PNCs 
surface [128]. The A-PNCs measurements are performed in axial 
direction but in R-PNCs since a network is formed without direction 
dependency, the measurement direction does not make a difference. 
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Figure 4.19 : Elastic modulus effect investigation for A-PNCs for various volume 
fractions with Berkovich and spherical indenters (a) in axial, and (b) in 
transverse directions. 

As expected, A-PNCs have a larger mechanical reinforcing effect in the axial than in 

the transverse direction due the presence of A-CNTs. To investigate this case, 

several A-PNC samples were fabricated and tested in the transverse direction with 

the same conditions in axial measurements. With this case, indenter effects on the 

mechanical properties were studied as well. Rather than just Berkovich, a spherical 

indenter is used for axial and transverse direction measurements. The most 

important difference between a Berkovich and a spherical indenter is that a 

(b) 

(a) 
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Berkovich indenter is a sharp indenter and can cause plastic deformation in the A-

PNCs, whereas the spherical indenter keeps the A-PNCs in the elastic regime. The 

results are shown in Figure 4.19. For spherical indentation, the elastic modulus 

results extracted from indentation data show slightly lower values than in Berkovich 

indentation. Even though an increasing linear trend is observed in the axial 

direction, the transverse direction measurements do not show a strong increasing 

trend with volume fraction consistent with the expectations based on 

micromechanics 

4.3.3 Discussion of CNT waviness on mechanical properties 

Considering the nanoindentation results from above, the A-PNC modulus is far from 

that expected given a simple rule of mixtures analysis for collimated CNTs in a 

compliant matrix, e.g., at 20% volume fraction aligned CNTs with a MWNT modulus 

of 0.5 TPa, the composite modulus is expected to be ~100 GPa, rather than 8.8 

GPa measured in axial direction with Berkovich indenter.  

Numerous morphological features play a role in determining the effective PNC 

physical properties, including degree of polymer bonding with the CNT, changes 

induced in the polymer packing and conformality (and possibly crystallinity), CNT 

functionalization and adsorbed surface species, microscopic voids in the polymer 

due to fabrication, CNT aspect ratio, distribution, agglomeration (bundling), and 

alignment, among others. It has already been demonstrated above that for the 

PNCs fabricated here the (thermoset) polymer morphology is not affected by the 

nanostructures (as expected for an epoxy), voids are not present in the well-

consolidated samples, and CNT alignment is preserved in the PNC from the as-

grown forest. We next examine the hypothesized dominant morphological feature on 

direction-dependent properties of the PNCs: the effect of CNT waviness on 

modulus, and continuity of the CNTs (unbroken, continuous) across the PNC 

sample on electrical conductivity. 
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Figure 4.20 : SEM images of waviness analysis: (a) A-CNT forest showing three 
spots where the waviness ratio is calculated, and (b) zoomed view of 
spot 2 showing wavy CNT measurements (scalebar 1µm).  

CNT waviness has been modeled in PNCs by other authors [157-159] and is 

predicted to have a significant effect on both the axial (CNT axis) [158] and 

transverse PNC modulus [159]. Following the derivations in that prior work [158], the 

simple composite rule of mixtures model is modified by calculating a wavy CNT 

modulus, assuming the CNT has a sinusoidal form, as a function of the amplitude-

wavelength ratio (a/λ) of the wavy CNT and the relative stiffness of the CNT vs. the 
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matrix. The wavelength ratio is calculated for three different zones using 75 high-

resolution SEM measurements of CNT forests yielding a measured a/λ = 0.185± 

0.10 (see Figure 4.20).  

Using the analysis results from [158] with a ECNT/Em ratio of 100 (0.5 TPa MWNT 

axial modulus), an expected modulus at 20% Vf of 9-10 GPa is calculated which is 

in good agreement with our measured 8.8 GPa (see Figure 4.18b). Also considered 

here is the effect of the distribution in waviness ratio, where the effect of one 

standard deviation (SD) of the measured waviness is shown in Figure 4.21. 

 

Figure 4.21 : Experimental comparison to predicted effective modulus with CNT 
waviness, including the effect of 1 standard deviation variation from 
average waviness, after [128]. 

Furthermore, the linear trend of modulus with Vf observed experimentally is also 

predicted using this model. Waviness is therefore seen as the dominant feature 

affecting the A-PNC modulus, explaining the majority of the difference (10X) 

between the measured and expected moduli, and is seen as the critical limiting 

factor for CNT reinforcement in PNCs. Bending and other effects, such as the bond 

between the CNT and the epoxy, must be considered small relative to the CNT 

waviness effect. The magnitude of the amplitude-wavelength ratio has a strong 

effect on the PNC modulus, e.g., at a ratio of 0.02, the expected modulus would 

increase from 10 to 24-44 GPa (for 0.5-1 TPa CNT axial modulus at 20% Vf) giving 
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a specific stiffness of 22-42 GPa cm3/g, which is comparable (~35 GPa cm3/g) to 

carbon aligned-fiber polymer composites [160] at the same volume fraction of 

reinforcement. Unaccounted for in the wavy nanotube models are effects associated 

with bending the CNTs (CNTs are treated as solids, not shells), which can be 

important in mechanical properties of PNCs [161]. Considering the proper CNT 

geometry and morphology is important to capture their effective mechanical 

reinforcement capability in PNCs. A new shell model of wavy CNT embedded in a 

matrix is studied with finite element method in Chapter 6 to answer questions arising 

from the effects of waviness. Similar to prior solid model by Fisher et al., a 

representative volume element is modeled in different waviness ratios and CNT 

morphologies (SWNT vs. MWNT) considering the bending and axial stiffnesses. A 

more detailed explanation of the model and results will be discussed in the related 

chapter 6.  

4.4 Electrical Properties of A-PNCs for Various Volume Fractions in Axial 

and Transverse Direction 

A-PNC and R-PNC samples were measured for DC electrical resistivity in a double 

2-probe configuration (see Figure 4.22a). For A-CNTs, the bulk volume conductivity 

was measured in two directions, axial and transverse. Different sample sets for 

various volume fractions were used for transverse and axial directions.  In the case 

of R-CNTs and the axial direction of A-CNTs, samples were small cylinders of 3-4 

mm diameter by 1 mm length. For the transverse direction, the samples were 2mm 

wide x 2mm high x 1mm long. Two opposite surfaces were used as contacts having 

silver-paint electrodes applied after being polished. One of these contacts was 

attached to a polished copper plate with silver paste. To measure the conductivity, 

the sample was placed on an automated stage, where the three axes were 

controlled. One metal probe was placed on the copper plate and the other on the 

bottom surface using the micro stage. A power supply (model HY 3005) and a 

voltammeter (HP 34401) were connected in parallel to the probes, in order to record 

the applied intensity and the difference of potential between the electrodes of the 

sample. The PNC surface temperature was measured with a thermal camera (PCE 

Group-TC3) supported by a tripod. The resistivity was calculated from the slope of 

the I-V curve normalized by the dimensions of the samples for intensities lower than 

~0.5 A/cm2, so that the sample temperature was always maintained at less than 75 
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oC. At least two different samples were measured for conductivity, with multiple 

measurements per sample performed. For consistency of measurements, the 

current was maintained until the temperature stabilized, and measurement was 

taken at least one minute after the current was stabilized. 

The addition of conductive particles to an insulating polymer can result in an 

electrically conductive composite if the particle concentration exceeds the 

percolation threshold, defined as the particle volume fraction required to form a 

conductive network through the bulk polymer. CNTs are very effective fillers, with an 

electric current carrying capacity cited to be as large as 1000 times higher than 

copper wires [162]. Electrical conductivity in PNCs usually focuses on a discussion 

of percolation threshold, either statistical, kinetic, or effective (considering tunneling) 

[163] using randomly-oriented CNTs with poorly quantified morphology. Many 

polymers have been investigated for percolation threshold and conductivity with 

randomly-oriented CNTs and the results reviewed by several authors [6; 163; 164]. 

There are clearly differences in electrical conductivity due to CNT features, 

especially distribution, degree of alignment, CNT-CNT and CNT-polymer 

interactions and hopping or tunneling behavior [165-167], but also differences due to 

the polymer and test methods (particularly surface resistivity testing of films vs. bulk 

resistivity measurements [168]). Here, at 1% CNT volume fraction, it is expected 

that conductivity in all directions is beyond the percolation threshold. Particularly 

noteworthy is, that along the PNC axis, no percolation threshold is expected due to 

the continuous aligned CNTs. 
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Figure 4.22 : Electrical conductivity setup measurements (a) Schematic 

representation of A-CNT/PNC for electrical resistivity measurements 
(b) Electrical conductivity in the axial and transverse directions of the 
aligned and random PNCs.  
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Figure 4.22 (continued): c) Electrical conductivity of PNCs for different CNT 
volume fractions. Experimental data comparison from our work vs. 
recently summarized results [163]. (d) Field and current density 
variation exhibiting non-linearity due to Joule heating at higher current 
densities. 
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Direction-dependent volume (not surface converted to bulk) resistance has been 

measured in the axial and transverse directions as shown in Figure 4.22a, to 

calculate volume conductivity using measured current density and electric field via 

J Eσ= . In the axial direction, continuous CNTs span the sample leading to higher 

conductivity than in the transverse direction, e.g., for 1% Vf A-PNC, conductivity is 

23 and 8.2 S/m for the axial and transverse directions, respectively (see Figure 

4.22b). In the transverse direction, CNT waviness and entanglement create a 

conductive path similar to percolation through the insulating epoxy. The measured 

axial conductivity is higher than all other reported epoxy PNC conductivities for a 

bulk PNC (see comparison to extant data from recent review paper [163] in Figure 

4.22c). Adding more CNTs per volume (i.e., increasing the aligned CNT volume 

fraction as in a typical composite) increases the number of conductive paths which 

increases the conductivity linearly (see Figure 4.22b). Consistent with the R-PNC 

morphology, 1% Vf R-PNC conductivity of 10 S/m is between the values for the A-

PNC in the axial and transverse directions. Finally, an important testing effect is 

identified in the extraction of electrical conductivity. Temperature rise (by thermal 

camera) of the PNCs during the electrical measurements is monitored to verify the 

appropriate linear electrical conductivity. The conductivity has a significant 

nonlinearity as the current density increases, with the nonlinearity magnitude and 

onset varying depending on the PNC morphology (see Figure 4.22d). Importantly, 

conductivity is enhanced due to the nonlinearity making the range from which the 

resistance is extracted extremely important (the data in Figure 4.22b is from the 

initial linear region of multiple samples). The nonlinearity is due to Joule heating 

[169] and also some hysteretic effects (polymer degradation evidenced by smoke 

generation in some early tests) as confirmed using thermal imaging during the 

electrical testing. In the case of R-PNCs and transverse A-PNCs, the sample may 

burn after reaching temperatures higher than 160oC. We hypothesize that the 

conductive aligned CNTs, acting like resistors in parallel, effectively carry all of the 

current density, making the local temperature of the CNTs greater than 160 oC (the 

RTM6 epoxy maximum use temperature is quoted as 180 oC). The thermal camera 

integrates temperature over the sample, and nanoscale temperature variation (CNT 

to CNT for example) cannot be distinguished. Consistent with the higher PNC 

conductivity with volume fraction, current carry capacity is also enhanced as more 

conducting CNT channels are added. For axial measurements of A-PNCs at 10 

A/cm2, the temperature of the samples are 91, 79, and 73oC for 1%, 8%, 20% 
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volume fraction, respectively, indicating higher current-carrying capacity as more 

aligned CNTs are introduced into the conducting network. The axial direction of the 

A-PNCs (continuous CNTs) can carry more current than the transverse direction 

(and R-PNCs) as expected.  

4.5 Summary 

The inclusion of aligned CNTs in bulk materials such as existing advanced 

composites is an important step forward in engineering materials, and can provide 

several advantages including tailoring and manufacturability of complex 

architectures. Control of nanoscale morphology in polymer nanocomposite as 

demonstrated herein allows measured properties to be appropriately interpreted. 

The results and trends in this study showed that the wetting procedure was an 

important step in succesfully preparing PNCs with A-CNTs. It was also 

demonstrated that anisotropic behavior via morphology control makes clear the 

classic structure-property linkage for PNCs that has been unclear to date in the 

literature. Further, appropriate morphology control and characterization allow 

dominant nanoscale interactions to be interpreted. CNT waviness was identified as 

a limiting factor on CNT reinforcement in composites, requiring very fine (micro to 

nano-scale) control of CNT waviness to reach significant modulus contributions from 

the CNTs. Numerical studies for waviness effect interpretation on the PNCs 

properties is also performed by finite element analysis and results will be presented 

in Chapter 6 for further discussion. Many analytical solutions or numerical studies 

have considered CNTs as solid structures during waviness studies, however, briefly 

considering the proper CNT geometry and different morphologies (SWNTs and 

MWNTs) as in Chapter 6, will help to assess their effective properties. The electrical 

properties also showed a directional dependency and an increasing trend with the 

volume fraction of A-CNTs. Results from this work support the feasibility of CNT use 

in structural composites for tailoring and enhancing multifunctional properties of bulk 

materials [27; 29; 170], and demonstrates the importance of controlling and 

characterizing nanostructure morphology in the same way that microstructure is 

controlled for existing advanced structural composites. 
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5. A-PNC HYBRID COMPOSITES VIA GAS-PHASE POLYMER CVD 

Non-uniformities in composition of polymer nanocomposites with randomly-oriented 

carbon nanotubes (CNTs), primarily attributable to CNT agglomeration, 

inhomogeneous dispersion and distribution, and damaging processing steps, limits 

the reinforcing capabilities for future applications. In addition, lack of controlled 

morphology of CNTs eliminates the possibility of realizing any direction-dependent 

properties and establishing strucuture-property relations. On the positive side, the 

possibility of synthesizing CNTs with high packing density combined with their 

excellent mechanical and electrical properties make them ideal for use in a 

composite format for aerospace and other applications [5; 7; 20; 29; 43; 78; 80; 

171]. Thus, the former issues can be avoided as follows by growing vertically 

aligned CNTs and then coating them conformally with a second material in gas-

phase to form composites (or elements of composites that could be processed 

further). Gas-phase deposition eliminates the wet chemistry processing that can 

alter the orientation and morphology of vertically aligned CNTs. It is a state of the art 

method for depositing both conducting and insulating nanoscale polymer films on 

nearly any substrate. 

In this chapter, deposition of a conducting polymer, poly(ethylene)dioxythiophene 

(PEDOT), onto A-CNT forests to achieve conformal coating of extremely high 

aspect-ratio vertically aligned CNTs by o-CVD method will be explained. Mechanical 

densification [118] was employed to vary the spacing of the aligned CNTs, yielding 

an inter CNT spacing range of  20-70 nm to control morphology and quantify the 

direction-dependent (non-isotropic) composite properties. After the conformal 

coating of conducting polymer, the coated CNT forest was embedded into an 

insulating epoxy via capillary-driven wetting. The samples of A-CNT/PEDOT/Epoxy 

henceforth referred to as A-PNCs/PEDOT. Electrical transport was investigated 

along and perpendicular to the CNT axis for different volume fractions. 

Morphological and compositional characterization of the PEDOT-coated CNT 

forests was performed using scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), and energy dispersive spectroscopy (EDS). Electrical 
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characterization of the samples was also investigated using two-point probe 

measurements. 

Next, another CVD polymerization technique, initiated chemical vapor deposition 

(iCVD), will be described for insulating polymer deposition onto vertically aligned 

CNT forests. iCVD allows explanation of functionalization of CNTs in a noncovalent 

fashion without destroying the morphology and alignment of CNTs unlike many wet 

chemistry functionalization techniques [21; 172]. An epoxy compatible polymer, 

poly(MaDmDe) poly(maleic anhydride-co-dimethyl acrylamide-co-di(ethylene glycol) 

divinyl ether), with a maleic anhydride reactive group interacts with the amine 

groups in epoxy is chosen for the functionalization. Characterization of coated CNTs 

is performed by TEM and nanoindentation testing of coated vs. uncoated CNTs to 

investigate mechanical properties along the CNT axis. This work is studied with 

Sreeram Vaddiraju and Prof. Karen K. Gleason (ChemE, MIT).  

5.1 Conducting Polymer Coatings by Oxidative Chemical Vapor Deposition 

(o-CVD) onto Aligned CNT Forests 

Gas-phase deposition onto CNT forests has been reported by several groups but 

conformality has not been demonstrated. These studies were mainly aimed at 

improving handling of CNT forests during composite fabrication. Notable among 

them are deposition of  

• Parylene-C by gas pyrolysis [173] 

• SiO2 by chemical vapor deposition [174] 

• polypyrrole, polyaniline  or polyvinylacetate by electropolymerization [175; 

176] 

• polystyrene, polydimethoxysilane (PDMS), or epoxies via capillary-driven 

wetting [177] 

However, these coatings have not demonstrated conformality nor have they been 

shown to yield anisotropic conduction, e.g., poly(tetrafluoroethylene) (PTFE) on 

short CNT arrays using hot filament chemical vapor deposition [172]. Such coatings 

via electropolymerization lead to shrinkage of the CNT bundles due to attractive 

capillary forces created during drying (as in the case of polypyrrole), thereby 

destroying the desirable A-CNT morphology. It is worth noting that the diameters of 

the CNTs coated in the prior work are in the range of 20-60 nm and the lengths are 
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less than 10 microns, corresponding to aspect ratios of less than ~100. The 

possibility of coating thinner (<10 nm in diameter) and longer (>1 mm in length) 

CNTs (aspect ratio of > 100,000) by vapor deposition of polymeric coatings has not 

been reported, nor have conformally-coated conducting polymer nanocomposites 

with aligned CNTs been demonstrated. 

Difficulties in traditional methods of synthesizing conducting polymers, many of 

which are insoluble, led to the development of gas-phase deposition techniques. 

Oxidative chemical vapor deposition, (o-CVD) is a gas-phase technique to 

synthesize conducting polymers without substrate dependency (unlike 

electropolymerization or electrodeposition where a conducting substrate is 

required). In o-CVD, the oxidant and the monomers are supplied through the vapor 

phase for the deposition of conducting polymer films in a process that operates at 

very low temperatures (e.g. can be deposited on ‘tissue paper’) [178]. An o-CVD 

chamber for this purpose of coatings with low-pressure operation capability is shown 

in Figure 5.1. 

 

Figure 5.1 : Oxidative Chemical Vapor Deposition (o-CVD) chamber [25]. 

Conductive polymer coated CNTs are attractive composite elements due to physical 

limits preventing CNT packing (i.e., the conductive polymer adds current carrying 

capacity around the free space for CNTs), and because different polymers have 

been observed to have different conduction characteristics of the same 

nanomaterial reinforcement [179]. Furthermore, some interesting materials for 

coating CNTs (e.g., inherently conducting polymers) are infusible or insoluble in any 

solvent and therefore must be deposited directly. The ability to coat CNT forests 

with conducting polymers is also expected to allow tuning of the conductivity and the 

anisotropy of the composites. Further, increased conductivities are expected to be 
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achieved even at low volume fractions of CNTs. Such anisotropic CNT-conducting 

polymer composites may be useful materials for in the fabrication of sensors [180], 

field emitters [181], electrochemical capacitors [182],  photovoltaic cells [183] and 

other devices (e.g., propulsion elements). The impedance characteristics of such 

materials are likely to be even more interesting due to anisotropy in the conducting 

channels and interfaces between them.  

5.1.1 Deposition of PEDOT onto CNT forests and fabrication of 

nanocomposites with PEDOT-coated CNT forests 

Vertically aligned CNT forests were grown by thermal catalytic chemical vapor 

deposition (CVD) on silicon wafers as explained in Chapter 3. Deposition of 

poly(ethylenedioxythiophene) (PEDOT) on CNT forests was accomplished using the 

well-established oCVD process [184-186]. The chemical structure and an image of 

pure PEDOT coating on a bare silicon wafer is shown in Figure 5.2. PEDOT, with 

its sulphur backbone, is a stable conducting polymer with a high conductivity (~300 

S/cm) [186] when coated as a thin film.  

                     

Figure 5.2 : PEDOT characteristics: (a) chemical structure of PEDOT, and (b) 
image of PEDOT coating onto a bare silicon wafer by o-CVD.  

In short, the CNT forests were placed in a vacuum chamber, next to an oxidizing 

agent. Mere heating of the oxidizing agent enabled sublimation into the CNT forest. 

Continued reaction of this incoming oxidizing agent with the EDOT monomer 

(supplied as a vapor) resulted in a PEDOT coating on the CNTs in the forests.  All 

PEDOT deposition experiments were performed at a substrate temperature of 70oC 

and a pressure of 50 mTorr [184-186]. The deposition time was typically 30 minutes, 

and the samples were gently rinsed in isopropanol prior to characterization to 

remove excess oxidizing agent.  

Following the deposition of PEDOT into the CNT forests, these two-phase (CNT 

forest and PEDOT) composites were lowered into a pool of epoxy and cured to 

OO
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obtain A-PNCs/PEDOT three-phase composites (comprised of CNTs, conformal 

PEDOT and epoxy). An aerospace-grade epoxy, RTM 6 with a viscosity of 33 cP at 

90 oC, was employed for this purpose [27; 117; 118; 128] (see chapter 3). The 

epoxy infuses into the CNT arrays through capillary-driven wetting. Following 

infusion of the epoxy, the composites were cured following the manufacturer’s 

(Hexcel, Duxford, UK) recommended curing cycle. Biaxial densification was 

employed to vary the CNT-CNT spacing, and the densified CNT forests resulted in a 

volume fraction of 8 and 20% (see Table 5.1). Biaxial compression of the forests 

was performed prior to either PEDOT coating or epoxy introduction in the fabrication 

of high volume fraction composites. The intertube distance is defined in a schematic 

representation of both two-phase and three phase composites as presented in 

Figure 5.3. The intertube distances for two-phase and three phase composites in 

various volume fractions are given in Table 5.1. 

This fabrication of uniform, conformally-coated CNT arrays with inter-CNT spacings 

of 20-70 nm requires: 

a) a method for the synthesis of CNTs in an arrayed fashion over large areas 

b) a method for obtaining conformal coating of conducting polymers on the 

CNT arrays without disturbing the CNT morphology.  

With this context, this section contains results that show: extremely high (105:1) 

aspect ratio CNT arrays can be conformally coated with conducting polymer and 

that such composites exhibit useful directional-dependent electrical properties. Note 

that intertube spacing refers to the distance between adjacent CNTs, or in the case 

of the PEDOT coating, the distance between the PEDOT coatings, e.g., 1% volume 

fraction CNTs with an average inter-CNT spacing of 70 nm, whereas 1% PEDOT-

coated CNTs have a 50 nm intertube spacing due to the 10 nm coating on each 

CNT. Packing density (A-CNT volume fraction) of the CNT forests was varied 

between 1 and 20% (70 to 20 nm average inter-CNT spacing). As-grown (1% 

volume fraction CNTs) are biaxially mechanically densified after release from the 

growth substrate, creating uniformly increased packing of the aligned CNTs 

(alignment has been shown to be maintained in prior work using small-angle x-ray 

scattering, SAXS). A-PNCs utilizing RTM6, an insulating epoxy via infusion (not 

CVD), are fabricated as a baseline for comparison with the conducting polymer 

(PEDOT) coated arrays reinforced with the same epoxy. 
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Figure 5.3 : Schematic representation of the procedure employed for oCVD of 
PEDOT in to the A-CNT forrest: (1) growth of CNT forests on silicon, 
(2) coating the CNT forests with PEDOT. 

5.1.2 Characterization and electrical testing of nanocomposites with PEDOT-

coated CNT forests 

Cross-sectional scanning electron micrographs (SEM) of a CNT forest before and 

after coating with PEDOT is presented in Figure 5.4a and b, respectively [187]. The 

orientation and the shape of the CNT bundles in the forest is not disturbed by the 

oCVD PEDOT coating process. Following deposition of PEDOT by oCVD, capillary-

induced wetting was employed to infiltrate epoxy into the CNT/PEDOT forest to 

create an A-PNCs/PEDOT composite. As observed in the fracture surface of Figure 

5.4c, this capillary-induced epoxy infiltration also did not disturb the orientation of 

the CNTs. This is consistent with prior characterization of uncoated A-PNCs with 

this epoxy system where CNT alignment and overall morphology are retained (see 

Chapter 4) [118]. 

In order to confirm that each individual CNT was coated with PEDOT, the CNTs 

were removed from the substrate (no epoxy infiltration), dispersed in isopropanol, 

and imaged under high resolution TEM. A high magnification image of a PEDOT-

coated CNT forest, and an individual CNT coated with PEDOT is presented in 

Figure 5.5a. These analyses showed that the diameter of PEDOT-coated CNTs is 

~30 nm (inset to Figure 5.5b). The diameters of the as-grown CNTs from the forest 

are ~10 nm (nominal value of 8 nm). This indicates that there is a ~10 nm PEDOT 

coating around each CNT. To further confirm the presence of PEDOT in Figure 

5.5b, energy dispersive analysis (EDS) along the length of the PEDOT-coated CNT 
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array was performed. A micrograph of a PEDOT-coated CNT forest and a line 

profile of sulfur are presented in Figure 5.5b. The region shown by SEM where the 

sulfur line profile analysis was performed is shown in inset to Figure 5.5b.  

 

Figure 5.4 :  PEDOT-coated polymer nanocomposites at 1% CNT volume fraction. 
Illustration (left side) and micrographs (right side-scalebar 2µm) of (a) 
aligned CNTs, (b) CNTs conformally coated with PEDOT (scalebar 
2µm), and (c) fracture surface of the three-phase composite (scalebar 
1µm). The CNT array was not disturbed by either the oCVD or epoxy 
infiltration processe. The illustration is not to scale, esp. the CNT 
length-to-diameter (aspect ratio) ratio, which equals 105. 

The analysis shows the presence of sulfur all along the length of the CNT forest. 

Further, the concentration of sulfur is found to be uniform all along the length of the 

forest, indicating that PEDOT deposition occurred along the length of the array and 
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that the coating is uniform along the length. It is worthwhile noting that the sulfur 

signal comes only from the PEDOT component of the composite because the as-

grown CNT forest did not show any appreciable concentration of sulfur.  

  

   
Figure 5.5 :  Conformal coating of CNTs. (a) Cross-sectional view of PEDOT-

coated CNT forest; inset: a high magnification image showing the 
diameter of a PEDOT-coated CNT to be ~30 nm. By comparison, the 
diameter of as-grown CNTs is ~10 nm. (b) Sulfur profile obtained 
using Energy Dispersive Spectroscopy (EDS). The sulfur 
concentration is observed to be uniform all along the cross-section 
(see inset), indicating conformal coating. Transmission electron 
micrographs (TEMs) of (c) as-grown CNTs, and (d) CNTs after 
PEDOT coating. (e) Higher magnification image of a single CNT after 
PEDOT coating. In addition to the increased overall diameter of the 
PEDOT-coated CNTs, the dark contrast at the edges in (e) is 
indicative of the presence of PEDOT on the CNT.  

A comparison of TEM images of CNTs before (Figure 5.5c) and after PEDOT 

(Figure 5.5d) deposition clearly shows that the A-CNTs were coated due to their 

overall increased effective diameter. The 1% volume fraction A-CNTs employed to 

obtain these images were synthesized and coated with PEDOT under the same 

conditions as those described in Figure 5.4a and b. The dark contrast at the edges 
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is indicative of the presence of PEDOT around A-CNTs (Figure 5.5d). Typically, the 

dark contrast indicates the presence of an element with higher atomic number. 

Here, both oxygen and sulfur were present in PEDOT with higher atomic numbers 

than carbon. A high magnification TEM image shown in the inset to Figure 5.5e also 

shows this contrast between the edge and the center of a CNT.  

Further evidence for conformal coating of the CNT forest is provided by the 

examination of the silicon substrate after removal of the ~1 mm high PEDOT coated 

A-CNTs (the procedure employed for this purpose is schematically represented in 

Figure 5.6). If the monomer and the oxidizing agent are present all along the length 

of the CNT forest, then PEDOT should be observed on the silicon substrate in the 

intertube regions. In essence, the A-CNT forest serves as a mask. SEM analysis 

indicates dark regions due to PEDOT. This is confirmed by FT-IR spectroscopy (see 

Figure 5.7) that shows the presence of PEDOT coating on the silicon substrate 

post-removal of CNTs, as compared to a standard of PEDOT deposited on a 

pristine silicon wafer. Both show all the modes typically observed in PEDOT films 

(see Figure 5.7): the vibration modes of the C-S bond at 689, 842 and 979 cm-1 and 

the ethylenedioxy ring deformation mode at 922 cm-1. [188] The absence of -C-H 

mode at 890 cm-1 clearly indicates that the polymerization occurred in the 2 and 5 

positions. The absorption in the 1100 cm-1 (not shown in the spectra) is probably 

due to the formation of some silicon carbide on the substrate during the CNT growth 

process. Typically, Si-O-C band is observed in the 1100 cm-1 region. [189] These 

carbide peaks were not subtracted from the spectra as a silicon substrate coated 

with the iron catalyst was employed as the standard for obtaining the background 

spectra. 

 

Figure 5.6 :  Schematic representation of a procedure employed to characterize 
the conformality of oCVD PEDOT on the A-CNT forest after removal 
of CNTs followed by SEM and FTIR. 
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Figure 5.7 :  FT-IR spectrum of the slicon substrate after removal of PEDOT 
coated A-CNTs. For comparison, a standard spectrum of oCVD 
deposited PEDOT film is also shown.  

In order to probe the electrical behavior of the composites, the resistances of A-

PNCs and A-PNCs/PEDOT composites at various CNT volume fractions (inter-CNT 

spacings) in both the radial and the axial directions are recorded as a function of 

temperature. The resistance measurements were performed using two-point probe 

measurements, without the use of any additional metal contact pads. The 

resistances of the composites were then converted into bulk conductivity using the 

dimensions of the sample as described below.  The conductivities and the intertube 

distances of all the samples are tabulated in Table 1 and presented in Figure 5.8. 

The electrical conductivity of composites both in the radial and axial directions, at a 

temperature of 30 oC, were found to be in the range of 0.0004 to 0.036 S/cm. Similar 

values were previously reported for polyaniline (PANi)-coated CNTs and for A-PNCs 

with RTM6 epoxy. [128; 190]  The conductivity measurements of the composites 

suggest that introduction of PEDOT leads to an enhancement in the conductivity of 

the samples (Table 5.1). Further, a plot of the variation in conductivity with intertube 

distance (Figure 5.8) indicates that the conductivity of the composites is always 

higher in the axial direction compared to the radial direction. This data also shows 

that the anisotropy (ratio of the conductivities in the axial and radial direction) 

increased with decreasing intertube distance. 
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Table 5.1: Conductivities and activation energies required for charge conduction 
both in the axial and the radial direction in A-PNCs and A-PNCs/PEDOT 
composites. Intertube distance always corresponds to the distance 
between the tubular structures both before and after coating with 
PEDOT (see Figure 5.3). 

 
[a] CNT volume fraction given as % of PNC volume occupied by CNTs 
[b] Activation energy (AE) in the radial direction for charge conduction 
[c] Activation energy (AE) in the axial direction for charge conduction 

 

 

Figure 5.8 :  Room temperature conductivities of the A-PNCs and A-PNCs/PEDOT 
as a function of the intertube distance in the axial and radial 
directions. Both the conductivity and the anisotropy are found to 
increase with decreasing intertube distance. 

To further understand the anisotropic behavior of electrical conductivity, the 

variations in the conductivity of A-PNCs and A-PNCs/PEDOT samples with 

temperature were recorded. Presented in Figure 5.9a and b are Arrhenius plots of 
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the variation of conductivities with temperature in A-PNCs in the axial and radial 

directions, respectively. A-PNCs were observed to exhibit an increase in 

conductivity with increase in temperature. Similar plots for A-PNCs/PEDOT (Figure 

5.9c and d) also showed the same behavior. Activation energy required for charge 

conduction is deduced form these plots and presented in Table 5.1. The activation 

energy for charge conduction in the radial direction is found to be higher than in the 

axial direction. This result is expected because the conductivity in the axial direction 

occurs along the length of the CNTs and hence a continuous path for charge 

conduction exists. However, no continuous path for conduction exists through the 

CNTs in the radial direction, consistent with the observation that conductivity is 

lower, and activation energies higher, in the radial direction. In all cases (see Table 

5.1 and Figure 5.9), PEDOT increases the conductivity of the composite and 

decreases the activation energy relative to composites (A-PNCs) without PEDOT. 

The conductivity behavior in the composites, i.e. variation in the conductivity with 

temperature, was modeled using the variable range-hopping (VRH) model. 

Typically, percolation theory [183] is employed to explain the conductivity in CNT 

composites. However, this theory assumes that a conductive path exists or is 

created due to electron hopping and/or tunneling in the composite between the 

CNTs. However, in both the axial and radial directions, CNT volume fraction is at 

least 10X higher than that needed for percolation even at 1% volume fraction, and 

therefore percolation theory is not relevant (it is certainly not relevant in the axial 

direction where continuous CNTs span the sample domain).  VRH models were 

employed to understand the conductivity behavior in the composites. According to 

the VRH model, conductivity occurs by hopping of charge carriers and the 

conductivity (σ) follows the following relationship with temperature [189; 191]: 
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Figure 5.9 :  Variation in the conductivities of A-PNCs and A-PNCs/PEDOT with 
temperature. A-PNCs in the (a) axial, and (b) radial directions, and A-
PNCs/PEDOT in the (c) axial, and (d) radial directions. Both A-PNCs 
and A-PNCs/PEDOT exhibited an increase in conductivity with 
temperature. Variation in the conductivities of A-PNCs, and A-
PNCs/PEDOT with T-1/4 in (e) axial, and (f) radial directions. These 
results indicate that conductivity is three-dimensional in both axial, 
and radial direction in the composites.  
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Here, T0 is the characteristic temperature and n is the dimensionality of the 

conduction. The best fit of the conductivity with temperature is found to be for n=3 

for both axial (Figure 5.9e) and radial (Figure 5.9f) directions in both the A-PNCs 

and A-PNCs/PEDOT samples. This indicates that the conductivity occurs by 

hopping of charge carriers in three dimensions in both the radial and axial 

directions. This may be explained in both directions by the fact that the CNT forests 

have regions where the A-CNTs are not oriented perfectly perpendicular to the 

substrate, i.e, the A-CNTs are wavy instead of collimated. These wavy CNTs lead to 

both contact and entanglements, and hence the conductivity is three-dimensional in 

both the axial and radial directions. However, the conductivity is dominated by the 

A-CNTs in the axial direction and hence the activation energy required for charge 

conduction is lower in the axial direction. The activation energy level can be made 

more isotropic by employing A-CNTs with slightly lower densities (lower than the 1% 

volume fraction or 1010 CNTs/cm2 arrays currently employed) for composite 

fabrication.  

5.2 Insulating Polymer Coatings by Initiative Chemical Vapor Deposition (i-

CVD) onto Aligned CNT Forests 

A chemical vapor deposition technique with very fine control over the polymer 

composition is initiated chemical vapor deposition (iCVD) which combines 

polymerization and coating in one step. The iCVD polymerization is a surface 

controlled process, with a solvent-free processing environment, requiring much lover 

energy densities compared to other types of CVD techniques such as plasma 

enhanced chemical vapor deposition (PECVD). It is a variation of hot filament 

chemical vapor deposition (HFCVD) developed in Prof. Gleason’s lab (MIT) [192; 

193].  

In iCVD, for surface polymerization to occur, initiator-free radicals and monomer 

molecules are adsorbed onto the substrate. The method works at moderate 

substrate temperatures (20-50°C) compared to other CVD polymerization 

techniques, and the initiator decomposes into radicals while the chemical 

functionalities of the monomers are retained. In the iCVD system, monomers, 

typically containing vinyl bonds, are used as precursors for free-radical 

polymerization or copolymerization [193-195]. The iCVD polymerization is a mild 

process and allows production of thin films on various substrates, such as plastic, 
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glass, and silicon wafers. Moreover, the iCVD mechanism provides surface 

coverage uniformity, conformal coatings, and control over film composition and 

chemistry [21]. Hence, iCVD permits the design of surface modification for specific 

applications. 

 

Figure 5.10 : Schematic of the initiated chemical vapor deposition (iCVD) chamber 
[196]. 

Figure 5.12 is a schematic of the iCVD chamber that is similar to other types of 

CVD reactors but introduces the initiator directly into the vacuum chamber. The 

initiator and monomers are mixed in the channels before entry into the iCVD reactor 

and each initiator molecule is decomposed to radicals by contact with the hot 

filaments above the substrate. The free radicals and monomers are adsorbed onto 

the substrate by surface polymerization. For iCVD process there are various 

chambers in Gleason lab but the one used in this study was a custom-built 

rectangular shape flat vacuum chamber with a 3.8cm internal height, 40.6 cm width, 

and 45.7 cm length [196]. The reactor body was stainless steel and the lid was 

aluminum. A borosilicate glass plate, 15 cm in diameter and machined so its internal 

surface was flush with aluminum lid, was located in the middle of the lid. The glass 

plate allowed convenient sample introduction and monitoring of the progress. Water 

from an external refrigerated water recirculator was supplied to a cold plate in the 

center of the reactor to maintain the substrates at a constant temperature of 25 ºC 

through thermal contact with the plate. There were 14 parallel filaments, spaced 1.5 

cm above the substrate in a custom designed filament holder. The filaments were 

heated by 1.15 amps from a DC power supply (BK Precision) to ~280 ºC, as 

measured by a K- type thermocouple (Omega Engineering). Vacuum was achieved 

by a rotary vane pump (D65, Leybold). All depositions were performed at a pressure 
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of 1 Torr. A butterfly type-throttling valve (Type 652B, MKS Instruments) was used 

to maintain the pressure. [197]. 

5.2.1 Deposition of highly-crosslinkable thermoplastic onto CNT forests 

Conformal coverage of micro and nano-structures provides an additional compelling 

motivation for implementing the iCVD process with many polymers (e.g. 

polytetrafluoroethylene (PTFE), polyamides, polyimides, etc). [193] Since the iCVD 

coating conforms to the underlying substrate, conformality may be achieved for 

nanostructures. A-CNTs are grown onto silicon wafers with the method explained 

previously in Chapter 3. An insulating polymer, poly(maleic anhydride-co-dimethyl 

acrylamide-co-di(ethylene glycol) divinyl ether) PMaDD, was chosen due to its 

possible compatibility with epoxy by amine groups. A-CNTs with low (1%) and high 

(~20%) volume fraction are mounted onto a wafer and placed in the vacuum 

chamber for deposition of PMaDD. A bare silicon wafer was placed as reference in 

the chamber for thickness determination on a flat surface by spectroscopic 

ellipsometry in the Gleason Lab. Maleic anhydride (99%), N, N-dimethylacrylamide 

(99%), di(diethylene glycol) di(vinyl ether) (99%), and tert-butyl peroxide (97%) were 

all purchased from Sigma-Aldrich and used as received. The monomers (maleic 

anhydride and DEGDVE cross linker) and the initiator TBPO were flowed into the 

reactor at the following conditions: maleic anhydride at 4.5 sccm and at a 

temperature of 95 ºC, di(ethylene glycol) divinyl ether a 1.2 sccm and 65 ºC, and 

tert-butyl-peroxide (TBPO) at 0.4 sccm at ambient temperature. The operating 

pressure was 200 mTorr and the filament temperature was set to 240 ºC. The 

substrate temperature was measured as 25 ºC during the deposition process. The 

TBPO has a thermally labile peroxide bond that is cleaved when it passes through 

the filaments, turning it into radicals. The radicals and monomers adsorb onto the 

cooled substrate (CNT forests) and free radical polymerization occurs on the 

surface. Depositions were performed for 30 minutes. After the deposition procedure, 

a crosslinking step is applied to improve the coating adhesion.  

5.2.2 Characterization and nanoindentation testing 

A-CNTs coated with Poly(PMaDD) were removed from the silicon wafer after 

deposition to investigate whether the polymer coating had gone along the CNT axis. 

The ellipsometry results for 1% Vf A-CNTs confirmed the coating of the silicon wafer 

after CNT removal.  
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Figure 5.11 : SEM images of as-grown CNT forests (a) uncoated, and (b) coated 
with PMaDD. 

A qualitative morphological investigation with SEM was performed to investigate the 

conformality of polymer deposition from top to bottom inside the A-CNT forest as 

shown in the SEMs shown in Figure 5.11 ratios under the same SEM conditions. In 

the coated samples, the CNTs were seen to be more like bundles than uncoated 

forests which might be the due to deposition of PMaDD. More investigations on 

morphology were performed by TEM. The uncoated and coated samples were 

delaminated from the substrate and dispersed in isopropanol. A drop of the 

(a) (b) 
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dispersed solution was placed on a TEM grid and Figure 5.14 contains the TEM 

images of uncoated and coated CNTs from the forests. It is observed that for 

uncoated samples, the diameter was between 6-8 nm and for A-CNTs coated with 

Poly(PMaDD) the thickness increased to 12-13 nm. For higher volume fraction CNT 

forests, the coating thickness was not noticeable by TEM as discussed earlier 

because of densification; the inter tube distance decreases to ~20 nm which 

probably inhibits the coating from reaching down into the CNT forest. After those 

characterization results, rather than polymer nanocomposite fabrication with coated 

samples, a direct testing of A-CNT/PMaDD composite was performed by 

nanoindentation to investigate whether the polymer provides any mechanical 

robustness to CNT forests. 

 

Figure 5.12 : TEM images of as grown CNT forests (a) uncoated and (b) coated 
with PMaDD. 

Nanoindentation technique was already explained in detail for pure CNT forests in 

Chapter 3. The nanoindentation tests performed for these samples also follow the 

same procedures as before. A-CNT/PMaDD composites with 0.5 mm A-CNT length 

were indented up to 1.5 µm (25 indents) by Berkovich indenter onto chosen area of 

A-CNT/PMaDD composite. A comparison of pristine (pure A-CNTs) forests and A-

CNT/PMaDD composites are shown in Table 5.2 below. Uncoated A-CNT forests 

with a ~1% Vf have a nanoindentation modulus of 1.27 ± 0.45 MPa. When PMaDD 

coating is applied on the CNT forest, the nanoindentation modulus increases to 72 ± 

21 MPa, approximately 60 times greater than the baseline. The high standard 

deviation for A-CNT/PMaDD composites is caused by the data spreading during the 
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nanoindentation procedure. The deposition of PMaDD polymer onto CNTs does not 

fill CNT forests void like an epoxy polymer so the surface treatments that are usually 

performed on samples before nanoindentation (like mechanical or vibrational 

polishing, grinding, etc.) are not applicable for these samples. Because of this 

reason the surface roughness of the CNT/PMaDD composite is high and loading-

unloading curves do not overlap with each other leading to a higher standard 

deviation. Force-displacement graphs of nanoindentation loading and unloading 

curves of 25 indents on A-CNT/PMaDD composites are shown in Figure 5.13.  

Table 5.2 : Summary of nanoindentation modulus of uncoated CNT forests and 
CNT/PMaDD composites. 

 
 

 

Figure 5.13 : 25 nanoindentation load-depth curves of A-CNT/PMaDD composites. 

5.3 Summary 

A method for the fabrication of composites by conformally coating A-CNT arrays 

with conducting polymer through an oCVD process is presented. The oCVD process 

preserved the morphology and structure of the CNT arrays up to 20% Vf A-CNTs. In 

addition to enhancing conductivity, this process can be used to tailor and design 
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direction-dependant properties of the composites. Conductivity measurements of A-

PNCs and A-PNC/PEDOT showed anisotropic behavior in the composites, with 

higher conductivities in the axial direction. The measurements also indicated that 

both the conductivity and the anisotropy could be tuned through variation of the 

intertube distance. Furthermore, the activation energies required for charge 

conduction were found to be lower in the axial direction compared to the radial 

direction. Also, the conductivity was dominated by the CNTs in the axial direction 

and not in the radial direction, leading to anisotropy in the composites.  

In addition, a novel technique, iCVD, has been successfully performed to fabricate 

CNT composites using an insulating thermoplastic Poly(PMaDD). This technique 

allowed creation of hierarchical structures without causing any damage or 

morphological changes onto A-CNT forests with a low (1%) volume fraction. The 

CNTs with a very high aspect ratio of >105 were coated with PMaDD and 

morphological characterizations prove the existence of a thin coating onto the 

forests. Since the polymerization procedure was a gas-phase deposition, it also 

served to functionalize CNT forests for compatibility with epoxy for future composite 

applications. 
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6. COMPUTATIONAL STUDIES OF WAVY NANOTUBE EFFECTS: 
FINITE ELEMENT ANALYSIS 

When the open-lattice structure of CNTs is replaced with a solid fiber, assuming a 

perfect bonding between stiff CNTs and compliant polymer matrix, enhanced 

stiffness for the resulting polymer nanocomposites has been reported in the 

literature. Factors affecting the overall mechanical properties of CNT-reinforced 

polymer nanocomposites, such as CNT type (SWNT or MWNT) and CNT 

morphology (waviness, aspect ratio, bundle formations, etc.), must be considered in 

any modeling framework. In this chapter, a specific and dominant morphological 

feature, CNT waviness, which was discussed from an experimental perspective in 

Chapter 4, is considered in a modeling context, and its effect on A-PNCs elastic 

stiffness properties will be discussed. For this purpose, a representative volume 

element (RVE) is created to evaluate different CNT types (SWNT vs. MWNT) at 

various waviness ratios by using finite element analysis. During the analysis for 

MWNT A-PNCs, a two-walled CNT structure (DWNT) is considered. 

6.1 Introduction to Modeling of CNTs 

When CNT-reinforced polymer nanocomposites (PNCs) are considered, effective 

CNT and polymer properties are key factors for predicting the mechanical properties 

e.g., stiffness. However, limited data (lack of experimental data on individual CNT 

properties) on and/or invalid assumptions like neglecting the hollow nature of CNTs 

about CNT properties have in the past resulted in improper or overestimated PNC 

stiffness values. These issues related to CNT and PNC modeling studies will be 

introduced and discussed in two sections: modeling of CNTs and CNT reinforced 

PNCs. 

Modeling of CNTs 

The gap between experimental measurements and theoretical predictions of CNT 

properties has triggered intense efforts in computational investigations of the 

mechanical properties of CNTs. These studies are also widely used when 
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experiments are not available. From the extensive literature studies, the theoretical 

and computational analyses (see Chapter 2 for review of CNT mechanical 

properties from experiments) can be divided into three categories [198]: 

a. crystal elasticity-based approaches or atomistic modeling [45; 199; 200] 

b. analytical continuum mechanics [201-204] 

c. numerical continuum mechanics-based approaches, usually finite-element 

methods (FEMs) [158; 205-207] 

Three main categories of atomistic modeling can be identified: molecular dynamics 

(MD), Monte Carlo (MC) simulations, and ab initio approaches. While MD methods 

mainly rely on deterministic equations, the MC simulations are stochastic. 

Meanwhile, the ab initio techniques are constructed on the basis of an accurate 

solution of the Schrödinger equation [198]. One of the most important and 

referenceed studies on the structure and deformation of CNTs was performed by 

Yakobson and co-workers by MD simulations [45]. The study treated the CNT walls 

as elastic shells with proper wall modulus and thickness properties, yielding a wall 

thickness of 0.066 nm associated with a modulus value of 5.1 TPa. Many MD 

simulations have been performed for axial compression, bending, and torsion for 

various diameters, helicities and lengths of SWNTs. Then, elastic shell theory was 

used to determine the effective Young’s (wall) modulus and wall thickness pairs. 

Later, several studies using some tailored and combined methods such as tight 

bonding and density functional theory were performed, and the results showed a 

variation of these wall modulus and thickness properties ranging from 5.5 to 4.84 

TPa and 0.066-0.075 nm [207], respectively. The computational expense of MD 

simulations limits the lengths of CNTs studied with these approaches. The complex 

formulations in limited timescales are also key drawbacks [208] (see Figure 6.1). 

In experimental studies, predictions of mechanical response of CNTs are commonly 

developed by classic beam theories. These theories idealize the CNTs as solid rods 

and do not consider the nested CNT structure. However, many studies have been 

performed to relate the experimental data to CNT or PNC properties with this 

approach. Harik et al. concluded that these solid CNT geometry approaches should 

be limited to small diameter SWNTs to avoid any overestimation of properites [209]. 

In continuum mechanics approaches using beams, trusses, shells or rods, the 

degree of validity of the relevant assumptions should be investigated carefully [198]. 

Rather than focusing on just continuum mechanics, many researchers have 
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combined nano-scale approaches to create nanomechanical relations. As an 

example, Odegard et al. [210] have created a representative volume element of a 

graphene chemical structure by equivalent truss and continuum models. 

 

Figure 6.1 : Range of length and time scales of the key simulation methods [208]. 

The large variation in the mechanical properties of CNTs exist both for atomistic and 

analytical continuum modeling studies in the literature. Even though, continuum 

theories combined with atomistic models seem to present reliable and valid results, 

the formulations are complex and need expensive computational efforts. Numerical 

study with FEM is a promising approach for CNT modeling due to its easier and 

faster implementation, less computational effort and better length-time scale 

capability.  

Modeling of CNT Reinforced PNCs 

When the existing literature on randomly-oriented CNT reinforced PNCs is 

examined, direct application of micromechanical equations is found to be limited due 

to the discontinuous nature of CNTs inside the polymer and may lead to inaccurate 

results. These equations may not correctly include the scale differences between 

micromechanics and nanomechanics, nor do they typically include interaction 

effects (CNT-CNT touching [211]) or other experimental realities. However, when a 

representative volume element (RVE) is considered with controlled morphology of 

CNTs, continuum approaches can be used with care for evaluation of effective 

mechanical properties. The common assumption of perfect bonding of CNT-matrix 
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can be defined as optimistic but applicable when this simplification is needed for 

modeling studies of PNCs. The polymer properties must also be considered during 

the PNCs fabrication and testing. Since some of the widely used thermoplastics 

show changes in the morphology and packing when CNTs are present, it is of 

interest to determine whether changes in the polymer properties such as crystallinity 

occur during processing of CNTs. These changes can have a major influence on the 

effective mechanical properties of the PNCs. 

The properties of the CNT-reinforced nanocomposites depend on a variety of 

parameters of both the matrix and CNT, as explained previously. Continuum 

approaches have attracted much attention for modeling of single CNTs since they 

require less computational effort than other approaches. This method has also been 

found very helpful in modeling nanocomposites. Pantano investigated the effects of 

CNT curvature and interface interactions with the matrix on the nanocomposite 

stiffness using a nano-mechanical analysis [212] and reported that waviness 

increased the composite stiffness, if there was poor bonding of the matrix to the 

CNTs. Tserpes et al. [213] proposed a multiscale RVE for modeling the tensile 

behavior of SWNT reinforced nanocomposites with perfect bonding between the 

nanotubes and the matrix, until the interfacial shear stress exceeded the 

corresponding strength. Beam elements were used to model SWNTs in RVE, but 

this was applicable only for tensile loading. The results showed that by increasing 

the tube diameter, the elastic moduli of PNCs also increased. In another study, the 

elastic deformation of a representative volume element was studied for different 

loading conditions and macroscopic elastic properties deduced [214]. 

Proper treatment of key factors like CNT tube geometry, effective thickness of CNT 

walls, different CNT geometries and effective properties must be carefully 

considered for successful continuum level modeling. Here, the focus is on applying 

such continuum mechanics approaches to a new class of materials: aligned carbon 

nanotube (CNT) polymer nanocomposites (A-PNCs). 

6.2 Development of A Wavy Nanotube Model 

Waviness of the CNT reinforcing ‘fibers’ has been noted by several groups as the 

dominant morphological feature of A-PNCs, particularly with respect to controlling 

the effective stiffness in the axial (CNT) direction. Unlike collimated unidirectional 

carbon fibers, the aligned CNTs are quite wavy. The waviness of A-CNT in A-PNCs 
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was studied experimentally in studies described in Chapter 4. To improve 

understanding on how waviness changes the PNC mechanical properties, a model 

of a wavy CNT embedded in a polymer matrix is studied. Since the A-PNCs studied 

in this thesis contains continuous and aligned CNTs inside the polymer matrix, the 

use of continuum micromechanics and composite models to address specific 

characteristics of A-PNC RVEs is a rationale first approach for stiffness 

investigation. 

It is a challenge to establish a generalized approach given the large number of 

parameters that can influence the effective reinforcing properties of CNTs such as 

PNC processing conditions, size and form of CNTs, CNT synthesis conditions, CNT-

polymer interface interactions, and the specific polymer chemistry properties that 

might be changing due to CNT inclusion. However, during the experimental studies 

(see Chapter 4 for more details), control over the morphology and orientation of our 

CNTs avoided these issues related to CNT properties. Also, from the wide angle X-

ray spectroscopy analysis (WAXS), it is shown that aerospace-grade epoxy used for 

A-PNC fabrication is not affectted by the CNTs during fabrication, and no altered 

crystallinity is observed [128]. 

In this section, a model of wavy CNTs embedded in a polymer matrix is introduced 

as a representative volume element (RVE) of an A-PNC. The numerical study is 

performed with finite element methods using commercial software, ANSYS. During 

the analysis, two different CNT morphologies, a SWNT and a double-walled CNT 

(DWNT), were considered. To implement the wavy CNT in the A-PNC finite element 

model properly, the effective axial and bending stiffness of the reinforcing fiber (the 

CNT) should be used. Prior solid CNT modeling studies considering this problem 

have implemented an insufficient approximation of the CNTs as a solid fiber, when 

in fact they are hollow tubes. The effective bending and axial stiffnesses for CNTs, 

for both the SWNT and DWNT, are derived with an analytical reduction. The results 

show that modeling the CNTs as solid fibers does not provide the correct 

representation of the CNTs for the wavy-CNT finite element model, and that the 

approach described herein provides the correct axial and bending stiffness values 

that yield modulus-thickness pairs to describe each case, and that integrate into 

finite element analysis (FEA) seamlessly. A more detailed explanation of the 

analytical reduction and wavy model will be introduced in the next sections. 
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6.2.1 Introduction to wavy model and validation study to prior models 

In the existing literature, Brinson`s group modeled a wavy CNT ideally bonded ( as 

done in here) to a matrix, and finite element analysis was performed for infinitesimal 

displacements. The results showed a drastic decrease in the stiffening effect of 

CNTs with increased waviness [158; 215]. Gao et al. [216] performed studies on 

waviness and agglomeration effects of CNTs on PNCs mechanical properties. In 

that approach, the CNTs are assumed to have a helical shape and analytical 

expressions are derived to investigate the elastic stiffness of polymer taking into 

account CNT waviness and agglomeration. These parameters can cause the 

effective reinforcement capability of CNTs to be reduced significantly. It must be 

noted that such analytical approaches as Eshelby-based treatments cannot take 

into account the bending deformation in CNT reinforced polymer composites which 

will be shown to be important. 

In the previous wavy CNT models, a simplified geometry of a circular cross-

sectional area is used to define the CNT. This simplification treats the CNTs as a 

solid cylinder and neglects the hollow structure of CNT and also specific forms of 

CNTs (such as single or multi walled CNT structures) [158]. This assumption 

creates significant inconsistencies when SWNT vs. MWNT reinforced PNCs moduli 

are compared. Since interactions of the walls of CNTs will affect the overall 

mechanical properties when MWNTs are considered, neglecting this behavior will 

reduce the predicted stiffening effect of CNTs bending behavior in PNCs. For this 

purpose, the FE model proposed in this study considered the proper CNT geometry, 

with a hollow form. For further clarification the definitions of wall thickness and wall 

modulus are explained in more detail below. 

Wall thickness and modulus: 

In many CNT modeling studies it is assumed that CNTs have a wall thickness of the 

inter-planar spacing of two or more graphene sheets, which is ~0.34 nm in single 

crystal graphite. While this simple approach is acceptable, when continuum 

mechnanics and different CNT morphologies are considered, it can result in 

inconsistent and overestimated findings for bending rigidity of a SWNT [217]. The 

representative wall thickness of 0.34 nm for a SWNT is associated with a Young’s 

modulus of about 1.06 TPa which is the in-plane stiffness of graphene. While this 

idealization is widely used, it does not necessarily represent the effective thickness 

and modulus pairs. Some researchers have proposed to use specific Young`s 
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modulus (Young modulus per thickness) for modeling studies; however, this 

approach is also not valid for continuum models. As a result, when the bending 

stiffness of CNT is considered with shell theory’s classic expression for bending 

rigidity, D=t3wallEwall / 12(1-ν2), this wall thickness-modulus (0.34 nm and 1.06 TPa) 

pair gives a result 25 times greater than the actual bending stiffness of a SWNT. On 

the other hand, axial stiffness is not affected compared to bending stiffness with the 

same wall thickness-modulus pair. The discrepancy is due to the specification of an 

improper thickness for the single-atomic-layer wall [217].  

Describing a specific Young`s modulus-wall thickness pair is reported to be an 

important factor for predicting the effective reinforcing capability of CNTs. In one 

recent study, Odegard et al. [210] reported that by associating FE with molecular 

dynamics and equivalent-continuum modeling, tw is found to be significantly larger 

than 0.34 nm. The calculated results for different load cases were 0.57 and 0.69 nm, 

respectively. On the other hand, Pantano et al. [206] proposed a continuum shell 

model in which the effective wall thickness (tw) of CNTs was calculated as 0.075 nm 

[207] associated with a wall modulus (Ew) of 5 TPa. It is clear that the wall thickness 

of CNTs significantly affects the calculation of extensional and bending stiffnesses 

of CNTs. 

In general, for larger CNT wall thickness, a smaller Young’s modulus is calculated. 

The same dependence of Young’s modulus on thickness has been obtained by the 

finite deformation continuum model by Gao and Li et al. [218] and the equivalent 

continuum model of Odegard et al. [210] who correctly stated that the Young’s 

modulus of CNTs should be inversely proportional to their cross-sectional area A0. 
Also Tserpes et al [219] reported a FE model in which Young’s modulus is inversely 

proportional to the wall thickness. Several values for effective CNT wall thickness 

(tw) ranging from 0.057 to 0.69 nm have been reported with associated varying Ew. 

To show the differences caused by the different assumed CNT fiber models (solid 

vs. hollow), bending and axial stiffness values are plotted in Figure 6.2 for a 2 nm 

outer diameter SWNT. For solid cylinders, different values of elastic modulus 

(E=1000, 200 and 50 GPa) are used while for hollow cylinders, shell theory results 

from the literature are adapted and a wall modulus (Ew) of 5000 GPa with a wall 

thickness (tw) of 0.075 nm is studied [217]. These values of Ew and tw are chosen 

due to good correlations with experimental studies, specifically the nanoindentation 

tests of vertically aligned CNT forests performed by Qi et al. [220]. Any PNC model 
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including CNTs, especially when they are wavy, must include an accurate 

estimation of axial (EA) and bending (EI) stiffness when modeling the CNTs in the 

PNCs. From the plot (see Figure 6.2), it is clear that proper CNT geometry is very 

important to capture accurate results of bending and axial stiffness; the solid fiber 

CNT results are far from the hollow CNT values.  

 

Figure 6.2 : (EA) vs. (EI) from a solid and hollow cylinder CNT model with 2 nm 
outer diameter. 

There are several different approaches in the literature for determining the 

appropriate modulus and wall thicknesses (modulus-thickness pairs) to model the 

CNTs. A detailed and consistent discussion by Boyce et al. [217] is adopted here, 

with the additional constraint that the outer diameter of the modeled CNTs in the 

FEA model must interface with the polymer matrix. This means that modulus-

thickness combinations for S/MWNTs can be derived in closed-form by matching 

the real CNT axial (EA) and bending (EI) stiffness. With these findings from the 

literature, appropriate geometrical parameters such as Ew and tw, are used and an 

analytical reduction is performed to capture the correct CNT properties for the 

modeling study in this section. 
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Modeling Procedures: 

The commercial program ANSYS is used to create and analyze a three dimensional 

wavy model of a representative volume element (RVE) of a PNC with CNT 

reinforcement. The RVE consists of a wavy CNT with a sinusoidal shape embedded 

in a matrix and perfectly bonded within the matrix material. The modeling procedure 

can be categorized in three sections: materials and their properties, geometry and 

loading conditions, and modeling assumptions and details. 

• Materials and their properties: As mentioned above, a wavy hollow CNT with 

a proper wall thickness-modulus pair is used in FEA. The CNT is surrounded 

with a matrix. The matrix properties are chosen to be similar to prior solid 

modeling studies (E=1 GPa) for comparison. The Poisson ratios for the CNT 

and matrix were assumed as 0.30 during all analysis. 

• Geometry and loading conditions: CNT waviness is characterized by two 

ratios, waviness ratio (w=a/L), where “a” is the amplitude and L is the 

wavelength of CNT, and aspect ratio (AR=L/d), where d is the outer diameter 

of the CNT. The wavy CNT is defined by a sinusoidal shape with a form of 

y=a cos(2πz/L) where L is the wavelength of the cosine function and z is the 

CNT axial direction (see  Figure 6.3). For the loading conditions, the 

problem is symmetric in the axial direction (z) for x=0 and z=nL/2 planes. 

Symmetric boundary conditions are described on the xy plane (z=0) and yz 

plane (x=0). Taking the advantage of symmetry, only one quarter of the RVE 

is studied with FEA. The dimensions of the surrounding matrix material are 

chosen to be as wide as possible to avoid any contribution from the RVE`s 

boundaries. The dimensions of the RVE were (30x60x524 nm) respectively. 

• Modeling assumptions and details: Perfect bonding is assumed between the 

CNT and matrix. The RVE is modeled with shell elements for the CNT and 

solid elements for the matrix material. More explanations on meshing and 

modeling details will be introduced in the following sections. 

A schematic illustration of the RVE for the FE model is shown in  Figure 6.3. It 

should be noted that the schematic shown in  Figure 6.3 is a quarter of the RVE 

cell, and planes of symmetry are also shown. We focus here on loading along the 

CNT axis (z direction), although future work will consider the full constitutive 

relation for the wavy CNT RVE. 
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 Figure 6.3 : ¼ unit cell representative volume element (RVE) of a wavy CNT 
embedded in a polymer matrix. CNT axial direction is defined with the 
x-axis and sufficient matrix material is created to avoid any 
contribution from RVE`s boundaries. Note: The RVE shown in the 
schematic is a quad cell showing the planes of symmetry and axis. 

The CNT and matrix material are modeled as linear elastic and isotropic. An 

infinitesimal displacement, Δ, in the axial (z) direction (CNT axis direction) is applied 

to the cross-sectional area of the RVE to have a strain εzz= Δ/(L/2). The reaction 

force, Freact, which is the sum of all nodal forces on cross-sectional boundary area is 

used to extract the modulus of the RVE, ERVE. Several different strain ratios are 

applied to the RVE during the analysis. The approach follows the work of Brinson’s 

group with corrections (EA and EI) and extensions. Similar formulations with 

previous wavy model studies are implemented to calculate the ERVE (similar to Ecell 

[158]) as shown in Equation 6.1.  

 
(6.1) 

where A is the cross sectional area of RVE. As a first step, taking into account the 

previous solid model from Brinson`s studies, the model is validated. In the validation 

study, the same solid CNT geometry with the parameters given in [158] is used. 

However, since the diameter of the solid cylinder is not reported (neither in [158], 

nor in [221]), the aspect ratio of the previous solid model (AR: 250) and our new 

model is matched to confirm the results assuming 2 nm SWNT. During the analysis, 

a specific waviness ratio, w=0.1 is chosen to make the comparisons at a ratio of the 

ERVE =
Freact L
A!
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moduli of two phases (Eratio=ECNT/Ematrix) of 1000, 200 and 50. In Table 6.1, excellent 

agreement is obtained between the current wavy CNT A-PNC results and prior work 

[158]. Waviness is noted to have a very strong effect on the stiffness contribution of 

the CNTs, as expected. For example, collimated CNTs would contribute 1000 GPa 

of stiffness (wavy CNT modulus parameter), but this is reduced by over 50% at only 

moderate waviness of w=0.1 (see Table 6.1) depending on the mismatch in polymer 

and solid-CNT geometry assumptions. 

Table 6.1 :	  Validation of finite element analysis from prior solid model [158] results 
and mesh convergence.  

 
 

The slightly greater difference in results for Eratio=50 between current and previous 

analysis may be attributed to the effects of different meshing conditions when lower 

Eratio is considered. The meshing conditions of prior solid work were not reported 

([158] nor in [221]); however, from the RVE schematics in [158] a coarser mesh with 

brick elements was observed. In the proposed FE model in this chapter, a relatively 

fine mesh with shell elements is used. The matrix meshing is varied along the RVE 

in density, being very fine around the CNT and gradually coarsening away from it. 

The convergence study is performed at a waviness ratio of 0.1 by coarsening the 

mesh size twice, and the analysis for ERVE showed a slight difference (relative error 

0.8%) with the previous meshing conditions for Eratio=1000. When the mesh size is 

coarsened by a factor of four, ERVE showed higher differences with a relative error of 

2.9%. 

6.2.2 Analytical reduction for equivalent shell model for SWNT and DWNT 

Two different CNT morphologies are considered for reinforcing the matrix, SWNTs 

and DWNTs. The RVE explained in the previous section will first be reinforced with 

SWNTs, then, a DWNT will be considered with two different case studies to 

evaluate the variation due to the contribution of one vs. two walls of the DWNT. The 

DWNT approach can be used for any MWNT. 
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For SWNT Study:  

For SWNTs, no analytical reduction is needed, and the variables of wall thickness 

and modulus are straightforwardly implemented as hollow cylinders using the wall 

modulus-thickness pairs described previously [217]. SWNT properties like wall 

thickness and wall modulus are listed in Table 6.2. The outer diameter (Do) of the 

SWNTs is choosen as 2 nm, from the Maruyama group’s studies on synthesizing 

vertically aligned SWNTs on quartz substrates [25]. 

For DWNT Study: 

Since MWNTs are more complicated due to their tube-in-tube nature, an analytical 

reduction is performed here along with consideration of two limiting cases about 

how the tubes interact. The schematic representation of a real DWNT and the 

equivalent finite element model is shown in Figure 6.4. As a first approximation, it is 

important to consider an analytical solution for actual values of effective wall 

modulus (Ew
model) and CNT wall thickness (twmodel) to be implemented in the finite 

element model. We will later show that such a model is critical for understanding the 

differences in wall modulus-thickness pairs of CNTs for axial and bending stiffness 

contribution to PNC stiffness. 

 

Figure 6.4 : Schematic representation of a real case DWNT having an outer 
diameter of D0

real, inner diameter Di
real, wall thickness twreal and wall 

spacing, s. This real case is represented as a FE model case as a 
hollow cylinder having one wall rather than two, and an outer diameter 
of D0

model, inner diameter Di
model and wall thickness twmodel. 

When DWNTs are considered, an equivalent shell model is created from the real 

case. Since the real and equivalent FE model will have the same axial and bending 

stiffnesses, the Ew
model-twmodel thickness pair for the equivalent FE model can be 
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calculated by simple beam theory. The defined real DWNT and equivalent FE model 

parameters are given with explanations below: 

Real DWNT Parameters: 

(EA)real: Axial stiffness of real DWNT calculated from real values 

(EI)real: Bending stiffness of real DWNT calculated from real values 

(Ew 
real): Wall modulus of real DWNT; (Ew

 real) will be used as 5 TPa 

(tw 
real): Wall thickness of real DWNT; (tw real) will be used as 0.075 nm 

(Do
real): Outermost diameter of real DWNT for real case 

(Di
real): Innermost diameter of real DWNT for real case 

(s): Spacing of walls in real DWNTs for real case 

Equivalent FE Model Parameters: 

(EA)model: Axial stiffness of DWNT for equivalent FE model 

(EI)model: Bending stiffness of DWNT for equivalent FE model 

(Ew
model) : Wall modulus of DWNT; this will be calculated after analytical reduction. 

(twmodel) Wall thickness of DWNT for equivalent FE model; this will be calculated after 

analytical reduction 

(Do
model): Outer diameter of DWNT for equivalent FE model; equals D0

real for 

compatibility of CNT to matrix in FE model 

(Di
model): Inner diameter of DWNT for equivalent FE model; calculated simply as 

D0
model-2twmodel 

 

Using classical beam theory [222], it is straightforward to calculate the axial and 

bending stiffnesses of the real case SWNT with Equations 6.2 and 6.3.  

(EA)real = Ew
real !
4
((D0

real )2 " (Di
real )2 )  (6.2) 

(EI )real = Ew
real !
64
((D0

real )4 " (Di
real )4 )  (6.3) 
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Di
real = Do

real ! 2tw
real  (6.4) 

Two extreme cases (all walls interacting, and no wall interaction) are considered. In 

Case-1, it is assumed that just the outer wall contributes to axial and bending 

stiffness. When (EA)real and (EI)real are calculated, the moment of inertia of the outer 

wall is taken into account for reduction (Equations 6.5 and 6.6 ). For Case-2, it is 

assumed that all walls contribute to axial and bending stiffness so the moments of 

inertia for two of the walls will be considered as well (Equations 6.7 and 6.8). From 

this point Case-2 is expected to be a stiffer DWNT than Case-1. 

(EA)real!case1 = Ew
real "
4
((D0

real )2 ! (D0
real ! 2tw

real )2 )
 

(6.5) 

(EI )real!case1 = Ew
real "
64
((D0

real )4 ! (D0
real ! 2tw

real )4 )  (6.6) 

(EA)real-case2 = Ew
real !

4
[(D0

real )2 " (D0
real " 2tw

real )2 )+

                                          ((D0
real " 2s)2 " (D0

real " 2s " 2tw
real )2 )]

 

(6.7) 

(EI )real-case2 = Ew
real !

64
[(D0

real )4 " (D0
real " 2tw

real )4 )+

                                           ((D0
real " 2s)4 " (D0

real " 2s " 2tw
real )4 )]

 

(6.8) 

For DWNT study, Do is chosen as 8 nm similar to CVD grown MWNTs that are used 

in the experimental part of this study [118]. The calculated (EA)real and (EI)real for 

Case-1 and Case-2 are given in Table 6.2, using Ew
real= 5TPa and twreal= 0.075 nm. 

Since Do
real= Do

model, by equating real values to FE model values, two variables 

(twmodel and Ew
model) are determined via Equations 6.9. The spacing in between the 

walls, (s), is taken as 0.344 nm for the real DWNT analytical reduction. 

 
(6.9) 

For Case-1 and Case-2, Di
model; Ew

model; and twmodel  are shown in Table 6.2 for 

DWNT and implemented in the FE model for analysis. As a note, for DWNT study, a 

(EA)real = (EA)model
(EI )real = (EI )model
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Case-3 was also considered where all walls contribute to bending and just the outer 

wall contributes to axial stiffness. However, since Case-1 and Case-2 are lower and 

upper bounds of this analytical reduction respectively Case-3 will have values in the 

middle and its evaluation is left as a future work. 

Table 6.2 : Analytical reduction of DWNT for Case-1 and Case-2 with proper Ew  
and tw values for implementing the real CNT structure into the FE 
model. The SWNT values, which were used during FEA validation, are 
also shown. 

 
 

6.2.3 Details of FE shell model for SWNT and DWNT studies 

The FE model introduced in the previous section was created to study the effect of 

waviness on the mechanical properties of polymer nanocomposites with an RVE 

approach. The extracted modulus from the FEA is defined as the reinforcing 

modulus (ERM) of RVE (ERVE), and by using a modified rule of mixtures the effective 

elastic modulus of the PNC with a wavy CNT can be predicted. Similar to the 

studies by Fisher et al., ERM is considered a material parameter that depends on 

other variables such as geometry of CNTs, aspect ratio, and phase moduli 

(Eratio=ECNT/Ematrix). As reported earlier by Fisher [219], smaller phase moduli had a 

more significant effect on the ERM due to mechanical constraints of surrounding 

matrix when the CNT, and matrix have closer Young’s modulus values. To avoid 

this effect, higher Eratio values were used in the analysis. Due to this effect, for all FE 

model simulations, the matrix modulus is used 1 GPa which gives an Eratio=5000. 

The aspect ratios for SWNT and DWNT studies were 250 and 62.5. While the 

aspect ratio of A-CNTs in experimental studies is much higher than these values, 

these low values were chosen due to a need for reductions in geometrical sizes for 

the FEA. The wavy CNT was modeled with quad elements, while tetra elements 

were used for the polymer matrix. In the FE model, CNTs were modeled with 4D 

node finite strain shell elements (Shell181) having six degrees of freedom at each 

node. This type of element is well suited for linear, rotation and/or large strain 
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nonlinear applications. The CNT had 240 elements with constant sizes. Matrix 

material was modeled with 3D 8-node structural solid element which has large strain 

capabilities. For all the element types, midsize nodes were not used due to 

simplifications needed for computer performance. The RVE is modeled with 114927 

elements. The matrix was modeled with elements having different sizes, finer 

elements close to CNT and coarser elements in the edges of the RVE. A small part 

of the RVE is shown in Figure 6.5 with a meshed view of shell elements for the CNT 

and matrix. 

 

Figure 6.5 :  FE model element types showing shell quad elements for the CNT 
and tetra elements for epoxy without midsize nodes after meshing.  

In summary, the assumed and calculated variables of SWNT and DWNT studies in 

FE model were: 

• The waviness, w=a/L varies from 0.1-0.3. 

• The CNT and matrix materials are both isotropic and linear elastic.  

• Ratio of the moduli of two phases (Eratio=ECNT/Ematrix) is assumed to be 5000 

where ECNT=5000 GPa and Ematrix=1 GPa.  

• The Poisson ratios for both CNT and matrix are set to be equal and 0.30 for 

all the analyses. This value is representative of a wide range of polymer 

materials, and while the Poisson ratio for CNTs is estimated to be slightly 

lower, the effect on properties is reported to be small in other FEA [158; 215] 

work. 
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• Aspect ratio of CNTs is chosen to be AR=250 for SWNT analysis and 62.5 

for DWNT analysis. 

• RVE length is taken to be ~20 times its width to eliminate the end (boundary) 

effects. It is possible to create bigger RVE cells, though this is constrained 

by computational limitations.  

• Perfect bonding is assumed between CNT and matrix. 

• For SWNT, a hollow CNT structure with Do=2 nm is assumed where as for 

DWNT Do=8 nm is chosen to coincide with CNTs used in experimental 

studies in this thesis (see Chapter 4) [128]. 

• The volume fraction of CNT inside the matrix is as small as < 0.05% 

consistent with the literature studies on the waviness analysis of PNCs [158; 

215; 223]. 

 

 
Figure 6.6 :  Refined mesh view of wavy CNT model of SWNT (Do=2nm and 

twmodel= 0.075nm) RVE at (a) w=0.1, and (b) w=0.2. 
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Two different waviness ratios of SWNTs, are shown in Figure 6.6 as a 

representation of how the waviness of CNTs changes within the unit cell. The 

convergence study was also performed for these SWNT RVEs. Mesh refinement is 

studied by coarsening the elements of the matrix and CNTs two times compared to 

previous models.  

6.3 Modeling Results 

The following section discusses the effects of waviness on the mechanical 

properties of A-PNC RVEs, with different morphology (SWNT and DWNT) CNTs. 

The reinforcing modulus of RVEs will be studied as a function of waviness ratio 

under simple uniaxial compression and tension loadings by prescribing strain εzz as 

described earlier. During the analyses, axial modulus (Eaxial) of PNC RVEs was 

studied, and as expected, CNT waviness decreases Eaxial. It is also expected that 

waviness will have the opposite effect on the transverse modulus (Etransverse). This 

point will be studied in the future with full constitutive derivations. 

6.3.1 Effective reinforcing modulus investigation for tension and 

compression of SWNT RVE  

Displacements were applied to cross sectional areas of the RVE in the z direction 

(CNT axis direction) causing strains of 40, 400, 4000, and 10,000 µstrain. 

Continuum elastic shell models, that did not take into account the large geometric 

nonlinearities, allowed study of the elastic response of the RVE. Two different types 

of analysis were performed. In small deflection analysis (SDA), the second order 

terms in the kinematic relations are not taken into account, while in large deflection 

analysis (LDA), these relations are considered. LDA offers more accurate results for 

these modeling studies. 

A tensile load-deflection plot for global loading of the SWNT PNC RVE is shown in 

Figure 6.7. The investigation of SDA vs. LDA started to show differences at 4000 

and 10,000 µstrain. Since LDA is a nonlinear analysis, to achieve higher strains 

more force will cause greater strains. The slight nonlinearilty in Figure 6.7 can be 

attributed to this effect.  



 

 

 
127 

 
Figure 6.7 : Load-deflection plot of small and large deflection analysis in SWNT 

RVE. 

 

Figure 6.8 : ERVE vs. strain ratio of SWNT PNC for different waviness ratios. 
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Figure 6.9 : ERVE vs. waviness ratio at various strains for SDA, LDA-Compression 

and LDA-Tension for SWNT RVE. 
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The static behavior of the RVE was investigated under tensile and compressive 

loads as a function of waviness ratio. ERVE shows almost the same values at low 

strain (40 µstrain) for compression and tension. However, when the applied strain is 

increased, ERVE in compression is observed to be higher than in tension. Also, for 

stress-strain curves, a slight nonlinear behavior is observed to be stronger when 

compression is considered. However, the nonlinearity decreases with tension. This 

trend is shown in Figure 6.8. Since the differences in behavior for tension vs. 

compression start to be seen at ~400 µstrain, future work should be focused on a 

narrower strain region between 40-4000 µstrain to investigate this effect with 

parametric studies. 

Since the increase in waviness is expected to cause a decrease in the reinforcing 

effect of CNTs, several analyses were performed to investigate this behavior at 

different strains for various waviness ratios. As expected, increasing waviness ratio 

caused a decrease in ERVE. An approach is developed to look at the differences 

(nonlinearity) in tension vs. compression behavior of SWNT RVE by strain 

distributions and decompositions at low and high strains. Even though the 

nonlinearity is more obvious at higher strains (>4000 µstrain), due to interest in 

comparing the results with literature, low strain (40 µstrain) for tension and 

compression behavior is discussed below. A parametric study at higher strains and 

discussion is left as a future work. So, for various waviness ratios of SWNT RVE, 

ERVE is plotted in Figure 6.9. From the strain energy decompositions, it is found that 

the total strain and axial strain energies in the SWNT decrease as the waviness 

ratio increased, indicating a decrease in stiffness. This result was expected and 

consistent with the literature findings. When the bending stiffnesses were 

considered, an enhancement in the bending strain vs. total strain energy portion 

from 15.7% to 27.1% was observed for higher waviness ratios. These results 

showed that CNT bending becomes more dominant at higher waviness ratios as 

expected. This bending dominated behaviour is expected to effect the elastic 

modulus in the transverse direction and is left as a future work. In the SDA that did 

not consider large deflection effects, no difference is found between tension and 

compression due to applied small strain (40 µstrain). The contributions of shear 

energies are found to be very small relative to the axial and bending strain energies. 

The strain energy contibution of SWNT to RVE for tension and compression 

loadings at different waviness ratios are summarized in Table 6.3. 
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Table 6.3:  Decomposition of the strain energy in the SWNT for different waviness 
ratios under tension and compression loading (ε=40 µstrain). T : 
Tension, C: Compression; SE: Strain Energy.  

 
The strain distributions of SWNT RVEs are shown in Figure 6.10 as an example at 

ε=40 µstrain for tension and compression loadings. The RVE is imaged in global 

coordinates and the representative axis can be seen on the images. Since εzz is 

along the CNT axis (applied displacement), the largest strain values were observed 

in that direction.  
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Tension (εzz=40 µstrain)       Compression (εzz=40 µstrain) 

 

Figure 6.10 : Strain distributions (εxx, εyy, εzz, εxz) of FEA for tension and 
 compression at 40 µstrain for a SWNT PNC RVE. 

Axial strains (εzz) of RVE showed nearly symmetrical behavior around the CNT-

matrix interface, indicating an axial deformation-dominated behavior. The strains 

ratios are almost the same for tension and compression at the top and bottom of the 

CNTs. The shear strains (εxz) are qualitatively the same for tension and 

compression. The radial (εxx) and tangential (εyy) strains were also shown and for 

radial strains a change in the compression loading was observed in the matrix. 

Since the elastic modulus of matrix is very low (5000x smaller than the CNT wall) 

the strains observed in the matrix are more obvious than in the CNTs. The stress 

distributions of the same SWNT PNC RVE are shown in Figure 6.11 as an example 

at ε=40 µstrain for tension and compression loadings. From the figures, even though 

the CNT is less deformed compared to the matrix, the stress values are higher than 
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the matrix due to its higher elastic modulus. CNT stresses are higher in 

compression than tension which might be attributed to CNT`s wavy structure.  The 

axial stress (σzz) is the highest stress as it is the CNT axis direction. Since the 

distribution of shear stress depends on the waviness of CNT, more waviness ratios 

should be studied for further comparison. The compression to tension behaviour is 

found to be symmetrical in the radial direction for stress distributions. The non-

uniform stress distribution of tangential stress in the matrix might be attributed to 

mesh coarseness.  

Tension (εzz=40 µstrain) Compression (εzz =40 µstrain) 

 

Figure 6.11 : Stress distributions (σxx, σyy, σzz, σxz) of FEA for tension and 
compression at 40 µstrain for a SWNT PNC RVE. The scalebars are 
given in MPa. 
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6.3.2 Effective reinforcing modulus investigation for tension and 

compression of DWNT RVE  

A DWNT having a nested structure is considered and investigated for two different 

cases as explained in the previous sections. The compression vs. tension loading is 

also investigated for DWNTs. When the different waviness ratios were considered, 

increasing waviness ratio from 0.1 to 0.2 decreased the ERVE as expected. At the 

same waviness ratio, ERVE of DWNTs showed higher results than SWNTs, with an 

increasing trend for Case-2. The increment can be attributed to the contribution of 

the inner wall to CNT stiffness. The results are summarized in Table 6.4 below. All 

the results in this table were extracted from SDA where no differences were 

observed for tension and compression loadings. The low displacement was studied 

in order to remain in the linear regime. 

Table 6.4 : Comparison of ERVE for SWNT vs. DWNT at different waviness ratios for 
Case-1 and Case-2. Tension and compression differences were not 
considered (ε=40 µstrain). 

 
*ERVE of both SWNT and DWNT were extracted for 40 µstrain in small  

deflection analysis.  

The effect of waviness ratio on the DWNT PNC RVE at various strains was 

investigated and a comparison of different cases, Case 1 and 2, is shown in Figure 

6.12. At the same waviness ratio (w=0.1), ERVE is found to be higher in Case-2 than 

in Case-1 indicating a stiffer CNT from the inner wall contribution. As a reminder, in 

Case-1 it is assumed that just the outer wall contributes to axial and bending 

stiffness, however in Case-2, all walls contribute to axial and bending stiffness. In 

LDA, similar to SWNT RVE study results, the compression stiffness of the RVE is 

higher than tension. Another case, should be considered as Case-3 for an 

intermediate level results in which the outer wall just contributes to axial stiffness 

however all walls carry bending load. This study is left as a future work. For different 

waviness ratios considering Case-1, it is clear that increasing the waviness ratio 

decreases ERVE of the DWNT PNC RVE. The slight nonlinearity for all cases in all 
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waviness ratios for tension behavior at LDA should be investigated in more detail as 

future work. For w=0.2, when Case-1 and Case-2 are compared, the results show 

the same trend similar to w=0.1. However, the amount of increase coming from the 

inner wall contribution in w=0.2 is smaller compared to w=0.1 indicating that 

waviness masks the stiffening effect of Case-2 more in higher waviness ratios. 

 

 
Figure 6.12 : ERVE vs. µstrain at w=0.1 and 0.2 for two different cases of DWNT 

RVE.  
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Figure 6.12(continued) : ERVE vs. µstrain at w=0.1 and 0.2 for two different cases of 

DWNT PNC RVE.  

As discussed for SWNTs in the previous section, strain energy decomposition was 

also performed for DWNTs. The results showed a similar trend in that axial strain 

energy was found to be higher than the bending portion of the strain energy, 

showing a higher axial stiffness of the RVE. When the ratios of axial vs. bending 

strain energies were considered, for w=0.1 the results are opposite to SWNT as 
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~84% of the strain energy was from axial strain and ~16% was from bending strain 

in both Case-1 and Case-2. This needs more investigation and will be future work. 

For w=0.2, the axial strain energy vs. bending strain energy increases to 96% from 

84%. Even though ERVE decreases at w=0.2, the stiffness is found to be dominated 

by axial strain energy compared to w=0.1. The results for strain energy 

decomposition for DWNTs are shown in Table 6.5.  

Table 6.5 : DWNT strain energy decomposition for different waviness ratios under 
tension and compression loading. 

 
Case-1: Only outer wall contributes to the axial and bending stiffness. 
Case-2: All walls contribute to the axial and bending stiffness. 
 

6.3.3 Conclusions 

The effective reinforcment capability of CNTs is discussed when the variation of 

dominant structural morphological feature, waviness, was taken into account. 

Considering the proper CNT geometry and morphologies allowed a detailed 

investigation of the mechanical reinforcement mechanisms in PNCs. The analytical 

reduction performed for DWNTs allowed the evaluation of the interaction of CNT 

walls, which significantly affects the stiffness of the PNCs. 

A wavy CNT embedded in a matrix was modeled with FEM using a representative 

volume element (RVE). This RVE is used for the investigation of the effective 

reinforcement capability of CNTs as a function of waviness ratio. Rather than 

considering CNTs as solids, shell models allow the consideration of bending effects 

on CNT mechanical properties as well. As expected, increasing the waviness ratio 

decreased the stiffness of the PNC RVE in the SWNT and DWNT cases. The 

comparison of SWNT vs. DWNT reinforced RVEs showed similar trends, where 
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increasing the waviness ratio decreased ERVE. Also, the strain energy decomposition 

into axial and bending components showed differences when various cases of 

DWNT RVEs were considered. For further studies of DWNTs, a third case (Case-3) 

should be considered in which only the outer wall contributes to axial stiffness, but 

all walls contribute to bending stiffness. Also, to evaluate the ERVE changes in DWNT 

RVEs, higher waviness ratios should be studied. Tension vs. compression 

nonlinearitites in the PNC RVE in the 40-4000 µstrain region should also be studied. 
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7. APPLICATIONS OF A-CNT POLYMER NANOCOMPOSITES  

This chapter contains a discussion of possible applications of A-CNT polymer 

nanocomposites. First, an ionic electroactive polymer actuator (i-EAP) of A-CNT 

polymer nanocomposites is introduced as one possible application. Recent 

advances in fabricating morphology-controlled vertically aligned CNTs (A-CNTs) 

with ultra-high volume fraction as discussed in earlier chapters create a unique 

opportunity for improving the electromechanical performance of these actuators. In 

this chapter fabrication of a composite electrode compromised of A-CNTs and 

Nafion polymer will be explained in detail. The experimental results reported here 

suggest pathways for optimizing the electrode morphology in existing ionic polymer 

conductive network composites for enhanced performance. This study is performed 

in collaboration with Sheng Liu, Yang Liu and Prof. Qiming Zhang from Penn State 

University.  

The second possible application that will be discussed is PEKK nanostitches. Using 

this structural thermoplastic, CNT/PEKK composites were fabricated while 

preserving the A-CNT morphology. This preliminary study shows a possibility to use 

advanced thermoplastics with successful wetting of A-CNTs and can lead to 

important potential application such as composite toughening and damage sensing 

repair. Finally a scaffold will be introduced that can form a 4-phase advanced 

composite via polymer CVD introduced in Chapter 5.  

7.1 Ionic Polymer Actuators 

Electroactive polymers (EAPs) show a change in size or shape when an external 

electric field is applied. Actuators and sensors are the most common applications of 

these polymers since they undergo relatively large deformations and can sustain 

relatively large stresses. Flexible actuators and electromechanical transducers 

based on EAPs have many advantages like lightweight, high fracture tolerance, high 

elasticity, and compliance. Additionally, EAPs can undergo large strains without 

fatigue and can be fabricated into complicated shapes, offering biocompatibility with 

a broad range of possibilities for future biomedical applications. Another attractive 
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area for EAPs is also biomimetic applications, e.g. as artificial muscles to mimic 

human skeleton and muscle systems. 

EAPs can be divided into many categories, of which dielectric and ionic EAPs are 

the principle ones. In dielectric EAPs (di-EAP), electrostatic forces cause actuation, 

while for ionic EAPs (i-EAP), it is the displacement of ions inside the polymer. Also, 

the activation of ionic polymer requires <5 volts, as opposed to di-EAPs that require 

higher voltages. This allows the possibility of direct integration with advanced 

microelectronics to provide control and power simultaneously [224]. Systems to 

perform sophisticated functions promise great application opportunities with reduced 

cost, space requirements, and high frequency response. The fully integrated 

actuators with control and power circuits have great potential for micropumps, 

optical switches, optical cross-connects, electronic switches, and other applications 

where actuation sources are needed. Conductive polymers, ionic polymer-metal 

composites (IPMCs), and responsive gels are all examples of i-EAPs [225; 226]. 

EAPs were first discovered in 1880s when the mechanical properties of a rubber 

band were investigated through an applied electric field [226]. The discovery of 

piezoelectric polymers in 1925 accelerated studies in this field [227]. In 2002, a self-

swimming fish was commercially developed by EAMEX in Japan with a tail of 

artificial muscle made with EAPs. While this was one of the milestones in this field, it 

did not result in a practical success. Although preliminary results from i-EAPs show 

potential for commercial applications, there are still limitations as the large volumes 

of ions and tortuous ion transport channels can decrease the efficiency. For 

effective applications, i-EAPs need to be improved including even larger strains, 

faster actuation speed, and longer life cycles of solvents used as electrolytes.  

Conductive network composites (CNCs), sometimes referred to as IPMCs, are a 

critical part of i-EAPs in generating high electromechanical actuation. CNCs are 

fabricated as composites with nanomaterials that offer large electrode surface areas 

to contact the ionic polymers. Traditional CNCs use random nanoparticles as 

conductive fillers that lead to non-idealized ion transport paths (Figure 7.1) [228-

230]. Aligned channels solve this critical function as discussed later in this chapter 

with vertically aligned carbon nanotubes.  

The electrolytes in i-EAPs have provided mobile ions under an electrical field, act as 

the ion transport medium. Traditional electrolytes like organic solvents, water, etc., 

cannot provide mobile ions by themselves, and ion concentration is limited and 
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restricts the ionic conductivity. These electrolytes also evaporate during operation 

so the electrolytes must be either immersed or coated, both of which limit their 

utility. Ionic liquids are used as an electrolyte to overcome the drawbacks in 

traditional electrolytes. Nafion, an ionomeric polymer, will be used to fabricate 

vertically aligned CNT i-EAPs. Nafion will serve as a physical binder to support the 

whole structure. Ionomeric polymer, which is often chosen as polymer matrix in 

CNCs, is a type of material that exhibits permselectivity due to its molecular 

structure. These unique properties of ion-exchange membranes are caused by the 

presence of ionic groups that are fixed to the polymer matrix. These ionic groups 

include cation exchangers such as —SO−3 and —COO−, and anion exchangers as 

—NH3
+, —NH2

+, —N+. Nafion, (sulfonated tetrafluoroethylene) originally developed 

in the 1960s by Dupont, shows outstanding relative mechanical properties and high 

ionic conductivity, and is used as the ionic polymer matrix in this thesis. Nafion 

consists of a Teflon backbone polymer with pendant side chains that are sulfonic 

acid groups. The molecular structure of Nafion is shown in Figure 7.2. 

 
Figure 7.1 : Schematic of (a) an IPCNC actuator under an alternating electric 

signal, (b) a CNC/ionomer/CNC three layer IPMC bimorph actuator. 
The CNCs have randomly-oriented conductive fillers [231].  

The ordered structures can lead to many advanced applications [232]. Rather than 

using random nanoparticles, aligned channels [233] will facilitate the ion transport 

speed and could be used in many devices as batteries, solar cells, supercapacitors, 

and CNC actuators for high efficiency and fast speed.  Recent advances in 

fabricating controlled-morphology aligned carbon nanotubes (A-CNTs) with ultrahigh 

volume fraction create unique opportunities for markedly improving the 

electromechanical performance of i-EAPs.  
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Figure 7.2 : Molecular structure of Nafion. 

Here a novel i-EAP utilizing continuous aligned CNTs with high packing fraction will 

be investigated and electroactive device performance will be studied focusing on 

three enhancement mechanisms: 

a. creating continuous paths through inter-VA-CNT channels for fast ion 

conduction 

b. minimizing electrical conduction resistance due to the continuous CNTs 

c. tailoring elastic modulus anisotropically to enhance actuation strain 

These advantages are in contrast to the i-EAPs with randomly dispersed conducting 

inclusions such as the ionic polymer metal composites (IPMC) that create tortuous 

ionic transport paths, discontinuous charge transfer, and non-optimal isotropic 

moduli [228; 230; 234-237]. As can be seen in Figure 7.3a, the randomly distributed 

nanoparticles create torturous ion transport paths and hence lengthen transport 

distance and slow response speed. An ordered morphology could facilitate ion 

transport speed with the aligned channels (Figure 7.3b). By making use of the 

highly aligned and high volume fraction A-CNTs, significant improvement in the 

electromechanical performance, including the strain level and actuation response 

time, of iEAPs will be studied. 

 

(CF2CF2)n CF2CF

(OCF2CF)m OCF2CF2 SO3H

CF3
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Figure 7.3 : Ion transport in CNCs (a) Tortuous ion transport paths in 

nanoparticle/Nafion CNCs, where black dots are conductive 
nanoparticles. (b) Direct ion transport paths in VA-CNT/Nafion CNCs 
[238]. 

7.2 Fabrication of Ionic Polymer Actuators with Controlled Morphology CNT-

Nafion Nanocomposite Electrodes 

The i-EAP bimorph device in Figure 7.4a will discussed in this section. 

7.2.1 Wetting procedure 

The i-EAP actuator investigated in this thesis has a three-layer structure, as 

illustrated in Figure 7.4a, consisting of A-CNT/ionomer nanocomposite electrodes 

(porous nanocomposite electrodes), referred to as a conductive network composite 

(CNC), attached to an ionomer layer which acts as a physical and electronic 

insulating spacer. In the i-EAP actuators, the accumulation of excess ions at one 

CNC electrode and depletion at the other electrode create opposite volume strains 

in the two regions, resulting in bending actuation as shown in Figure 7.4b where 

cations are assumed to be the mobile ions. For this type of actuator (referred to as 

the ionic polymer conductor network composite (IPCNC) actuator), a high 

concentration of excess ions in the electrode regions is necessary to generate high 

strain (and large force) in the i-EAP actuators. Hence, a high volume fraction of VA-

CNTs in the ionomer matrix is highly desirable since it provides a large specific 

electrode surface area in the CNCs for the storage of these excess ions. As will be 

shown later, the anisotropic elastic modulus of the aligned-CNT CNC also 

contributes to enhancing actuator performance. 
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Figure 7.4 : Schematic drawings of (a) a CNC/ionomer/CNC three-layer bimorph 

actuator with A-CNTs in the CNC layers (no voltage applied), (b) a 
bent actuator with excess ions on the cathode side with voltage 
applied (x3 axis in the thickness direction and x1 axis is along length 
direction, i.e. actuation direction). In the actuator, the mobile ions are 
assumed to be cations [238]. 

In the fabrication process of the A-CNT forest/Nafion composites, the alcohol 

solvent in a commercial Nafion dispersion purchased from Ion-Power® was 

replaced by dimethylformamide (DMF). The high boiling point (153°C) of DMF 

makes it possible to slowly evaporate the solvent when processed at room 

temperature. A fast evaporation of the solvent can cause collapse of the CNT 

forests in early trials leading at times to polymer-rich regions inside the CNC 

composite (see Figure 7.5).  

 
Figure 7.5 : Optical image of matrix-rich regions in a CNC composite from early 

trials due to CNT collapse (as evidenced by light grey neat Nafion 
regions) from fast solvent evaporation. 
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. 

 
 

Figure 7.6 :  Optical images of (a) VA-CNT/Nafion composite, and (b) a thin slice of 
VA-CNT Nafion composite sectioned by a microtome. Schematic of 
sectioning VA-CNT/Nafion nanocomposite with a microtome to form 
thin slices (12µm) with CNTs along the thickness direction (inset).  

The DMF/Nafion solution was infiltrated into CNT arrays under vacuum for several 

hours to remove trapped air between nanotubes, which was extremely important to 

prepare high quality VA-CNT/Nafion composites. The whole evaporation process 

occurred over approximately one week. After removing the solvent, the composite 

was annealed at 130°C under vacuum for 1 h to increase crystallinity of the Nafion. 

An optical image of a good quality composite is shown in Figure 7.6. The fabricated 

VA-CNTs/Nafion nanocomposites were embedded in an epoxy and then sectioned  

(~12 µm thick sections) using a finesse microtome with VA-CNTs perpendicular to 

the cutting direction. Excess epoxy at the edges was removed by manually trimming 

the edges with a razor blade. An optical image of sectioned composite is shown in 

Figure 7.6b. 
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7.2.2 Actuator fabrication and characterization 

The A-CNT/Nafion CNC layers were bonded to the Nafion film by an ultra-thin layer 

of Nafion dispersion (<0.1µm), which was deposited on the neat Nafion film surfaces 

by ultrasonic spraying. CNC layers were laminated on the neat Nafion film surfaces 

and the CNC/Nafion/CNC actuator stack was then clamped by two Kapton films 

under pressure. The stacks were dried and then annealed at 130°C to further 

improve the bonding, and 50 nm thick gold electrodes are bonded are bonded to the 

VA-CNT/Nafion composite surfaces to increase surface conductivity. The multilayer 

structure is shown in Figure 7.7. An SEM image of the interface of a CNC and the 

pure Nafion middle layer is shown in Figure 7.8. 

 

Figure 7.7 :  Structure and fabrication of VA-CNT/Nafion nanocomposite actuators 
with ultra thin Au external electrodes and Nafion spacer [238]. 

Several strain measurement methods have been used. The mechanical anisotropy 

of A-CNT/Nafion composites is tested by measuring dimension change before and 

after soaking in ionic liquids (ILs). The modulus of Nafion soaked with ILs becomes 

relatively low (~50 MPa), so the thickness change (~µm) is measured using an 

LVDT which has an ultra-light probe with a large area probe head that introduces 

small pressure on the polymer film (<10 kPa). The lateral dimension change (~mm) 

is measured using a CCD camera with a calibrated pixel number to displacement 

relationship. The VA-CNT/Nafion composite actuator strain is calculated from the 

curvature measured by the CCD camera with image analysis software. A series of 

images of bending actuators is taken to calculate strain speed. 
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Figure 7.8 : Actuator and CNC morphology: (a) SEM image of interface region, 
showing aligned CNTs in the CNC layer, and (b) SEM image of A-
CNT/Nafion composite with CNT forest in thickness (x3) direction. The 
image demonstrates that large-area high quality (uniform) A-
CNT/Nafion CNC films can be synthesized [238]. 

7.2.3 Device results 

The actuation principle for the IPCNC actuator investigated in this chapter is 

analogous to that of ionic polymer metal composite (IPMC) actuators, which have 

been investigated since the early 1990s [235; 236; 239; 240]. However, there is a 

fundamental difference between the electrode morphology of the A-CNT/ionomer 

nanocomposites and the composite electrodes developed in the studies of IPMC 

actuators. For example, one widely investigated IPMC uses conductive 

(a) 

(b) 
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nanoparticle/ionomer nanocomposites as the CNC layers to form bending actuators 

[228; 230; 234]. Moreover, in these randomly mixed particulate nanocomposites, 

imperfect contact between the conductive nanofillers incur relatively large electric 

resistance due to the numerous interfaces and high surface to volume ratio of the 

fillers. All of these effects reduce ion transport speed in CNC layers under applied 

voltages, decreasing actuator efficiency. In contrast, the VA-CNT based CNCs form 

continuous intra-CNT (non-tortuous) transport pathways for the mobile ions to move 

into and out of the CNCs [241]. Hence, much shorter ion transport path lengths and 

much reduced ion transport resistance in the A-CNT based CNCs lead to faster 

actuation speeds. In addition to the straight ion transport paths, electrical 

conductivity within the CNCs is enhanced by the continuous nature of the long 

CNTs [187]. In addition to the electrical and ion transport considerations, the high 

volume fraction of a A-CNT based CNCs can also lead to high elastic anisotropy, 

which is highly desirable for the bending actuators developed here. For an i-EAP 

actuator, it is highly desirable that the strain is generated only along the actuation 

direction (or directions) while the strains along the other directions (unwanted strain) 

are suppressed. The high elastic CNT modulus combined with the high volume 

fraction of the A-CNTs gives rise to CNCs that are stiff in the CNT alignment 

direction compared to that in perpendicular directions [119; 128]. As a result, the 

strain generated in the bending actuators due to the accumulation or depletion of 

the excess ions in the CNCs will be predominantly along the directions 

perpendicular to the CNT alignment direction, e.g., referring to Figure 7.4b, the 

volumetric expansion due to the ions will be suppressed in the unwanted x3 -

direction and therefore enhanced in the desirable x1 - and x2 direction(s) for the 

device. 

A-CNT CNCs exhibit a very different and anisotropic deformation than the Nafion 

films, as shown in Figure 7.9, after soaking in an IL. The pure Nafion films, upon 

absorption of 35 wt% of EMI-Tf, exhibit a large thickness strain S3=~22%, and a 

much smaller lateral strain (perpendicular to the thickness direction, S1 and S2= 

8.3%). In addition, a commercial Nafion film (Nafion NR211, fabricated from solution 

casting by DuPont) was also studied and similar results were obtained. In contrast, 

the A-CNTs/Nafion nanocomposite films exhibit much smaller thickness strain (S3 

=7%), while the desirable lateral strain S1 and S2 is increased to 12.1%. These 

results demonstrate that the high volume fraction A-CNTs can markedly reduce the 

strain in the composites along their alignment direction while enhancing the strain in 
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the perpendicular directions, both characteristics that are highly desirable for the 

actuators developed here. 

 

Figure 7.9 : Schematic drawing of deformation and strains generated from the 
absorption of ILs in the VA-CNT/Nafion (the CNTs are aligned along 
the x3-direction as shown in the figure) composite and neat Nafion 
under the same conditions. Neat Nafion exhibits larger (undesirable) 
strain along the thickness (x3) direction, while the VA-CNTs/Nafion 
nanocomposite film exhibits much smaller strain along the thickness 
(x3) direction due to the high elastic modulus and high volume fraction 
of VA-CNTs and higher strain in the (x1 and x2) directions. The error 
bars on the top of each column represent one standard deviation 
[238]. 

The typical dimensions of A-CNTs/Nafion composite actuators fabricated are 3 mm 

× 5 mm in the lateral directions and several millimeters thick. In order to fabricate 

CNCs for the intended bimorph actuators in Figure 7.4a, the CNC layer thickness 

should be much smaller than the beam length (x1 -direction) as well as width (x2 -

direction, which should also be smaller than the length). As stated earlier, a 

microtome was employed to cut the CNC composites into thin layers to be used in 

the actuators of Figure 7.6b, so that the bending actuation under applied voltages 

can be easily observed and characterized [242]. The actuators investigated in this 

chapter have a final CNC layer thickness of 12 µm on a 25 µm thick Nafion film 

(commercial Nafion NR-211) and hence the total thickness of the actuator is 49 µm.  
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Presented in Figure 7.10 is the bending actuation generated for the actuator in 

Figure 7.4b with length (x1-direction) of 5mm and width (x2-direction) of 0.8 mm, 

from which the bending actuation radius of curvature is measured as R=1.83mm. In 

the bending actuator, 50 nm thick Au films were pressed to the surfaces of A-

CNT/Nafion composites as shown in Figure 7.7. Au films were used here to ensure 

high electrical conductivity along the actuator surfaces so that there is very little 

voltage drop along the film surfaces (the electrical conductivity of A-CNTs/Nafion 

composites perpendicular to the CNT alignment direction is ~5-10X less than in the 

CNT axis direction).  

From the radius of curvature along with the elastic modulus data, strain in the 

actuator of in Figure 7.4 was deduced to be 8.2% under an applied voltage of 4 

volts. In the strain calculation formula, the thickness of each layer is assumed to be 

constant during actuation. However, ±6-7% thickness change in CNC layers can 

occur during the actuation, which causes less than 2% error in the strain deduction. 

In addition, due to the measurement error (±5%) of curvature, layer thickness and 

modulus, the total uncertainty of strain deduced may reach a negligible %.  

 

 

Figure 7.10 : Optical image of the bending actuation of the IPCNC developed in this 
work under 4 volts actuation. From the radius of curvature, R, strain in 
the CNC layer of 8.2% is determined [238]. 
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Dynamic performance of the IPCNC actuators was also assessed, including 

actuator speed and hysteresis. Actuator speed was characterized by measuring the 

response of the actuator versus time under a step voltage of 4 volts and the data 

are presented in Figure 7.11. The data fit well to the expected exponential function: 

 
(7.1) 

where  !!""!  is the maximum value at t=10s. The fitting results from several 10% Vf 

VA-CNTs/Nafion based bending actuators yield τ0= 0.82 ± 0.09 seconds. The strain 

level and actuation speed of the ionic polymer actuators developed here are much 

improved compared with that of the bimorph actuators with RuO2/Nafion CNC 

electrodes, which have been investigated extensively and have shown the highest 

strain response (~3% strain) among the IPCNC actuators developed, as well as 

other i-EAPs studied. [228; 235-237; 239; 243-246]. 

 

 

Figure 7.11 : Normalized strain versus time under a step voltage of 4 volts with 
fitting to an exponential function to determine the time constant τ0 
[238]. 

Besides actuation speed, the ionic conductivity is another parameter, which could 

indicate the speed of IPCNC actuators. The ionic conductivity (σiCNC) in the CNC 

layers is calculated using Ohm’s law, where tCNC is response time, RCNC is the 

resistivity of the CNC electrode, and A is the area of the CNC electrode: 

S10
C (t)
S100
C =1! exp(! t

" 0
)
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(7.2) 

It is noted that although the ionic conductivity changes with humidity in the 

environment for Nafion membranes [247], no observable effect occurs in the 

actuator response for the IPCNC actuators investigated here with change of relative 

humidity from 10% to 30%, the range in which the actuators were usually tested. 

This is understandable since for the IPCNC actuators, the actuation response is 

governed by the CNC morphology [248]. As long as the IL uptake is substantially 

above a critical uptake value (as is the case here), the IPCNC actuator performance 

is not affected by humidity [230; 247-249].  

 

Figure 7.12 : Ionic conductivity of three CNCs with VA-CNT, RuO2 [231] and LbL 
[231]. 

Last, the actuator blocking force Fbl is measured at zero displacement under 4 V by 

using a load cell. In such a test, the strain induced by the electrical field is 

counteracted by the blocking stress Tbl, yielding zero total strain. For an actuator 

with dimensions of 5 mm × 0.8 mm × 49 µ m ( L × w × t ), a blocking force Fbl of 0.3 

mN was measured. Euler–Bernoulli beam theory (see Equation 7.3) is used to 

model the bending actuator as tested [18]: 

! iCNC =
tCNC
RCNCA



 

 

 
153 

 
(7.3) 

where L , w , and t are length, width and thickness of actuator, respectively. 

At 4 V, an effective blocking stress of 4.7 MPa was deduced. 

7.2.4 Summary 

In conclusion, it is demonstrated that ionic nanocomposite actuators with VA-

CNTs/Nafion electrodes of controlled morphology exhibit three distinct advantages 

compared to traditional ionic polymer actuators that have nanostructured CNCs with 

randomly dispersed conductor nanoparticles. These include continuous ionic 

conduction paths through inter-VA-CNT channels, reduced electrical resistance due 

to the continuous CNTs (vs. percolation behavior in randomly-mixed CNCs), and 

desired elastic anisotropy to enhance strain induced along the actuation direction. 

The ionic polymer actuators with EMI-Tf IL developed with the controlled CNC 

electrodes exhibit actuation strain of more than 8% under 4 V with fast actuation 

speed and no observed degradation over 10 min. of testing at 0.5 Hz. The results 

also suggest that the controlled morphology ionic polymer nanocomposites can 

optimize electroactive device performance for other applications in sensors and 

actuators, energy harvesting, lithium ion batteries, ultracapacitors, and fuel cells. 

7.3 PEKK Nanostitches 

Poly (aryl ether ketone)s are an alternative to metals and ceramics with their unique 

thermal stability, good mechanical properties, and high solvent resistance. These 

high performance thermoplastics are used in a wide range of applications from 

aerospace to electronic industries due to their relative ease in processing. Most 

common examples of poly (aryl ether ketone)s are poly (aryl ether ether ketones) 

(PEEK) and poly (aryl ether ketone ketones) PEKK. The difference of these two 

main types is the amount of keto linkages where PEKK contains higher (67%) than 

PEEK (33%) [221].  

The nano-engineered advanced composites explained in previous chapters 

contained a thermoset polymer as a matrix. However, using an advanced 

theromplastic such as PEKK may provide mechanical and multifunctional 

enhancement. This section will focus on an engineering application of CNTs in an 

Tbl =
6Fbl L
wt 2
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advanced thermoplastic (PEKK) fiber-reinforced plastic (FRP) laminate. The 

envisioned application is to use aligned CNTs to enhance the interface properties of 

thermoplastic plies. 

 

Figure 7.13 : SEM image of CNTs wet with PEKK. 

As a preliminary work, as-grown A-CNTs were used to fabricate CNT/PEKK polymer 

nanocomposites. The initial studies showed that PEKK can wet the A-CNTs (see 

Figure 7.13) and did not change the polymer structure by adding any crystallinity 

with CNTs. The SEM image in Figure 7.13 contains an approximately 20 µm long 

CNT region with PEKK after the first trials in a conventional oven at 375 ºC.  

After demonstrating a successful wetting, CNT/PEKK polymer nanocomposites 

were fabricated by using 50-100 µm long A-CNTs as explained in the schematics in 

Figure 7.14. A-CNTs were sandwiched in between two plies of PEKK sheet and 

heated inside an oven under air until the CNTs were wetted. The composites were 

characterized by SEM and TGA, and SEM images confirmed that CNTs were wet all 

along the CNT axis. However during wetting it was also observed that regions of the 

CNT/PEKK composites contained polymer rich regions on the top and bottom. For 

better SEM imaging, most of the excess of polymer on top regions was polished. An 

SEM image of polished CNT/PEKK composite after effective wetting with preserved 

alignment of CNTs is shown in Figure 7.15. 
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Figure 7.14 : Schematic illustration of fabrication of A-CNT/PEKK composites. 

 

 

Figure 7.15 : SEM image of sandwiched CNT/PEKK composite. For better 
visualization, composite top surface was polished to remove excess 
epoxy after processing.  
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Thermogravimetric analysis of CNT/PEKK composites was performed in air from 25-

900ºC at an airflow rate of 100 ml/min. The scan rate was 10ºC/min, standard for 

many thermoplastics. The temperature at 5% weight loss is designated as the 

decomposition temperature (Td
5%). Again, for many high temperature engineering 

polymers (including thermosets) 5% weight loss is very common to define the 

starting point of degradation [250]. However, peak temperature can also be used as 

a degradation temperature as well. TGA showed that PEKK exhibits exceptional 

thermo-oxidative stability maintaining 95% of its weight at ~570 ºC (see Figure 

7.16).  CNT/PEKK composites showed nearly the same thermal stability behavior. 

The small amounts of CNT did not induce thermal degradation of PEKK. The 

derivative of the weight loss curve did not show any significant change for 

CNT/PEKK composite vs. pure PEKK polymer as well.  

 

Figure 7.16 : TGA of pure PEKK, CNT/PEKK composite and A-CNT forest. 

For further characterization, wide-angle x-ray spectroscopy (WAXS) was performed 

to investigate whether the presence of A-CNTs has affected the polymer structure 

and crystallinity. Since widely used and simple thermoplastics are highly susceptible 

to changing the crystalline structure when reinforced with CNTs [211], it was 

important to characterize this case for the PEKK polymer too. PEKK is a semi-

crystalline polymer and crystallinity was observed [211] to depend on the processing 

methods. WAXS analysis showed four different peaks with low intensity for pure 

PEKK as can be seen in Figure 7.17. These peaks are similar to characteristic 
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crystallinity peaks reported in other PEKK studies from the literature [251]. However, 

the CNT/PEKK composite did not show any small or significant peaks at the same 

regions. Possible reasons for that might be the processing conditions that do not 

allow crystallization or that the CNTs might be masking the polymer peaks to appear 

amorphous. For further understanding, differential scanning calorimetry (DSC) 

analysis is needed to understand the CNT crystallization effect on the PEKK 

polymer.  

 

Figure 7.17 : WAXS plot of CNT forest, pure PEKK and CNT/PEKK composite. 

From this preliminary study, it is shown that CNT/PEKK composites can be 

produced by a relatively easy method. The small amount of characterization showed 

that A-CNTs still preserve their alignment after composite fabrication and the 

polymer structure was not significantly affected by A-CNTs for thermal stability and 

crystallinity. As a future study, the physical and mechanical coupling between the A-

CNTs and structural thermoplastic PEKK should be explored.  

7.4 Hierarchical 4-Phase Composites via Polymer CVD 

As another possible application, a scaffold is fabricated that can form the basis of a 

4-phase advanced composite. A-CNTs are grown radially on the surface of micron-

diameter standard alumina fibers and then coated conformally by gas-phase 

deposition via oCVD (see Chapter 4). The SEM images in Figure 7.18 show that 
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the A-CNT morphology can be preserved upon coating with PEDOT via oCVD. 

Further work to infiltrate this scaffold with epoxy to create a 4-phase nano-

engineered composite and assess the multifunctional performance attributes should 

be undertaken. 

 

 

Figure 7.18 : A-CNTs grown on woven alumina fibers to form the scaffold for four-
phase (fibers, aligned CNTs, PEDOT, epoxy) composites (a) without 
PEDOT coating, and (b) with PEDOT coating. The 10 micron dia. 
alumina fiber is visible diagonally across each image with aligned CNT 
forests grown in the fiber radial direction in a “mohank” morphology 
[28].  
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8. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDIES 

In this thesis, the multifunctional properties and possible applications of aligned 

polymer nanocomposites (A-PNCs) with vertically aligned CNT (A-CNT) 

reinforcement is investigated. Having control over the orientation and morphology of 

A-CNTs has overcome several critical factors limiting the understanding of the 

potential of CNT enhancement in polymer matrices. In more detail, the major 

contributions of this thesis can be summarized as: 

a. Millimeter-scale synthesis of A-CNTs with a modified CVD process, 

and their characterization and testing for A-PNC fabrication 

i. Millimeter long A-CNTs were synthesized with control over the 

orientation and morphology. An easy delamination procedure was 

created to achieve long freestanding A-CNTs without any damage for 

A-PNC fabrication.  

ii. A unique ability to densify A-CNTs by mechanical densification 

method helped to achieve high volume fraction (Vf) A-PNCs up to 

~25% Vf with preserved morphology. The samples were 

characterized by optical and scanning electron microscopy (SEM) for 

CNT alignment. Quantitative analyses were performed with x-ray 

spectroscopy as well. 

iii. Mechanical testing of A-CNTs as a function of volume fraction was 

studied by nanoindentation. A drastic increase in modulus from as-

grown (1%) to high (10%) Vf of 2 orders of magnitude (600X increase) 

in the axial direction was achieved. Transverse direction 

measurements of A-CNTs were not performed due to difficulties in 

surface preparation of samples in that direction. 

b. Effective A-PNCs fabrication and characterization 

i. Control of nanoscale morphology in A-PNCs allowed for structure-

property interpretation via a consistent set of samples with known 

morphology.  



 

 

 
160 

ii. An aerospace grade thermoset epoxy, RTM6 by HexcelTM, was used 

for A-PNC fabrication. The wetting procedure was effective even for 

very high Vf`s when CNT-CNT spacing decreased to ~20 nm. The 

novel mechanical densification method also allowed fabrication of 

high Vf A-PNCs with preserved morphology and alignment of CNTs. 

X-ray spectroscopy analysis SAXS revealed the preserved vertical 

alignment of A-CNTs after wetting and curing.  

iii. WAXS analysis confirmed that the structure of epoxy was not 

changed due to the A-CNT, even at very high A-CNT Vf`s . 

iv. Thermal properties of A-PNCs were studied by thermogravimetric 

(TGA) and differential scanning calorimetry (DSC) analysis. TGA 

results showed almost no change in the thermal stability of epoxy 

even with high CNT volume fractions (~10% Vf) in A-PNCs. The glass 

transition temperature investigated by DSC also showed no 

significant change for very high CNT loadings (~20% Vf). The results 

further indicate that the epoxy morphology was not affected due to 

the presence of CNTs, in contrast to many studies in the literature for 

thermoplastic resins. This allows clear interpretation of subsequent 

property test results, especially modulus. 

c. Investigation of multifunctional properties of controlled-morphology 

A-PNCs as a function of volume fraction 

i. Mechanical properties of A-PNCs were studied in the axial and 

transverse directions as a function of volume fraction by 

nanoindentation. Mechanical polishing of the surface of A-PNC 

samples allowed consistent and accurate nanoindentation data, 

which can be highly sensitive to polished surface properties. The 

results showed a linear increase with increasing Vf for the axial 

direction while no significant change in transverse direction was 

observed, as expected from micromechanics theory. The results were 

reported as the highest modulus in the literature when an epoxy was 

used as a matrix, underscoring the effect of CNT alignment on the 

mechanical properties.  
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ii. The bulk volume electrical conductivity was measured in two 

directions, axial and transverse. Different sample sets for various 

volume fractions were used for transverse and axial directions. No 

percolation threshold was expected due to the continuous aligned 

CNTs. In the axial direction, continuous CNTs span the sample 

leading to higher conductivity (23 S m-1) than in the transverse 

direction. Electrical properties also showed a directional dependency 

and an increasing trend with the volume fraction of A-CNTs. In the 

transverse direction, CNT waviness and entanglement create a 

conductive path similar to percolation through the insulating epoxy. 

The measured axial conductivity is higher than all other reported 

epoxy PNC conductivities for a bulk PNC in the existing literature. 

d. Identification of CNT waviness as a dominant morphological feature 

of direction-dependent properties of A-PNCs 

i. For experimental studies, considering the mechanical properties of A-

PNCs studied by nanoindentaion, even though high reinforcement 

was observed, modulus values were found to be far (~10X) from 

expected at high Vf`s as predicted with simple rule of mixtures. To 

investigate this, waviness analysis of A-CNTs under scanning 

electron microscopy was performed and an effective (average) 

waviness ratio (amplitude-length ratio) defined for A-CNTs. A 

reference modeling study from the literature concerning waviness of 

CNTs by finite element method was then used to calculate an 

effective reinforcing modulus for wavy CNTs. A model-experiment 

correlation was performed with modified rule of mixtures when this 

wavy CNT is considered rather than a collimated CNT. This analysis 

explained the majority of the difference (10X) between the measured 

and expected moduli for CNT reinforcement in A-PNCs observed 

experimentally.  

ii. In the prior modeling studies, a solid model was assumed to 

investigate the waviness effects on CNTs. Treating CNTs as solids 

rather than shells and neglecting the hollow structure does not 

capture bending vs. axial CNT stiffness contribution appropriately. 

Numerical studies for waviness effects on A-PNC stiffness were 
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performed by modeling a wavy CNT embedded in a matrix as a 

representative volume element (RVE) with the finite element method 

(FEM). The hollow nature of CNTs was considered during the 

modeling. An analytical reduction was performed to investigate 

different types of CNTs (SWNT vs. DWNT) by capturing real CNT 

stiffnesses to be implemented in the FEM directly. The static behavior 

of wavy A-PNCs model was investigated under tensile and 

compressive loads as a function of waviness ratio. Strain energy 

decomposition of the RVE in tension and compression was studied to 

differentiate the axial and bending strain energy contributions.  

iii. The results confirmed that when waviness is taken into account, the 

effective reinforcing capability of CNTs decreases with increasing 

waviness ratio for both SWNT and DWNT A-PNCs.  

iv. For the MWNT-reinforced RVE, a two-wall nanotube was considered. 

Two different cases were employed to investigate stiffness properties. 

These two cases basically relied on CNT wall interactions in which 

bending and axial stiffnesses were carried by just the outer wall (case 

1) or by all walls (case 2) in the DWNTs. From the results when all 

the walls contribute to bending and axial stiffness, the elastic modulus 

enhancement was not substantial for a waviness ratio range from 0.1 

to 0.2.  

v. The bulk volume electrical conductivity was measured in two 

directions, axial and transverse. Different sample sets for various 

volume fractions were used for transverse and axial directions. 

Particularly along the PNC axis, no percolation threshold was 

expected due to the continuous aligned CNTs. In the axial direction, 

continuous CNTs span the sample leading to higher conductivity than 

in the transverse direction, e.g., conductivity is 23 and 8.2 S/m for the 

axial and transverse directions for 1% A-PNCs, respectively. When 

higher volume fractions of A-PNCs are considered, the electrical 

conductivity increases to 49 S/m in the axial direction. Electrical 

properties also showed a directional dependency and an increasing 

trend with the volume fraction of A-CNTs. In the transverse direction, 

CNT waviness and entanglement create a conductive path similar to 
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percolation through the insulating epoxy. The measured axial 

conductivity is higher than all other reported epoxy PNC 

conductivities for a bulk PNC (between 5-10 S m-1 for randomly-

oriented PNCs) in the existing literature. 

e. Introduction of gas-phase polymer CVD for coating very high aspect 

ratio A-CNTs; a means of CNT functionalization while preserving 

morphology 

i. Gas-phase polymer CVD eliminated wet-chemistry processing and 

thus can preserve the orientation and morphology of A-CNTs with a 

very high aspect ratio (>105). The procedure has the ability to deposit 

conducting and insulating polymers on nearly any substrate. The first 

type of coating was a conducting polymer, PEDOT. A-PNCs/PEDOT 

samples were fabricated via gas-phase CVD without any change to 

the A-CNT morphology and orientation as identified by SEM analysis. 

TEM showed the presence of an ~10nm conformal PEDOT coating 

over the A-CNTs as well. The conductivity measurements performed 

as a function of volume fraction indicated that both conductivity and 

anisotropy could be tuned via CNT-CNT spacing (via mechanical 

densification). 

ii. An insulating polymer (PDMaDD) was also deposited onto very high 

aspect ratio A-CNTs via gas-phase deposition and showed an 

effective coating including preserved CNT alignment. The mechanical 

tests with nanoindentation showed moduli enhancement (60x) with 

the polymer-coated samples. Since the polymerization procedure was 

a gas-phase deposition, it can be used to functionalize the A-CNTs 

for compatibility with a thermoset epoxy for future applications. This 

procedure was successful for coating 1% Vf A-CNTs, however, did 

not work for 10% Vf A-CNTs.  

f. Possible applications of A-CNT polymer nanocomposites 

i. Ionic-electroactive polymer (i-EAP) actuators were introduced as one 

of the possible applications fabricated with high Vf A-CNTs and an 

electrolyte. Controlled morphology of A-CNTs exhibited three distinct 

advantages to traditional ionic polymer actuator electrodes: providing 
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a continuous ionic conduction path, providing reduced electrical 

resistance, and giving useful elastic anisotropy due to the A-CNT 

morphology.  

ii. A high-performance thermoplastic, polyetherketoneketone, (PEKK) 

was used to fabricate composites with A-CNTs forming PEKK 

nanostitches as a highly important potential application in layered 

composite materials. 

iii. A scaffold was also fabricated that can form the basis of a 4-phase 

advanced composite using polymer CVD without destroying the CNT 

alignment on micron diameter alumina fibers. These hybrid structures 

may provide additional conductivity when a conducting polymer is 

deposited onto the fiber-CNT composite, or might be used as an 

interface to tailor the compatibility with epoxies. Several possible 

options and wide variety of polymer choices in polymer CVD offers 

flexibility in tailoring the multifunctional properties of these materials 

as future applications. 

 

Achieving control, scaling and long-range order of continuous and aligned CNTs for 

polymer nanocomposites fabrication offered several improvements to avoid many 

critical issues related to PNC properties and interpretation. In addition to 

characterizing or testing A-PNCs as a representative volume element for more 

complex structures such as fuzzy fiber reinforced plastics or nano-stitched laminates 

(nano-engineered composites), A-PNCs may have possible future applications 

directly. As for future studies, key research topics for effective CNT implementation 

to PNCs can be listed as: 

1. For multifunctional property enhancement 

a. CNT alignment can be studied for further improvements (i.e. reduced 

waviness ratio) to enhance the reinforcing capability that was limited 

by their waviness.  

b. CNT-interface interactions should be further investigated including 

characterization and testing to quantify the structure-property 

relations accurately. 
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c. Functionalization of A-CNTs with novel methods such as gas-phase 

polymer CVD will increase the quality of interface-CNT interactions 

for effective load transfer. A parametric study with different polymers 

can help to address these topics with preserved orientation by 

avoiding wet chemistry which usually alters or destroys the A-CNT 

morphology. 

d. Addition of multifunctionality to A-PNCs with different conducting 

polymers can be studied for further improvements in the anistropic 

conductivity enhancement via gas-phase polymer CVD method.  

e. The effects of extent and degree of alteration of thermoplastic 

polymers CNTs can be investigated as a function of volume fraction 

of A-CNTs in A-PNCs. Since the CNT-CNT spacing will decrease to 

~20 nm for high volume fractions of A-CNTs (matrix becomes 100% 

interface region), polymer morphology local to the nanostructure may 

be studied for further characterization and comparison with this study.  

2. For characterization and testing methods: 

a. New mechanical testing procedures should be implemented to test 

the mechanical properties of A-PNCs under different loading 

conditions like tension vs. compression, strength, toughness, etc. 

b. Sample preparation can be improved for better quality A-PNCs for 

further property enhancement. 

c. A detailed thermal and dynamic mechanical analysis can be studied 

for further investigation of A-PNCs multifunctional properties. 

3.  For modeling studies: 

a.  Rather than just modeling a unit cell (RVE) of an isolated wavy CNT 

embedded in a matrix, a parallel model arranged as staggered arrays 

can be considered.  

b. The studied strain amplitudes of the PNC RVE should be focused on 

a narrower region (between 40-400 µstrain) to differentiate the results 

between tension vs. compression loadings.  

c. The investigation of effective reinforcing modulus of the RVE (ERVE) 

should be studied for another DWNT case in which just the outer wall 
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carries axial load and inner wall contributes to bending (case 3 as 

described in Chapter 6). The already studied case-1 and case-2 

represent an upper and lower bound for the reinforcement capability 

of wavy DWNTs. 

d. More parametric studies should be performed for waviness ratios 

of DWNT RVE to investigate the effective reinforcing modulus of 

A-CNTs. 

e. Many modeling studies can follow in parallel with experiments; 

such as fracture toughness of A-CNT reinforced PNCs. 
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