Figure legends

Supplementary Fig. S1

Component of tattoo ink used as reference material was carbon black. (a) SEM image of
tattoo ink: uniform particles with diameters of about 40 nm were observed. Scale bar:
100 nm. (b) Raman spectroscopy of tattoo ink and carbon black: tattoo ink showed a
Raman shift similar to that of carbon black. D band: defect-induced mode; G band:
E2g2 graphite mode. (c) TEM image of tattoo ink and carbon black: Similar particles

were observed. Scale bar: 100 nm

Reproduced from reference 35 Hara, K. et al. Evaluation of CNT toxicity in comparison
to tattoo ink nanoparticles for use as a biomaterial. Mater Today 14, 434-440, 2011, with

permission.
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Finite element analysis of spine cage in the uniaxial compression test
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Fig. 1 Finite element analysis of the spine cage in the
compression test.
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Abstract In this study, the effects of fiber waviness on the effective elastic responses of CNT—polymer com-
posites are investigated based on the framework of micromechanics and homogenization. By taking advantage
of an ad hoc Eshelby tensor, the load-transfer capability of wavy carbon nanotube (CNT) embedded in the
polymer matrix is accounted for. Further, the effective elastic responses of composites are simulated by using
the multi-phase Mori-Tanaka method to study the influence of randomly oriented wavy CNT. It is demon-
strated that the proposed micromechanics-based closed form solution is effective to tackle the underlying
problem. The present predictions and the comparisons with the available experimental data indicate that the
CNT waviness leads to the degradation of effective responses of composites. Finally, in addition to the effect of
CNT waviness, the significance of CNT interface is briefly discussed based on the experimental observations.

1 Introduction

For applications where weight, stiffness, and strength are critical, polymers reinforced with carbon nanotubes
(CNTs) offer the potential for significant improvement over systems such as graphite fiber-reinforced poly-
mers. Other potential advantages of CNT-polymer composites include multifunctionality, increased energy
absorbance, improved toughness, and ease of manufacturing [1]. Therefore, CNT-polymer composites have
been increasingly studied due to their attractive properties and potential for a wide range of applications.
CNTs are predicted to have modulus values on the order of 1 TPa, with strengths several times that of graph-
ite fibers. Given the significance of the CNT’s mechanical properties, substantial improvement on current
composites should be possible by exploiting the CNT’s unique characteristics exhibited at the nanoscale and
the macroscale levels. In practice, a better understanding of the relationship between processing, interfacial
optimization, morphology, and composite properties is a major goal of this area of research. This may lead to
optimal reinforcement of polymer matrices with CNTs [2].

Much of the research on the preparation of CNT-polymer composites has been driven by a desire to exploit
the tube’s stiffness and strength. Even when the interest has been focused on other properties, the ability of
nanotubes to improve the mechanical characteristics of a polymer has often been a valuable added benefit.
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In early work, the measured properties were often disappointing, but such studies were of value in under-
standing the reasons for composite failure and in identifying the critical issues that need to be addressed. For
example, it was reported that the observed curvature of embedded CNTs or waviness significantly reduced
their reinforcement capabilities compared to straight CNTs [2]. It was also noted that other indistinguishable
factors can contribute to the low values measured in experimental data, including weak interfacial bonding,
insufficient dispersion, the nature of interaction between the polymer and CNTs, the size, shape, and orientation
of CNTs, the type of CNTs employed (single-wall, multi-wall, bundles, etc.), and degradation of the CNTs
due to processing.

As aresult of their very small diameters, CNTs are very flexible and therefore often observed to be curled
and looped rather than straight [3]. It is well recognized, based on numerous research on micro-fiber-reinforced
composites, that fiber-matrix interfacial shear stress is a critical parameter in controlling the efficiency of load
transfer. This significantly affects the mechanical properties of composites such as the elastic modulus, tensile
strength, and fracture toughness. Therefore, anticipated potential applications of CNT-reinforced compos-
ites demand a better understanding of the CNT-matrix interfacial characteristics [2-7]. Moreover, at present,
uniform distribution of CNTs within the matrix remains a challenging task in the fabrication process [8,9].
In practice, the reinforcing effect of the CNT agglomerate is countervailed by the fact that they also act as
flaws or stress concentration sites within the composites. The degradation of failure strain and tensile strength
associated with increase in CNT content suggests that CNTs are not well dispersed in the matrix. Accordingly,
the homogeneity of the composite is a critical issue for the mechanical behavior of composites [4,7,9,10].

In nanocomposites, the interactions between the CNTs and the matrix take place at the nanoscale level, but
they affect the mechanical response of composites at the macroscopic level. Nanoscale phenomena are often
studied by molecular dynamics (MD) simulations while the behavior at the macroscopic level is conveniently
studied with continuum mechanics. MD simulations are limited only to small volumes because of the intensive
computational requirements. Nanocomposites for engineering applications expand from nano to micro and
eventually to macro length scale, which must be addressed by other simulation approaches or combination of
MD with other approaches [11].

Continuum approaches based on continuum mechanics have also been applied successfully to simulate the
macroscopic responses of CNT-reinforced composites. The analytical models based on Eshelby’s equivalence
principle [12] aim at the analysis of a representative volume element (RVE) or representative area element
(RAE) in which the reinforcements are randomly distributed. The main advantage of Eshelby’s approach is that
it enables us to predict the full multi-axial properties and responses of heterogeneous materials, which are often
difficult to measure experimentally. In the literatures, Eshelby’s approach has been extensively used to predict
the effective mechanical properties of composites (e.g., [13—25]). Concerning the CNT-reinforced composites,
Fisher et al. [1,26] and Bradshaw et al. [27] adopted the FE analysis and the micromechanical framework
[14,15] to examine the influence of CNT waviness on the reinforcing capability of CNT and the effective elas-
tic properties of composites. In the literatures, the benefit of utilizing CNTs to improve the yield strength of a
material has not been adequately addressed. However, the low density, high stiffness, and high tensile strength
of CNT can make it a truly attractive reinforcing agent not just for its elastic stiffness. Correspondingly, Barai
and Weng [9] proposed a two-scale micromechanics model to investigate the effects of the CNT agglomeration
and the imperfect interface condition (cf. [28-31]) upon the elastoplastic behavior of composites.

To promote our understanding of new materials such as CNT—polymer composites, it is useful to develop
models to simulate the effective properties of those materials. An effective mean to accomplish this is the exten-
sion of traditional micromechanics and composite models that can address distinct characteristic of the materi-
als. Accordingly, in this study, the effects of CNT waviness on the effective elastic responses of CNT-polymer
composites are investigated in the framework of micromechanics and homogenization. By taking advantage of
an ad hoc Eshelby tensor, the micromechanical field equations are systematically presented. Based on a series
of parametric studies, the significance of CNT waviness is examined. Finally, in addition to the effects of CNT
waviness, the importance of the CNT interface is briefly discussed based on the experimental observations.

2 Effective elastic responses of wavy CNT-reinforced polymer composites
2.1 Load-transfer capability of wavy CNT

Based on the Mori—-Tanaka method [14,15,30], the effective stiffness of a composite is given as:

C =Cf1+4[C - C) e+ 1 - 9)8] '} M
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Fig. 1 Representation of fiber waviness [33]

where CO and C! are the fourth-order elastic stiffness of the matrix and CNT, respectively; I is the fourth-order
identity tensor; ¢ is the volume fraction of CNT. Further, to represent the high aspect ratio (length/diameter)
of CNT, the Eshelby tensor S for a long circular fiber is adopted in Eq. (1) as follows (cf. [30,32]):

5 -4y i)

S1111 = S1122 = S1133 = 0;  S2200 = 83333 = 80— l)0); 82211 = 83311 = 20— vo); 2)
4y —1 | 3 — 4y
2233 3322 TTES) 1212 1313 = 7 2323 80— 0) 3)

where vg signifies Poisson’s ratio of the matrix. It is worth noting some simplifications made in the model.
First, treating the inclusion as a solid cylinder neglects the hollow nature of CNT. Second, the specific form
of CNT (SWNT, MWNT, or NT bundle) is disregarded. Finally, any possible relative motion between the
individual shells or tubes in a MWNT and NT bundle is not taken into account [1].

For unidirectional fiber-reinforced composites, fiber waviness is a manufacturing defect occurring espe-
cially during the filament winding process. Layer waviness also occurs in thick cross ply or multi-directional
laminates due to the lamination residual stress built up during curing. In the literature, the analytical study
aiming for prediction of the major Young’s modulus of wavy composites was conducted by Hsiao and Daniel
[33]. In this research, the analytical approach by Hsiao and Daniel [33] is incorporated into the micromechan-
ical framework to investigate the effects of CNT waviness. Accordingly, it is assumed that the fiber waviness
of CNT is planar sinusoidal (Fig. 1):

2rx
— Asin 2% 4
v sin ——, 4

where A and L represent the amplitude and the length of the wavy fiber, respectively. By applying the suc-
cessive coordinate transformation, the stiffness of wavy-fiber-reinforced composite can be evaluated by the
following integral equation (Fig. 1):

L

_ 1 cosf® —sinf O
Con =7 [ 0wQigQurQuCrypsds, where 0y = sndcos0 0. )
1
0

To average the properties over the length of a fiber, it is necessary to relate angle 6 to the wave parameters A
and L as follows [33]:

A 27x\? s
m=cos9=|:1+(2nzcosT) ] , (6)
n=sinf = Zné cos Znx [1 + (23ré cos —2—@)2]_1/2 @)

L L L L ’
Subsequently, the integrals in Eq. (5) can be explicitly calculated as:
o 7 L 2
%/m4dx=m2_-i—-’:(—x%).3’/—2=ll; %/mznde=§('r_§a2)—3/2=12’ ®)
0 0
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Accordingly, the components in Eq. (5) can be explicitly expressed as:

Cunt = It (Cii11 — Chym) + 28 (Cliz — Cgp +2Chh10) + Coos (13)
Ciiz = L (Cliyy — 2CTi22 + Cagp — 4Cha13) + Chinas (14)
Cu133 = I (Clizp — C3233) + 2 (Clinz — Chaz3) + Conas, (15)
Caai1 = I2 (Cfyyy — 2C12 + Coapp — 4Chh1) + Clina,s (16)
Com = I (Co — Cti1y) + 12 (2CT1p +4CT1, — 2CT111) + Chiyys an
Co33 = 11 (Coy33 — Ci1na) + 2 (Coa33 — Chizg) + Chia, (18)
Caut = 1 + b) (Cli — C3y33) + Coas, 19
Cs322 = (I + D) (C3p33 — Cfina) + Chinas (20)
C3333 = Ciaa, (21)
Ci212 = I (Ci111 = 2CT100 + Coxpp — 4C10) + Chana, (22)
Ca323 = (I + I) (C33 — Cia1a) + Chanas (23)
Ci313 = (1 + b) (Cha1p — C333) + Coans. 24

The effective longitudinal Young’s modulus in the 1-direction, Ey,is given as:

| =—=——, where D=C"l. (25)
D111

Based on Eq. (25) and a simple volume summation, the reinforcing capability of wavy CNT is evaluated by
the following equation ([1,26,34]):

E1—(1-¢)E°
Evary = Jim E-C-9F (26)

—0 )

Figure 2 shows the variations of Ey,ayy associated with the waviness factor, w = A/L. As clearly displayed,
the fiber waviness significantly lowers the effectiveness of CNT. The present analysis tends to estimate higher
modulus compared to the FEM analysis [26] in particular for E!/E® = 1, 000 as exhibited by Fig. 2a. Further,
Fig. 2b illustrates the extent of relative degradation, Eayy/ E!, and the present analysis is relatively insensitive
to the value of E'/E°. The obtained result in Fig. 2a is similar to the result reported by Anumandla and Gibson
[34]. _ _

To reproduce Eq. (5) with the Mori-Tanaka method, we substitute C* = C and S = S in Eq. (1) as follows:

C=Cfl+g[C - e+ -0)3] '} @7



