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Abstract

A numerical fiber pullout model tailored for carbon nanotube (CNT) reinforced

polymer composites is developed based on some classical models, to evaluate the effect

of low temperature environment and other parameters to the stress distribution and

stress transfer efficiency in CNT/polymer composites. It is assumed that there are no
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bonding between CNTs and polymer so only frictional slip occurs in the interface.

Results show that the required axial stress to pull out a straight CNT at cryogenic

temperature is more than 6 times greater than that required at room temperature. Some

other parameters, such as the length of CNT and the modulus of polymer, also influence

the stresses in the CNT/polymer model. The model is also applied to coiled carbon

nanotubes (CCNTs) which are newly-developed carbon nanotubes with a helical

configuration. At cryogenic temperature, a greater stress is required to pull out a CCNT

than a straight CNT, especially in the case when the pitch angle of CCNT is less than

60°. Hence, the stress transfer in CCNT/polymer composites is better than that in

straight CN'T/polymer composites.

Keywords: A. Particle-reinforcement; B. Fiber/matrix bond, Residual/internal stress; C.

Numerical analysis; Cryogenic

1. Introduction

The use of carbon nanotube (CNT) reinforced polymer composites as structural

parts in the aerospace industry has been a cutting-edge technology in recent years.

According to some technical reports published by NASA [1, 2], using CNT/polymer

composites will be the new weight-saving solution. The high specific strength to weight

ratio and electrical conductive properties of CNTs make CNT/polymer composites



suitable for many aerospace structures [3, 4]. CNTs are also incorporated into carbon

fiber/polymer composites to improve their electrical and thermal conductivity, which

are very important properties for dissipating lighting energy [2, 5].

However, extremely low temperature condition will be encountered by these

composite aerospace structures during their service in the low earth orbit. The

temperature can be down to the cryogenic condition which is —150°C or lower [6, 7].

As the coefficient of thermal expansion of polymer is very much greater than that of

CNT, a huge thermal stress will be built up when the composite experiences a

temperature change from room temperature to cryogenic temperature. Previous

experimental results demonstrated that this thermal residual stress significantly affected

the mechanical properties of CNT/polymer composites by enhancing the interfacial

properties between CNT and polymer [8, 9]. Yet, to the best knowledge of the authors,

there are no existing numerical models that can verify the importance of this stress,

especially for CNT/polymer composites, and express it quantitatively. Therefore, it is

essential to develop a numerical model with the consideration of this thermal residual

stress.

The classical fiber pullout model developed by Zhou et al. [10] has been used to

predict the stress distribution along different solid fibers in a single fiber pullout test for



many years [11, 12]. The model accounts for the interfacial properties of the composite

including the radial stress due to thermal contraction during curing and also the radial

stress acting on fiber due to the difference in Poisson’s ratio. In most cases, the matrix

has a greater coefficient of thermal expansion then fiber. During curing, matrix contracts

at a greater extend then fiber so thermal stress will be induced onto fiber. Similarly, the

Poisson’s ratio of matrix is usually greater than fiber so a radial clamping force will be

induced onto fiber during loading. These two radial compressive stresses significantly

affect the interfacial properties. Zhou et al. developed a numerical expression for the

radial stress due to the difference in Poisson’s ratio but only represents the radial stress

due to thermal contraction by a constant q,.

Chai et al. [13] proposed a fiber push-out model based on the model developed by

Zhou et al. Instead of just expressing the thermal residual stress by a constant, a

numerical expression relating the material properties to the stress was set up by their

team to calculate the thermal residual stress. This expression can also be used to

calculate the thermal residual stress built up during conditioning from room temperature

to cryogenic temperature in the current problem. The composite is assumed to be placed

in cryogenic environment for a long period of time before performing the pullout test in

the same environment, so thermal residual stresses are built up before the test. Both the



models developed by Zhou et al. and Chai et al. are for solid fiber only. They cannot be

directly used for shell fibers like CNTs. Therefore, modifications are needed.

Besides, the models proposed by Zhou et al. and Chai et al. consider three different

interfaces between fiber and matrix including fully bonded, partially bonded and fully

debonded. The main assumption for a bonded interface is that fiber and matrix should

be perfectly bonded, which is not a common phenomenon in a CNT/polymer composite.

For this reason, the whole CNT is assumed to be fully debonded in the current model.

The present study aims to develop a fiber pullout model tailored for CNT/polymer

composites based on the classical models for solid fibers. The thermal residual stress

due to cryogenic testing environment is taken into consideration and its effects to the

overall stresses in the composite are evaluated. This model is also used to study the

effect of some physical and geometrical parameters, such as CNT weight percentage

and length, to the stresses in the composite at cryogenic environment. Though only

CNT/polymer composites are investigated in the present study, the model can literally

be used for all hollow fiber reinforced composites.

Coiled multi-walled carbon nanotube (CCNT) is a newly-developed kind of carbon

nanotube with a helical configuration. Figure 1 shows a scanning electron microscope

(SEM) image of CCNTs [9]. In both room temperature and cryogenic temperature,



experimental results revealed that CCNTs exhibited better reinforcing efficiency with

polymer matrix than straight multi-walled carbon nanotubes (MWNTs) [9, 14]. As

CCNT/polymer composites are new to researchers, there are very limited studies that

quantitatively predict their mechanical behaviors, especially at low temperatures [15].

The straight CNT pullout model developed is also used to predict the effect of the pitch

angle of coil to the stresses in CCNT/polymer composite in a fiber pullout test. The

results in both room temperature and cryogenic temperature are compared.
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Fig. 1. SEM image of CCNTs [9]

2. Theory

2.1 Geometry of the model

Figure 2 shows a schematic diagram of the CNT pullout model used in the current

study. A straight CNT with an outer radius a is embedded into a cylindrical matrix with

radius b. The CNT and the matrix are concentric along the z-axis. The total length of



the composite is L. The CNT is considered as a number of concentric hollow tubes. p,,
h and d correspond to the non-relaxed radius of the innermost wall, the thickness of
one wall and the spacing between layers [16]. Figure 3 shows a schematic diagram of a
MWNT. The number of walls is represented by N. When N = 1, it is a single-walled
carbon nanotube (SWNT). The outer radius a of a CNT can be expressed as:
a=py+dN-—-1) (1)

Yet, CNTs have end caps. In real CNT/polymer composites, only the outermost
wall is in contact with matrix. According to Lau et al. [17], the inner walls do not have
much contribution to the load carrying capacity since the Van der Waals force between
walls is very weak. Thus, a MWNT can be treated as a SWNT with larger outer radius.

The effective cross-sectional area A,f; of the CNT can then be given by

Aepp = 2mh[py + d(N — 1)] (2)
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Fig. 2. Schematic diagram of the CNT  Fig. 3. Schematic diagram of a MWNT

pullout model

2.2 Governing differential equations

During CNT pullout, the axial stress and interfacial shear stress on both CNT and

matrix should be at equilibrium. The differential equations for the axial stress of CNT

oyt (z) and axial stress of matrix o,,(z) can therefore be written as:

dont(Z) _ __ 2ma

dz - Aeff T(Z) (3)
dom(z) _ 2a

el roared C)) (4)

where 7(z) is the interfacial shear stress. Let y be the area ratio of CNT to matrix,
Le.:
= _Aerr
Y= m(b%-a?) )
The axial stress of matrix ¢,,(z) can then be simplified into:

dopm(z) _ 2ma

w0 = Ty 1(2) (©)
2.3 Radial stresses
According to Zhou et al., frictional slip occurs in the fully debonded interface. The
stress transfer at the interface is assumed to be governed by Coulomb’s friction law with

i being the coefficient of friction. The interfacial shear stress 7(z) can then be

expressed by:

7(2) = pq(2) (7



where q(z) refers to the interfacial radial stress. In the present problem, q(z) is
assumed to be composed of the radial stress due to residual thermal stress g, and the
radial stress due to Poisson’s effect q,(z) only. Hence:
7(2) = —plqo — qa(2)] (8)

qo 1s a constant as the temperature of the testing environment is constant
throughout the whole CNT pullout process. As suggested by Chai et al., it can be
numerically expressed in terms of the Young’s moduli of matrix E,, and CNT Eyr, the
coefficients of thermal expansion of matrix «,, and CNT ayr, the Poisson’s ratios of
matrix v, and CNT vyr, the change in temperature and the geometrical factors of the
model. In order to take the low temperature environment into consideration, the change
in temperature is expanded into two constants namely the change in temperature during

curing AT¢yring and conditioning ATongitionings 1-€-:

Em(a@m—anT) (ATcuring +ATconditioning) (9)
a(1-vy7)+(1+2y+vy)

o =
Since the change in temperature during curing and conditioning are both negative in the
present case, g, must be negative which represents a radial compressive stress.

The stress due to Poisson’s effect q,(z) varies along the z-axis as it is related to
the axial stress of CNT and matrix. It was calculated according to the general

relationships between stress and strain by Zhou et al.:



anUNT(Z)_UmO'm(Z)
a(1-vn7)+(1+2y+vy)

qa(2) = (10)
where «a is the Young’s modulus ratio of matrix E,, to CNT Eyr. Inserting equation

(9) and (10) into (8), the differential equations for the axial stress of CNT oyr(z) and

matrix o,,(z) become:

dont(2z) _ _ 2map [_ Em(am—aNT) (AT curing +AT conditioning) avaNT(Z)_vam(Z) ] (1 1)
dz Aefy a(1—-vn7)+(1+2y+vy) a(1-vnr)+(A+2y+vy)

dom(z) _ 2mayp [_ Em(am—aNT)(AT cyring +AT conditioning) avf‘TNT(Z)_vam(Z) ] (12)
dz Aeff a(1-vy7)+(1+2y+vy) a(1-vn7)+(1+2y+vy)

2.4 Solutions

In a typical CNT pullout test, an axial stress o is applied onto the CNT at z = 0

while the matrix is free of stress. At z = L, the CNT is free of stress while an axial

stress of ya, is applied onto the matrix. Thus, the boundary conditions for the present

problem are oyr(0) = gy, 6,,(0) =0, oyr(L) =0 and o,,(L) = yay.

By solving the differential equations with the boundary conditions, the following

solutions describing the stresses in a CNT pullout test at low temperature can be

obtained:

onr(2) = 6y — w(G — 0p)[e?* — 1] (13)
o (2) = yw(G — op)[e?* — 1] (14)
©(2) = 22L2 (G — gy)e (15)
where
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avf

- avetyvm (16)
=_ 9
=10 (17)
1= 2mauk (18)
Aeff
_ ave+yvm (19)

- a(1-vp)+(1+2y+vm)

2.5 Stresses in CCNTs

According to Hao et al.,, a coiled reinforcement can be modeled as a straight

reinforcement that is inclined at every point along its length [18]. The pullout load can

be decomposed into a parallel pullout force and also a perpendicular bending force

which changes the direction of the fiber during pullout [19]. Figure 4 shows the

relationship between the stresses and the pitch angle of coil 6 in a CCNT/polymer

composite.
Applied
Bending vertical stress o,
stress gy
0 Pullout
stress oy,
-
- -
— — 6 - ==
pitch angle of coil
z-axis =
L
A CCNT A CCNT/polymer composite

Fig. 4. The relationship between the stresses and the pitch angle in a CCNT/polymer
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composite

Let the applied vertical stress to pullout the CCNT be o, the axial pullout stress be
0, and the bending stress be g;,. L is the unwound length of the CCNT. The applied
axial stress g, at z=0 (boundary condition) from the straight CNT pullout model in
section 2.1-2.4 is then the axial pullout stress g, of CCNT. g, can be expressed in
terms of the applied vertical stress o, and the pitch angle 6:
Oo

oy = (20)

sinf

The total interfacial shear stress of a spiral fiber reinforced composite 7. at the exit

point (z=0) composes of two stresses, including the interfacial shear stress due to radial

compression 7, and the interfacial shear stress due to bending compression 7, at the

exit point [20], i.e.

Tc =T, 1+ Ty (21)

T, 1s the interfacial shear stress of straight CNT. According to the previous pullout

model, 7, equals to zero at z=0. 7, is the interfacial shear stress due to the point stress

0, which acts only on the exit point. It moves along the axial position of CNTs during

pullout. By Coulomb’s law of friction, 7, can be expressed in terms of the coefficient

of friction between CCNT and matrix pu, the applied vertical stress o, and the pitch

angle 0:

Tp = U0y = Uo,cos6 (22)
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Since 7, = 0 at z=0, by substituting equation 20 and 22 to 21, the interfacial shear

stress of a CCNT/polymer composite is then:

T, = o,cotl (23)

The only unknowns in equations 20 and 23 are the coefficient of friction, the pitch

angle and the applied axial stress for straight CNT. The first two are material constants.

The applied axial stress can be obtained from the straight CNT pullout model and it

varies with temperature. Hence, the stresses in a CCNT/polymer composite at low

temperature can be predicted easily with these equations.

3. Results and discussion

Graphs are plotted according to the expressions obtained in section 2 to analyze the

effect of different physical parameters to the stresses in composites. The material

constants used are from some previous works done by other researchers [14, 21-24] and

also experiments done by our team. Table 1 shows a list of material constants while

Table 2 shows the general geometric parameters of the CNT used in the current study.

Table 1 Material constants

Item Value

Young’s Modulus (GPa) | Matrix at 293K E}, 93¢ 2.80
Matrix at 123K E}, 123k 4.40
Matrix at 100K E}, 190k 4.70
Matrix at 77K Ey, 77 5.00
Carbon nanotube Eyr 1000

Poisson’s ratio Matrix vy, 0.48
Carbon nanotube vy 0.2
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Coefficient of Matrix a,y, 6.5x107°
thermal expansion (K1) | Carbon nanotube ayr 0.1x1075
Coefficient of friction u 0.48
Change in temperature during curing ATcyring (K) -40

Table 2 General geometric parameters of carbon nanotube

Item Value

Thickness of one wall h (m) 6.17x10711
The non-relaxed radius of the inner most wall p, (m) 6.94x107°
Spacing between layers d (m) 3.4x10710

3.1 Straight carbon nanotubes

3.1.1 The effect of cryogenic temperature environment

To evaluate the effect of cryogenic temperature environment to a straight

CNT/polymer composite in a pullout test, the axial stress along CNT oy (z) and the

interfacial shear stress in the CNT/polymer interface t(z) are plotted with respect to

the dimensionless axial position (z/L) (Figure 5(a) & (b)). Three cryogenic temperatures,

77K, 100K and 123K, are selected. The CNT is assumed to have 10 walls and a length

of 2um. The weight percentage of CNT is 1%.

From the graphs, a greater axial stress is required for a greater temperature change

from curing to conditioning, i.e. lower testing temperature. The axial stress required to

pull out a CNT at liquid nitrogen temperature (77K) is around 6.5 times larger than that

required at room temperature (293K). The difference in interfacial shear stress is even

more obvious. The interfacial shear stress at the CNT end at 77K is around 8 times

14



larger than that at 293K which indicates that the clamping force acting on CNT by

polymer, due to thermal expansion mismatch, mechanically improves the interfacial

bonding.

The characteristic length for stress transfer has longed been an important parameter

for evaluating the fiber pullout behavior in composite materials. It refers to the length

where the axial stress increases from zero dramatically to a saturated value while the

interfacial shear stress decreases dramatically and vanishes [25]. The shorter the

characteristic length, the more efficient the stress transfer is, when efficiency is in terms

of length [26]. From Figure 5(a) & (b), the characteristic length for stress transfer is the

same for all temperatures. Hence, it can be concluded that low temperature testing

environment increases the required stress to pull out a CNT but has no effect to the

stress transfer efficiency with respect to CNT length.
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Fig. 5. (a) Axial stress along CNT and (b) interfacial shear stress with different testing

temperatures

3.1.2 The effect of CNT weight percentage

The effect of CNT weight percentage to the mechanical properties of CNT/polymer

composites has been a hot research direction for scholars [27-31]. In the current model,

different weight percentages of CNTs are defined as different radii of the cylindrical

matrix. The greater the weight percentage of CNTs, the smaller the radius of the

cylindrical matrix is. Figure 6(a) & (b) shows the axial stress along CNT and the

interfacial shear stress with different weight percentage of CNTs at 77K. The graphs

show that for different weight percentages, the axial stress required to pullout the CNT

from matrix remains nearly constant and the interfacial shear stress is similar along

nearly the whole fiber length. These phenomena were also observed in previous

literatures [22, 32].

There is much variation in the characteristic length for stress transfer when

different weight percentages of CNT are used. The characteristic length decreases with

increasing weight percentage which indicates that the stress transfer efficiency in terms

of CNT length is higher in greater weight percentages. The optimal weight percentage is

around 7% for the present case. At this percentage, the stiffness of the slope near the

16



CNT end almost reaches a maximum. Further increasing the percentage will have nearly

no effect on the stress transfer efficiency.
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Fig. 6. (a) Axial stress along CNT and (b) interfacial shear stress with different CNT
weight percentages at 77K

3.1.3 The effect of CNT wall number

Aerospace structure designers utilize different kinds of CNTs including

single-walled CNTs, double-walled CNTs and few-walled CNTs to make

nanocomposites [1, 2, 33-35]. As mentioned in the previous session, only the outermost

wall of CNT carries load in a CNT/polymer composite. Different number of walls

affects the outer radius of CNT, which is governed by equation (1). The greater the wall

number, the greater the outer radius of CNT is. Besides, the carbon content in one CNT

increases with increasing number of walls. Thus, using CNTs with a smaller wall

number increases the volume fraction of CNT in a CNT/polymer composite for a given

17



weight percentage (1%). This is represented by a smaller radius of the cylindrical matrix
in the current model.

The trend shown in the graphs for different CNT wall number at 77K (Figure 7(a)
& (b)) is similar to that shown in section 3.1.2. The required axial stress to pull out the
CNT from matrix is the same for all kinds of CNTs. Yet, the characteristic length for
stress transfer increases with increasing wall number. The stress transfer efficiency is
the highest in single-walled CNT since it has the greatest surface area to volume ratio
and also, the total number of CNTs in a single-walled CNT/polymer composite is the

greatest for the same CNT weight percentage.
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Fig. 7. (a) Axial stress along CNT and (b) interfacial shear stress with different CNT
wall number at 77K
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3.1.4 The effect of CNT length

Different CNT lengths (0.5, 1, 2, 4, 5 um) are applied to the numerical model to

study their effect to the stresses in the composite at 77K. In this case, the CNT was

assumed to have 10 walls and the weight percentage is 1%. Figure 8(a) & (b) show the

stresses. In general, a greater axial stress is required to pull out a CNT with longer

length. The interfacial shear stress decreases with increasing CNT length which is

similar to the behavior observed by Jia et al. and Duncan et al. [36, 37] for room

temperature testing environment.

From the graphs, the characteristic length for stress transfer increases with

decreasing CNT length. For a CNT length of 0.5um, the saturation point cannot even be

attained. Stress cannot be fully transferred between CNT and polymer so the CNT will

be pulled out very easily. To optimize the stress transfer efficiency, the optimal CNT

length was found. It is around Sum for the present case, where the characteristic length

for stress transfer is the shortest. Further increasing the length will have nearly no effect

to the stresses in the composite.
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Fig. 8. (a) Axial stress along CNT and (b) interfacial shear stress with different CNT
lengths at 77K

3.1.5 The effect of polymer modulus

Many different kinds of polymer matrix are used for fabricating aerospace

composites, including phenolic, polyester and epoxy. Their elastic moduli at room

temperature range from 0.8GPa to 3.2GPa while in cryogenic temperature; they are

approximately three times greater [38-40]. The variations in axial stress along CNT and

interfacial shear stress at 77K, when different polymer moduli are used, are shown in

Figure 9 (a) & (b). The axial stress required to pull out a CNT is nearly the same for all

moduli, yet, the characteristic length for stress transfer varies. Composites with a

smaller matrix modulus show a longer characteristic length which means lower stress

transfer efficiency. The optimal matrix modulus is approximately 8GPa in the present
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case and further increasing the modulus will have very small effect on the fiber pullout

behavior of CNT/polymer composites.
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Fig. 9. (a) Axial stress along CNT and (b) interfacial shear stress with different polymer
modulus at 77K

3.2 Coiled carbon nanotubes

As mentioned in section 2.5, a CCNT can be considered as a straight CNT with an

inclination which is characterized by the pitch angle of coil. To understand the effect of

pitch angle to the stresses in CCNT/polymer composites at low temperature, graphs of

the required vertical stress and interfacial shear stress at the exit point versus pitch angle

are plotted (Figure 10 (a) & (b)). A pitch angle of 90° corresponds to the case of

straight CNT. In general, the stresses at cryogenic temperature are higher than that at

room temperature, which is consistent with the results for straight CNT as shown in

Figure 5.
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At both temperature conditions, the required vertical stress to pullout the CCNT

does not change much as the pitch angle decreases from 90° to 60°. When the pitch

angle is further decreased, the two curves depart from each other, first gradually, then

drastically. That means a significantly greater force is required to pullout a CCNT than a

straight CNT at cryogenic temperature, if the pitch angle is small enough. The

interfacial shear stress at the exit point (z=0) behaves similarly, except that both curves

start from zero at 90°. The gap between them becomes greater and greater as the pitch

angle decreases. The graphs indicate that at low temperature condition, CCNTs with

small pitch angle are more difficult to be pulled out than straight CNTs. Previous

experimental results showed that CCNT/polymer composites were much stiffer than

straight CN'T/polymer composites at cryogenic condition [9]. This phenomenon can be

well-explained by the current model. Since CCNTs are more difficult to be pulled out,

the stress transfer efficiency between CCNT/polymer composites is better than that in

straight CNT/polymer composites. It consequently leads to a greater stiffness in

CCNT/polymer composites. Hence, CCNTs are very effective reinforcement for

polymers to be servicing at cryogenic temperatures.
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Fig. 10. (a) Required vertical stress versus pitch angle of CNT and (b) interfacial shear
stress at z=0 versus pitch angle of CCNT

Conclusion

A numerical fiber pullout model tailored for CNT/polymer composites is

developed to evaluate the effect of low temperature testing environment and other

parameters to the stress distribution and stress transfer efficiency in composites. It is

assumed that there are no bonding between CNTs and polymer. Only frictional slip

occurs in the interface. Graphs on the axial stress of straight CNTs and the interfacial

shear stress between CNT and matrix are plotted. Results from numerical analysis on

straight CNTs show that the required axial stress to pull out a CNT at cryogenic

temperature is more than 6 times greater than that required at room temperature. The

model is also applied to CCNTs. It can be seen from the graphs that at cryogenic

temperature, a greater stress is required to pull out a CCNT than a straight CNT,
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especially in the case where the pitch angle of CCNT is less than 60°. Hence, the stress

transfer efficiency in CCNT/polymer composites is better than that in straight

CNT/polymer composites.
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