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ABSTRACT

A unique mechanistic theory is described to predict the
properties of nanocomposites. The theory is based on
composite micromechanics with progressive substructuring
down to a nanoscale slice of a nanofiber where all the
governing equations are formulated. These equations have been
programmed in a computer code. That computer code is used to
predict 25 properties of a mononanofiber laminate. The results
are presented graphically and discussed with respect to their
practical significance. Most of the results show smooth
distributions. Results for matrix-dependent properties show
bimodal through-the-thickness distribution with discontinuous
changes from mode to mode.

INTRODUCTION

The research in the nanoscale technology has exploded
over the recent past. An indication of this explosion is that the
SAMPE (Society of Aecrospace Material and Processing
Engineers) Conference is devoting four sessions of about six
papers each in the last 3 years. These papers cover practically
all current research activities. The majority of the research is
devoted to processing because of the difficulties involved in
making a useful material [1]. A few investigators have been
fortunate to make some testing samples, which they
subsequently tested to obtain limited data [2]. A few other
investigators researched the characterization of fatigue [3] and
creep [4]. A couple of papers explored the construction of
nanocomposites for rocket ablative material [5] and for carbon
nanotubes for adaptive structures [6]. One paper ventured to
describe a computer simulation of macroscopic properties of
carbon nanotubes polymer composites [7]. However, there are
no results of what special macroscopic properties are included.
Reference 7 shows one stress strain curve and citation of
several references. One recent article [8] describes multiscale
modeling and simulation of nanostructural materials from

atomistic to micromechanics. This article does not include
information on nanocomposites, but it mentions that
mechanistic models will be needed in the end. It is becoming
abundantly clear that no holistic approach has been used to
investigate the mechanistic prediction of all nanocomposite
uniaxial properties: fabrication parameters (3), physical (10),
mechanical moduli (6), and uniaxial strengths (6), [9], which is
the objective of the research reported herein.

Herein a unique mechanistic method is described, which is
used to predict all 25 nanocomposite properties. The method is
unique because it is based on composite mechanics that are
reduced down to nanoscale by progressive substructuring. At
the nanoscale the same assumptions are made that are
consistent with those made in the composite mechanics. The
method is illustrated by applying it to an assumed nanofiber
aligned laminate of one nanofiber diameter 110 nm (2.756x10°°
in.). The properties are then predicted by all the composite
micromechanics equations, which are formulated on a thin slice
of the substructured nanofiber. The substructuring and the
equations are programmed in an in-house computer code called
ICAN/JAVA [10]. A logic block diagram of ICAN/JAVA for
application to nanocomposites is shown in figure 1. It is
assumed that the nanofiber is a graphite fiber (Pyrograf II,
Applied Sciences Incorporated) with modulus 1.0x10° psi and a
tensile strength of 0.8 million psi. The remaining properties are
estimated to be those from a Thornel 300 fiber (table 1) and
Intermediate-Modulus High-Strength Matrix (Epoxy), table 2.
The fiber volume ratio is about 0.05, and is about the same as
that for the Pyrograf (private communication).

It is important that the reader keeps in mind that the
emphasis herein is on the method used. The properties obtained
are for illustrative purposes only and will depend on the
specific input (tables 1 and 2). The simplified equations used
[11,12] are summarized before each corresponding set of
results presented.
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Table I. T300 Graphite Nanofiber (Pyrograf IT) Properties

Figure 1.—Mechanistic approach to nanocomposites mechanics.

Table II. Intermediate Modulus High-Strength Matrix (Epoxy)

Description Symbol
Number of fibers per end Nf
Filament equivalent diameter df
Weight density Rhof
Normal moduli (11) Ef11
Normal moduli (22) Ef22
Poisson’s ratio (12) Nufl2
Poisson’s ratio (23) Nuf23
Shear moduli (12) Gfl12
Shear moduli (23) Gf23
Thermal expansion coefficient (11)  Alfafll
Thermal expansion coefficient (22)  Alfaf22
Heat conductivity (11) Kfl11
Heat conductivity (22) Kf22
Heat capacity Cf
Dielectric strength (11) KeF11
Dielectric strength (22) Kef22
Dielectric constant (11) Gammall
Dielectric constant (22) Gamma?22
Capacitance Cef
Resistivity Ref
Tensile strength S{T
Compressive strength SiC
Shear strength SfS
Normal damping capacity (11) psillf
Normal damping capacity (22) psi22f
Shear damping capacity (12) psil2f
Shear damping capacity (23) psi23f
Melting temperature TMf

Value
1.0
2.756x10°°
0.064
1.0x10°
7.0x107
0.2
0.25
5.0x107
3.5x107
—-5.5%x1077
5.6x107°
444.0
4.0
0.22

0.0
8.0x10°
6.0x10°
4.0x10°
0.38
6.3
3.34
6.3
6000.0

Units
number
in.
Ib/in.**3
psi
psi
Nondimensional
Nondimensional
psi
psi
in./in./°F
in./in./°F
Btu/hr/ft*/°F/in.
Btu/hr/ft*/°F/in.
Btu/lb/°F
V/in.
V/in.
in/V
in./V
\
Q-in.
psi
psi
psi
%Energy
%Energy
%Energy
%Energy
°F

Conversion Factors: 110 nm=2.756x10" in.; psi=6.89 Pa; Ib/in*=1146 kg/cm’;

in/in/°F=(2/5); cm/cm/°C; Btu=1055 joules.
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Figure 2.—Unidirectional nanocomposite typical
section. (a) Nanocomposite. (b) Nanoply.

Description Symbol Value Units
Weight density Rhom 0.044 Ib/in. **3
Normal modulus Em  500000.0 psi
Poisson’s ratio Num 0.35  Nondimensional
Thermal expansion coefficient Alfam 3.6x107° in./in./°F
Heat conductivity Km  0.008681 Btu/hr/ft*/°F/in.
Heat capacity Cm 0.25 Btu/Ib/°F
Dielectric strength Kem 0.0 V/in.
Dielectric constant Gammam 0.0 in/V
Capacitance Cem 0.0 \%
Resistivity Rem 0.0 Q-in.
Moisture expansion coefficient Betam 0.0033  in./in./%moisture
Diffusivity Dm 2.16x10” in.**2/hr
Saturation Mm 0.0 Y%moisture
Tensile strength SmT 15000.0 psi
Compressive strength SmC 35000.0 psi
Shear strength SmS 13000.0 psi
Allowable tensile strain eps mT 0.02 in./in.
Allowable compression strain eps mC 0.05 in./in.
Allowable shear strain eps mS 0.035 in./in.
Allowable torsional strain eps mTOR 0.035 in./in.
Normal damping capacity psiNM 6.6 Y%energy
Shear damping capacity psiSm 6.9 Y%energy
Void heat conductivity Kv 0.0012 Btu/hr/in./°F
Glass transition temperature Tgdr 420.0 °F
Melting temperature TMm 0.0 °F

Conversion Factors: 110 nm=2.756x10"° in.; psi=6.89 Pa; Ib/in’=1146 kg/cm3;
in/in/°F=(2/5); cm/cm/°C; Btu=1055 joules

FUNDAMENTALS

The fiber alignment with uniform dispersion is not met in
nanocomposites. It is assumed herein that the fibers are aligned
only for predicting “point” through-the-thickness properties.
The fussiness can be simulated by estimating the angle of
single fibers through the thickness. Therefore, it is assumed that
an aligned unidirectional typical section of a nanocomposite is
as illustrated schematically in figure 2 on the left. A nanoply is
schematically shown in figure 2 on the right. It is interesting to
note that the substructuring into slices the monofiber nanoply is
not constrained by the maximum fiber volume ratio, even
though the monofiber was assumed to be in a square array with
a limiting fiber volume ratio of about 0.78. A block diagram
depicting a mechanistic approach to nanoscale mechanics is
shown in figure 1, as was mentioned previously. This diagram
shows the three major parts of nanoscale mechanics: (1) input,
(2) mechanics theory for through-the-thickness predictions of
properties, and (3) output. The input includes the constituent



material properties, the fabrication parameters, environmental,
and the loading conditions. The nanomechanics theory includes
all the equations that are required to predict the output. The
output includes the fabrication parameters as are present in the
nanocomposite, the physical properties, the mechanical
properties, and individual uniaxial strengths.

The properties prediction is expedited by the following
geometric diagrams: (1) A typical section of the nanocomposite
shown in figure 2(a) and a nanoply in figure 2(b). (2) An
exploded view of nanoscale isolation of a typical part is shown
in figure 3 with nanoscale dimensions. (3) A single nanofiber
schematic with substructuring is shown in figure 4(a), and a
typical subslice is shown in figure 4(b).

A nanosubply with its corresponding stresses is shown in
figure 5. All the nanomechanics predictive equations are
derived by using figure 5. The equations used are extensive;
they are all programmed in ICAN/JAVA [10]. Details are not
explicitly shown here because the emphasis is on the results
obtained and their practical significance. A simplified form of
the equation is summarized prior to predicted results. The
equations are for: (1) In situ nanofabrication parameters—fiber
volume ratio, matrix volume ratio, and void volume ratio; (2)
Mechanical properties—normal moduli, shear moduli, and
Poisson's ratios; and (3) Individual uniaxial stresses/strengths,
as shown in figure 5. As previously mentioned, all these
equations are programmed in ICAN/JAVA and are available for
obtaining the results that are subsequently described. This
approach has the unique advantage that it can be used directly
to predict nano, micro, macro, and structural properties of
composites as required in item 7 of reference 12.

RESULTS AND DISCUSSION
The results obtained are by assuming there is no interphase
and are discussed in the following order: (1) In situ fabrication

parameters; (2) Mechanical variables; and (3) Individual
uniaxial stresses/strengths.

Partial volumes:

Ply density:

Resin volume ratio:

Fiber volume ratio:

Weight ratios:

Ply thickness (S.A.):

Interply thickness:

Interfiber spacing (S.A.):
Contiguous fibers (S.A.):

kf+km+kv =1
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Figure 3.—Nanoscale isolation of a typical part (units are in inches).
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Figure 4.—Nanofiber substructuring. (a) Several slices through the
thickness. (b) Nanofiber sliced.
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Figure 5.—Nanostresses on a nanosubply (units are in inches).
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Figure 6.—Micromechanics and geometric relationships.



In Situ Fabrication Parameters 8x10-6
The in situ fabrication parameters include the fiber volume

ratio, the matrix volume ratio, and the voids volume ratio. The 61
equations used for these parameters are summarized in figure 6. sy
The in situ fiber volume ratio is graphically plotted through the 2

nanoply thickness in figure 7. As can be seen, it starts at zero
and rises up to 0.25. The fiber volume ratio distribution
illustrated in figure 7 is a result of the substructuring of the
single fiber into 10 subslices. The practical significance of that
distribution is that the damage will most probably initiate at the 6 l | | | 1in. = 2|-54 cm. |
genter qf the .lamlnate. Figure 7 is also 1nstmct1ve in —%.00 0.05 0.10 015 0.20 0.25 0.30
interpreting the input fiber volume ratio of 0.05, which shows ) o o

that the in situ fiber volume ratio will be a weighted average Fe G e el Db U DL
compared to its through-the-thickness distribution.

o

Thickness from center, in.

The in situ matrix volume ratio is shown graphically in 8x10-6
figure 8. Its distribution through the nanolaminate thickness is c 6L
the complement of the in situ fiber volume ratio. It starts at one, 8 a4l
at the matrix region, and decreases progressively to about 0.75 5
at the center. This very small amount of matrix volume ratio ; 2
will definitely cause stress risers at this point and damage to g 0F—
initiate. It is also interesting to note that the average matrix § -2 -
volume ratio of 0.95 is a weighted average through the % 4
thickness as can be deduced from figure 8. Because the two S 5L e
distributions are complementary, the sum of the two must equal 3 T A T B "‘1' i Cl .
one at any one-fiber/matrix volume ratio in the absence of 0.70 075 0.80 0.85 0.90 0.95 1.00
voids. These plots are presented here to illustrate their variation Figure 8.—Nanoscale insitu fabrication parameter, k.
through the thickness of a single fiber ply nanocomposite.
The void volume ratio is plotted in figure 9. Note that the 8x10-6
void volume ratio is constant through the thickness. It is [
constant because it is assumed in the theoretical development E 6
that in each slice the void volume ratio is a constant, which is 2 4
the input value and that the properties are predicted for one 8 2L
void volume ratio which is “0.” g b
22|
Mechanical Properties o
These properties include all the information that is needed 34
to perform a stress and or displacement analyses. Included are -6 1in. =2.54 cm.
moduli, Poisson's ratio, and uniaxial strengths as described -8 ' ' ' ! ' '
below 0 ' 1 2 o 3 o 4 5 6x10—2
Figure 9.—Nanoscale insitu fabrication parameter, k.
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E
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Figure 10.—Composite micromechanics and mechanical properties.



Moduli

The equations used for these properties are summarized in
figure 10. The longitudinal modulus is shown graphically in
figure 11. The graph starts with the matrix modulus, which is
relatively low in the scale of the abscissa. It increases gradually
to its maximum value at midheight and it is symmetric as
would be expected. Note that the highest value is close to
2.5x10® psi, which is at about 0.25 of the fiber volume ratio for
a fiber whose modulus is 1.0x10° psi.

The transverse modulus is plotted in figure 12. This value
starts at the matrix value and increases gradually to its
maximum value at midheight. Note that the maximum value for
this modulus is about 1.0x10° psi. This low value results from
the very low fiber volume ratio (0.05). The important point here
is that this nanocomposite is highly anisotropic at about 250/1.

The in-plane shear modulus is plotted graphically in
figure 13. This plot is analogous to the transverse modulus but
one-third the scale in the abscissa. It reaches its maximum
value at midheight by increasing gradually from the matrix
shear modulus to that value. One observation is that the trans-
verse and shear moduli are matrix-controlled quantities and
their respective nanocomposite values are expected to be low.

The through-the-thickness shear modulus is plotted
graphically in figure 14. It is the same as the in-plane shear
modulus. The reason is that they are both matrix dependent and
the fiber shear moduli are relatively low.

Poisson's Ratios

The major Poisson’s ratio is plotted in figure 15. It can be
seen that it starts at its maximum value (the average value at
0.05 fiber volume ratio) and decreases gradually reaching its
minimum value of about 0.29 at midheight. It can also be
observed that the graph is a well-behaved function.

The through-the-thickness Poisson's ratio is plotted
graphically in figure 16. Observe that this is a peculiar plot. It
starts from an average value of the Poisson's ratio of the matrix,
rapidly increases to point 0.651 and then progressively
decreases to a lower value of about 0.58 at midheight, and it is
symmetric. The only explanation at this time is that the
restraints of the substructured layers at the nanoscale cause this
bimodal behavior. This is the last moduli property of the
mechanical properties of a unidirectional nanolaminate.
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Figure 11.—Nanoscale mechanical property variable longitudinal
modulus, E¢11 (Ib/in.2).
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Figure 12.—Nanoscale mechanical property variable transverse
modulus, E» (Ibfin.2).
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Uniaxial Nanocomposite Strengths
The equations used for predicting these properties are

summarized in figure 17. The uniaxial strengths of interest in
nanocomposite  designs are longitudinal tension and
compression, transverse tension and compression, in-plane
shear, and through-the-thickness shear. Below each of these is
discussed in some detail.

Longitudinal Tension

The longitudinal tensile strength is plotted graphically in
figure 18. The plot is symmetric about the midheight and it is
analogous to that of the longitudinal modulus (fig. 11). The
fiber strength of course is about three orders of magnitude less.
It is observed that this strength behaves normally. It starts at a
strength compared to matrix (about 103.5 MPa (15 ksi)) and
increases gradually to its highest value (about 1.38 GPa
(2.0x10° psi)) at mid height. This very high value for tensile
strength results from an input value of 5.52 GPa (8x10°) psi for
the nanofiber.

Longitudinal Compression

The longitudinal compression strength is plotted
graphically in figure 19. It starts at the matrix compressive
strength (about 241.2MPa (35 ksi) and increases rapidly to its
highest value, which is about 1.102 GPA (160 ksi) at the
midheight of the nanolaminate. Then it decreases
symmetrically to about the compressive strength of the matrix.

Transverse Tensile Strength

The nanocomposite transverse strength of a unidirectional
laminate is plotted graphically in figure 20. As can be seen in
the figure, it starts at the transverse tensile strength of the
matrix, about 103.4 MPa (15,000 psi) and decreases very
rapidly to about 78 MPa (11,300 psi) at the midheight of the
nanolaminate.

Transverse Compressive Strength

The transverse compressive strength is shown graphically
in figure 21. The behavior of this strength is comparable to the
transverse tensile strength (fig. 20). The comments made in that
figure apply to this figure as well.
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Figure 16.—Nanoscale mechanical property Poisson’s ratio, vz3 (in./in.).
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Figure 17.—Composite micromechanics, uniaxial strengths, in-plane.
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Figure 18.—Nanoscale uniaxial longitudinal tensile strength,
ST (Ib/in.2).
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Figure 20.—Nanoscale uniaxial transverse tensile strength,
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Figure 22.—Nanoscale uniaxial in-plane shear strength, S,125 (Ib/in.2).
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Figure 23.—Nanoscale uniaxial transverse tensile strength,
Se3T (Ib/in.2).

Intralaminar Shear Strength

The intralaminar shear strength is plotted graphically in
figure 22. The behavior of this strength is comparable to the
two transverse strengths except that scale is a bit lower. The
comments made for those two strengths apply to the
intralaminar shear strength as well.

Interlaminar Shear Strength

The interlaminar (through-the-thickness) shear strength is
plotted graphically in figure 23. This strength has analogous
behavior as the intralaminar shear strength except that it
reaches about 68.9 MPa (10,000 psi). Then it reverses
symmetrically. The practical significance of this behavior is
that the matrix-bounding interface needs to be very thin
otherwise the unidirectional nanolaminate will have very little
transverse and shear strengths.

This property is the last of the mechanical properties. All
the fabrication parameters and the mechanical properties
moduli and uniaxial strengths of the unidirectional (fiber
aligned) nanolaminate have been completely characterized
computationally.

CONCLUDING REMARKS

The salient remarks from an investigation to characterize

an aligned monofiber nanolaminate are as follows:

1. The characterization for the nanolaminate (composite)
was based on a series of progressive substructuring
down a sliced single-diameter fiber where all the
equations are based.

2. The theoretical development and all the equations are
included in a computer code called ICAN/JAVA.



3. The characterization includes the following 15
properties: in situ fabrication parameters (3), and
mechanical properties (12) (6 moduli and 6 uniaxial
strengths).

4. These properties are plotted graphically versus the
nanolaminate thickness as ordinate.

5. The nanolaminate investigated consists of single
nanofiber laminate with 0.05 weighted fiber volume
ratio.

6. The nanofiber diameter is 110 nml (2.75 6x10°) in.

7. All the figures are symmetric about the midheight;
most of them exhibit continuous behavior as would be
expected. There is one exception: the through-the-
thickness Poisson's ratio exhibits bimodal symmetric
behavior.

8. The formulation and results therefrom are possible
where the fiber diameter is a variable in the
formulation and including the fiber, matrix, and void
volume ratios input quantities into the computer code.
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