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Abstract

Lightweight materials are an important component of the design of aerospace struc-
tures. Carbon nanotube materials have been considered for this purpose due to the
strength and stiffness of individual nanotubes, and the commercial availability of
bulk formats such as fibers. These fibers can have a ribbon cross section which results
in a different design space for their composites relative to traditional reinforcements
which have a round cross section. This work applies brick-and-mortar micromechan-
ical models and classical lamination theory with an inverse approach to investigate
the design space of these composites. Using this approach, the influences of fiber
geometry and axial and transverse mechanical properties are mapped. Finally, a
sensitivity study is performed and the relative impacts of £10% variations in the
constituent material and geometric properties are ranked. Lamina axial moduli
were found to range from a maximum of 3x to 1x minimum relative to a target
quasi-isotropic laminate modulus depending on the anisotropy and shear modulus
of the lamina. The fiber targets depended strongly on the fiber volume fraction
in the lamina and the fiber axial modulus target was found to range from 4.8x to
3.2x the quasi-isotropic laminate target. The sensitivity analysis found that the
largest driver of performance was the volume fraction, followed by the fiber axial
modulus. While bio-based brick-and-mortar composites, such as nacre, can benefit
from reinforcement aspect ratios above 10, for carbon nanotube ribbon (or carbon
fiber) /polymer composites the sensitivity study indicated that the optimal cross-
sectional aspect ratio was relatively smaller, potentially less than three.
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1 Introduction

Advances in lightweight structural materials are important for aerospace applications where reductions
in the structural mass budget for payloads or vehicles can allow more mass for scientific instruments and
enable new mission designs [1]. Carbon nanotubes have been considered as reinforcement in polymer matrix
composites due to the strength and stiffness of individual nanotubes, and the commercial availability of
bulk nanotube formats such as fibers, sheets, and pulp [2—4].

Carbon nanotube fibers are commercially available in a format with a ribbon cross section [5]. Most
commercial fiber reinforcements have a circular cross section due to manufacturability, cost, and per-
formance reasons [6]. For example, surface tension of wet-spun fibers drives them into circular cross
sections. Stabilization and pyrolysis steps in the manufacture of carbon fibers are dominated by diffusion
processes that can also benefit from even diffusion through a circular cross section. Despite the ubiquity of
circular cross section reinforcing fibers, there have been academic investigations of ribbon, kidney, C-shape,
hollow, triangular, star, and other crenulated and irregular cross section reinforcements [7—12] and limited
commercialization [13]. Because of the ubiquity of round fiber reinforcements, general micromechanical
analysis used in the design of laminates is formulated around the presumption of round fibers. While
micromechanical treatments of ribbon reinforced composites have been developed [14-16], the broader
analysis of ribbon fiber composites has remained limited.

Recently developed methods for the manufacture of high-strength carbon nanotube fibers using a
continuous aerogel-spinning process from a floating-catalyst chemical vapor deposition furnace yield fibers
with a ribbon cross section [5, 17]. An example of a composite made from these fibers is shown in Figure
1. While carbon fibers have a turbostratic microcrystalline graphitic internal structure and diameters
of around 7 pm, the structure of floating-catalyst chemical vapor deposition carbon nanotube fibers
is nanotube bundle networks. The cross-sectional dimensions of the carbon nanotube ribbons can be
controlled though the manufacturing process and in Figure 1 are approximately 15 pm by 100 pm. Analysis
that explores the lamina design space with ribbon fibers is important for optimizing the nanotube fiber and
understanding the impact of fiber geometry and mechanical properties on composite lamina and laminate
properties.

5-5200 30.0kV x200 SE

Figure 1. Cross sectional view of a composite made from carbon nanotube fibers with ribbon cross section.



The elongated cross section of the nanotube fibers results in a mix of shear load transfer (along the
width of the fiber) and load transfer normal to the fiber edge ends. The relative contribution of shear and
normal load transfer is expected to depend on the fiber aspect ratio and mechanical performance of the
fiber relative to the matrix. The behavior of transversely loaded continuous ribbon fibers are analogous to
discontinuous fibers loaded in the axial direction. Round fibers that compose typical composites have a
cross-sectional aspect ratio of one, and therefore experience negligible shear load transfer.

There have been a number of investigations using micromechanical and other numerical methods to
understand the behavior of brick-and-mortar composites for bio-based, bio-mimic, and other composite
materials [18-23]. Nacre and nacre-inspired materials contain a ceramic “brick” connected by protein
or other soft organic material “mortar” and have been extensively studied, including the development of
micromechanical models [24-27]. Because the mechanical properties of the ceramic and protein constituents
differ from those of carbon fiber and carbon nanotube materials, the conclusions that have been drawn
from studies of ceramic/protein composites should not be indiscriminately applied to carbon-nanotube-fiber
composites. This is not due to any incompatibility of the micromechanics, but rather the vast difference
in the design space of interest, which arises from the relative similarity of the constituent properties in
nanotube-fiber-reinforced polymer composites relative to ceramic/protein composites.

Micromechanical analysis of carbon-based composites is typically performed starting with the properties
of a handful of commercially available constituent materials and working up through the lamina and
laminate length-scales to determine a laminate layup that meets a target load requirement [28]. Often
this is performed automatically using structural sizing software [29]. In this work, we approach the
micromechanics from a material design standpoint, sometimes referred to as an inverse approach, starting
with a notional laminate and working backwards to design materials that meet the target requirements.
With this approach we are also able to perform a sensitivity study and identify material properties that
are most critical in meeting a laminate target.

This report explores carbon-nanotube-fiber-reinforced composites in the linear elastic material behavior
regime using micromechanics models developed for brick-and-mortar composites combined with classical
lamination theory. The analysis explores the design space of laminates fabricated with ribbon fibers. The
resulting analysis is intended to reduce the scope of composite fabrication options and estimate the impact
of trade-offs that need to be made at the laminate and lamina level. These simple models provide guidance
quickly that explore extreme boundaries of the problem and can be subsequently refined as warranted.

2 Micromechanical Framework

2.1 Carbon-nanotube-fiber-reinforced polymer-matrix composite unit cells

A schematic of a quasi-isotropic laminate with carbon nanotube ribbons is shown in Figure 2. The cross
section of the fibers in the 0° and 90° lamina are highlighted in red. A schematic of an idealized lamina
composed of carbon nanotube ribbons compared to the more typical round fiber is depicted in Figure 3.
The maximum fiber volume fraction that hexagonally packed round fibers can reach is v/37/6 ~ 0.9, as
indicated with teal in Figure 3. This limit occurs when the fibers are in direct contact, leaving only the
quasi-triangular spaces between fibers for polymer. For a fiber volume fraction of 0.6, the spacing between
fibers becomes = 0.23D, where D is the fiber diameter.

For ribbon fibers, the lamina in the transverse direction resembles a brick-and-mortar structure or an
aligned discontinuously reinforced composite. However, the nanotube-fiber-reinforced lamina departs from
these analogues in important ways. Brick-and-mortar composites are typically composed of flakes, instead
of long fibers. Analyses of discontinuous composites also assume the discontinuity is in the axial direction of



Figure 2. Schematic of the top half of a [90°/45°/0°/-45°]s quasi-isotropic laminate with ribbon fiber
reinforcement within the lamina. Cross sections normal to the fiber axis are outlined in red.
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Figure 3. Comparison of ideal cross-sectional unit cells for ribbon fiber composite laminae and round fiber
composite laminae.



the fiber and not, as is the case here, in the fiber transverse direction. Despite these important differences
in lamina structure, the mechanics is similar, e.g., transverse loading of ribbon fiber composites is similar
to axial loading of discontinuous fiber composites, or traditional brick-and-mortar composites. For these
structures, shear load transfer to the reinforcement plays an important role in the material response.

In this work, the relationships between laminate and lamina properties are described following classical
lamination theory, as described in Reference [30]. In classical lamination theory, the lamina are represented
as two dimensional, transversely isotropic materials.

2.2 Micromechanical description of lamina

The engineering constants for lamina can be estimated from the reinforcement and matrix properties. The
axial Young’s modulus of the lamina, E7, can be approximated following a rule of mixtures of the fiber
and matrix

Ey=ViEp +(1-Vy)E, (1)

where Vy is the fiber volume fraction, Ey; is the fiber axial Young’s modulus, and Ey, is the matrix Young’s
modulus. The assumption for the rule of mixtures includes that strains are equal in the fiber and matrix
and that the properties of the fiber and matrix do not change when combined into a composite. For a
typical composite fiber volume fraction of 0.6, this relationship works well. It is typical to compute Eyq
and F,, independently and use them in the rule of mixtures. For most composites this is a reasonable
approach because the properties of the matrix and fiber do not appreciably change when combined into
a composite material. However, if the fiber or matrix does change behavior after composite fabrication,
E¢ and Ep, will reflect the properties of the constituents within the composite. This relationship might
diverge from experimental results for extreme fiber volume fractions which are more easily achieved with
brick-and-mortar structures, compared to traditional round-fiber composites, as shown in Figure 3. If the
distance between fibers approaches the thickness of the structured matrix interphase, the modulus of this
interface may differ from the bulk phase measured in isolation. Similarly, the surface of carbon nanotube
fibers can be slightly porous and the matrix may infiltrate a small distance — somewhat strengthening the
outer skin of the fiber [31].

The transverse modulus, Fs, for composites with round fibers is typically approximated with an inverse
rule of mixtures 1/Ey = Vy/Efs + (1 — V) /E,, where Eyy is the transverse modulus of the fiber. The
assumption here is that stresses (instead of strains) are equal in the fiber and matrix. However, for
nanotube fibers that have a ribbon shape, this assumption is not appropriate. For ribbon fibers loaded in
the transverse direction, a shear-lag load transfer behavior is expected, where the stress at the sides of the
fiber is lowest, and increases toward the center of the fiber as depicted in Figure 4.

To better approximate the lamina transverse Young’s modulus, the following relationship from Refer-
ence [32] is used where p is the aspect ratio of the ribbon fiber cross section and G, is the matrix shear
modulus.

B EpGuVip? @
4Ef2 (Vf - 1) - 4/3 : Gmep2

In this work, this equation has been used to model ribbon reinforcements in a brick-and-mortar
configuration, similar to the geometry of the nanotube fibers. This equation relates the transverse Young’s
modulus of the fiber, shear modulus of the matrix, and geometry of the fiber. It assumes that there is no
load transfer between the side ends of the fibers and the matrix and that the load is transferred along the
long edge of the fibers.
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Figure 4. Notional normal and shear stresses along a ribbon fiber within a lamina loaded in the transverse
direction.
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The lamina shear modulus (G12) is computed using an inverse rule of mixtures and Poisson’s ratio (v;2)
is computed using a rule of mixtures

1 v 11—V
— =t 4= ) 3
Gi2 G2 Gm ®)

vig =Vivpia + (1= V) v (4)

where G 12 is the fiber shear modulus, v12 is the fiber Poisson’s ratio, and v, is the matrix Poisson’s
ratio.

In summary, to predict the lamina linear elastic behavior, six material constants and two geometric
inputs are required. Because the matrix is isotropic, there are only two independent material constants
which are related to the third dependent material constant through G,, = E,,/[2(1 + v4,,)]. The fibers are
treated as transversely isotropic, requiring four material constants: Efi, Efo, G 12, Vf12. The geometric
parameters are the fiber aspect ratio (p) and the lamina fiber volume fraction (V).

By selecting reasonable ranges for each material property, the design space for laminates composed
of carbon nanotube ribbons can be established and the sensitivity of the various material and geometric
parameters can be evaluated to aid the design of the nanotube fibers and their composites.

3 Lamina requirements to reach laminate targets

For this work, a quasi-isotropic (QI) symmetric laminate is selected as the target system. A QI laminate is
defined as a laminate with [A] that is of an isotropic form, where [A] refers to the in-plane response block of
the ABD matrix from classical lamination theory [30]. The ABD matrix is a block matrix that relates force
and moment resultants to mid-plane strains and curvatures where the [A] block governs in-plane response,
[B] captures extension—bending coupling, and [D] governs bending response. An isotropic [A] has two
independent material constants and has the form below. Note that [A] is exactly isotropic and “quasi”
does not refer to a mild anisotropy in [A]. Therefore, in-plane extension and shear for QI laminates are



rotationally invariant. A laminate with three or more lamina of the same material that are evenly oriented
will result in an isotropic [A] [28]. For example, laminates with layup [60°/0°/-60°]s and [0°/45°/-45°/90°]s
are QI and have identical [A] (assuming the laminates are the same thickness). The extra lamina in the
second example does not affect the laminate engineering constants. Therefore, in this work the specific
layup of QI laminates is not provided, as the results apply to any laminate with isotropic [A].

3.1 Lamina requirements to reach a QI laminate target

The independent lamina properties that can be modified to meet a QI laminate axial modulus (Eq) are
the lamina axial modulus (Fj), lamina transverse modulus (F3), lamina in-plane shear modulus (G12),
and lamina in-plane Poisson’s ratio (r12). An initial screening analysis indicated that 112 has a relatively
minor impact on Eg;. Therefore, a typical v12 of 0.25 was selected and the effect of the remaining lamina
properties is shown in Figure 5. In Figure 5, the lamina F; has been normalized relative to the laminate
Eqr, thereby indicating how much higher E; must be than the Eg; target. Similarly, E5 is normalized
against F; and indicates the degree of anisotropy of the lamina. G1o is also normalized against E;. The
upper limit of G12/E; = 0.5 corresponds to that of an isotropic material, which the lamina are unlikely to
exceed.
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Figure 5. Lamina properties required to reach a target laminate Young’s modulus, with v = 0.25.

In Figure 5, the ratio of transverse to axial modulus (Ey/F1) is shown on the x-axis ranging from zero,
where the transverse modulus makes no contribution to laminate stiffness, to 1, representing an isotropic
material. The curve for Gi2/E; = 0 (blue) represents a lower bound in which there is no shear contribution
to the laminate mechanical performance. The upper bound for shear stiffness is shown in brown where
G12/E; = 0.5, which represents an isotropic material. In the limit of poor transverse and shear moduli,
the lamina axial modulus may be required to be as much as 3x higher than the target QI laminate axial



modulus. Lamina engineering constants for some composite lamina are provided in Table 1. As G12/E,
increases to 0.05, a value typical of carbon-fiber-reinforced polymer composites, the axial lamina modulus
required drops ~11% to 2.7x higher than the QI target. If the lamina shear modulus can be increased to
G12/E; = 0.1, the maximum lamina E; required drops to 2.4x the QI target.

At the other extreme, of a more isotropic lamina, values from carbon nanotube sheets (which are two-
dimensional like a lamina, but do not contain a matrix) are provided in Table 2. These sheets can have
a mild orientation along the direction of manufacture, resulting in Fo/FE; > 0.75. For these sheets, the
maximum F, /Eq that may be required is 1.7x, assuming no shear contribution, and approaches 1x as the
lamina becomes isotropic. Some of the nanotube materials were processed using spark plasma sintering
(SPS) to enhance their mechanical properties [33]. Also known as field assisted sintering technique (FAST),
SPS is a process where pulsed DC currents are passed through a material while it is compressed between
graphite dies under vacuum. For SPS processed CNT sheets, both axial and transverse moduli increased.
However, the increase in transverse modulus was relatively higher than the axial modulus resulting in
larger Es/Fj ratios.

Table 1. Lamina engineering constants for several composites

Normalized Normalized

transverse shear Poisson’s
Material Description ratio Ref.
modulus modulus (v12)
(E2/E1) (G12/Er) 12
Infiltrated Nanocomp .
carbon nanotube/BMI composite fiber/BMI 12% - - [5]
Hexcel® carbon fiber/epox 5.5% 2.9% 0.31 [34]
IM7/8552 POxy 070 e '
Thornel®
T-300/934 carbon fiber/epoxy 7.9% 5.3% 0.22 [28]
Hercules
AS/3501 carbon fiber/epoxy 6.5% 5.0% 0.3 [28]
Thornel® .
P-100/ERL 1962 pitch carbon fiber/epoxy 1.3% 1.2% 0.31 [28]
Kevlar® .
49/934 aramid/epoxy 7.3% 3.0% 0.34 [28]
®
?SSZChply E-glass/epoxy 21% 10% 0.26 [28]
Rigidite” /5505 boron/epoxy 9.1% 2.7% 0.23 28]
Spectra® 900/826 polyethylene /epoxy 11% 4.7% 0.32 [28]
E-glass/470-36 E-glass/vinylester 28% 11% 0.32 [28]




3.2 [0°/90°]s laminate lamina requirements to reach an equivalent QI laminate target

Dropping one ply, from three (or more) to two evenly spaced plies, results in a laminate that is not QI. This
two layer laminate is modeled with a [0°/90°]s layup. The modulus of a [0°/90°]s laminate along various
loading directions (¢) is shown in Figure 6(a) with G12/E; = 0.05, which is typical for oriented fiber lamina.
In Figure 6(a)(b), the modulus is normalized against a target QI laminate, so that the Young’s modulus
at 45° has a value of one. As the laminate is rotated closer to the fiber directions (0° and 90°) the modulus
exceeds the QI laminate target value, representing an excess capacity in those directions. Depending on
the relative performance in the transverse direction the amount of excess capacity increases from 3x to
5.4x with the excess capacity increasing with increasing transverse ratio. This is because the properties
at 45° are dominated by G132 and increases in the fiber directions to not substantially affect the off-axis
modulus. Designing a [0°/90°]s laminate with properties similar to a QI panel requires lamina with G12
that approaches an isotropic material. An example of this is shown in Figure 6(b) where G12/E; = 0.3,
representing a substantially more isotropic lamina material. In this case the maximum excess modulus is
approximately 1.2x for the most isotropic Fy/F; case (Eq/Eq = 1).

Looking at the properties of the [0°/90°]s laminate along the 45° direction, the knockdown relative to
the lamina axial modulus is shown in Figure 6(c). From Figure 6(c), it can be seen that the in-plane shear
modulus of the lamina plays a critical role in the laminate response at 45°. As the material becomes more
isotropic and G1o approaches the limit of E/[2(1 + v)] the transverse modulus plays a larger role in the
response.
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Figure 6. Lamina properties required to reach a target [0°/90°]s laminate Young’s modulus, with v15 = 0.25
and (a) G2 = 0.05 or with (b) Gi12 = 0.3. (c) Relative laminate modulus at 45° relative to the lamina
axial modulus with v12 = 0.25 for a [0°/90°]s laminate. Laminate orientations are indicated in degrees.

4 Relating fiber and matrix properties to lamina properties

The previous section describes the relationship between a laminate target and lamina requirements. In this
section, the relationships between fiber properties, matrix properties, and lamina properties are investigated
for fibers with ribbon cross sections.

The relationship between transverse lamina modulus and fiber volume fraction for various ratios of
fiber transverse modulus and matrix shear modulus is shown in Figure 7. In Figure 7(a), the ratio of fiber

10



to matrix stiffness is set to approximate a typical bio-based brick-and-mortar structure such as nacre [32].
For example, the blue curve (fiber volume fraction of 50%) replicates the conditions reported in Reference
[32]. Some example fiber data are shown in Table 2, relative to the fiber axial modulus and relative to a
baseline polymer matrix material. Some nanotube material properties in Table 2 are from as-received and
stretched nanotube sheets [33]. Some of these sheets were processed using SPS which increased both the
axial and transverse properties of the material. Relative to typical nacre ceramic/protein composites that
can have G,/Ef, = 0.001 (Figure 7(a)), carbon nanotube and carbon fiber reinforced polymer matrix
composites have G,/ Ery between 0.15-1.0 (Figure 7(b)-(d), Table 2). This greatly impacts the effect
of fiber aspect ratio relative to conventional bio-based brick-and-mortar structures. For composites with
Gm/Ef2 between 0.15-1.0 the fiber cross-sectional aspect ratio is sufficient to transfer load at or below an
aspect ratio of 10 as shown in Figure 7(b)-(d).

As the fiber volume fraction increases, the load is transferred over a shorter distance and aspect ratios
less than five may be sufficient, depending on Gy, /Efs. Looking at a fixed fiber volume fraction of 80%
(an approximate value of a “mortar” volume in the nanotube composite laminae), in Figure 8, as G,/ Ef2
increases the load transfer occurs over a smaller portion of the fiber, and the aspect ratios that are required
to maximize the lamina modulus are smaller.

(a) (b)
06 | | /—

0.4 a

©
N
1
1

Normalized transverse
modulus (E2/E continuous)

o
o
1

o
(e}
1

1

Fiber vol. frac.
0.50
0.65
= (.80
— (.95

4 6 4 6 8 10
Fiber aspect ratio Fiber aspect ratio

o
~
1

1

o
N
1

1

Normalized transverse
modulus (E2/E continuous)

o
o
1

1

N A
o0
=
o
N

Figure 7. Lamina transverse modulus normalized against infinite aspect ratio (continuous sheet
reinforcement) using brick-and-mortar micromechanics. (a) Gy,/Eyy = 0.001, (b) Gp/Ef2 = 0.25, (c)
Gm/Ef =05, (d) Gy/Ep2 = 1.

Looking at the lamina shear modulus in Figure 9, as the fiber volume fraction increases, there is
marginal improvement until very high (>80%) fractions are reached. This is due to the assumption of
equal shear stresses throughout the lamina, which results in an inverse rule of mixtures relationship. The
maximum in-plane shear values are limited by the maximum shear modulus of the reinforcement. The
lamina 119 follows a straightforward standard rule of mixtures, and is not shown.



Table 2. Typical values of reinforcement engineering constants.
Normalized Normalized Normalized Normalized

fiber fiber matrix fiber
Material transverse shear shear Poisson’s Ref.
modulus modulus modulus ratio
(Er2/Ef1) (Ggi2/Ef1)  (Gm/Efs) (vr12)
Nanocomp 'carbon nanotube sheet 90%. i 53% i 3]
0% pre-strain
Nanocomp carbon nanotube sheet
0% pre-strain w/SPS 7% i 15% i 133]
Nanocomp Cz?urbon nanotube sheet 17%. i 105% i 33]
43% pre-strain
Nanocomp carbon nanotube sheet
43% pre-strain w/SPS 7.A%. i A% i 133]
Hexcel® IM7 5.4%. 9.8% 27% 0.28 [35]
Thornel® T-50 2.0%. 3.8% 53% 0.41 [36]
Thornel® T-300 12%. 22% 16% 0.44 [36]
Thornel® P-100 0.50%. 1.4% 120% 0.41 [36]
Thornel® T-700 6.5%. 10.4% 27% - [37]

T A representative polymer matrix with E,, = 4 GPa and v,, = 0.4 (G, = 1.45 GPa) was used to compute this and other
polymer dependent lamina engineering constants.
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Figure 8. Lamina transverse modulus normalized against a fiber with an infinite aspect ratio (continuous
sheet reinforcement) using brick-and-mortar micromechanics at a fixed fiber volume fraction of 80%.
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Figure 9. Lamina in-plane shear modulus normalized against the axial modulus for various fiber volume
fractions and normalized matrix shear modulus.

5 Combined lamina and laminate analysis

In the previous two sections, the laminate requirements to reach a QI laminate target and the lamina
constituent to lamina properties were investigated. Breaking the two length scales into separate analysis
is typical of composite panel design for mature material systems with known constituent properties. Since
this work is focused on material design, it is beneficial to combine the analysis so that the QI laminate
target can be defined in terms of the fiber and matrix properties.

The options for designing a lamina from constituent properties are greater than designing lamina from
a QI laminate target. For QI laminate to lamina there are three independent variables: E;, Fs, and Gio
(assuming the problem is not particularly sensitive to v12). However, for lamina, this doubles to six: Eyq,
Eyo, Gri2, G, p, and Vi (again assuming v insensitivity). The volume fraction can drive the constituent
requirements. As the fiber volume fraction approaches zero, the fiber properties must approach infinity to
meet the QI laminate target. Conversely, as the fiber volume fraction approaches one, the fiber properties
approach the QI laminate target. Therefore, the minimum and maximum fiber axial modulus relative to a
QI laminate target are computed for a discrete set of reasonably expected fiber volume fractions, with the
results shown in Table 3, with the remaining dependent variables varied across a broad range as defined in
the caption. For a relatively higher volume fraction of 0.9, the maximum fiber axial modulus is 3.2x the
QI laminate target for a highly anisotropic fiber, while it can approach the QI laminate target as the fiber
becomes isotropic. For a relatively lower fiber volume fraction of 0.6, the maximum fiber axial modulus
requirement increases approximately 50% to 4.8x. So the fiber axial modulus can range between 1x and
4.8x the QI target, depending on the fiber anisotropy and volume fraction.

Visualizing and describing the design space for the six dimensional problem is challenging. To this end,
a sensitivity analysis was performed with values ranging +10% around values that are based on Hexcel®
IM7/8552 but with a ribbon fiber and higher fiber volume fractions expected from a brick-and-mortar
structure (Ef; =1, Eyy = 0.054, Gf12 = 0.098, p = 10, G, = 0.01458, V; = 0.8). This sensitivity analysis
provides material designers with the slope of the multi-dimensional design space around a reasonably
expected point based on IM7/8552. The results of the sensitivity analysis are shown in Figure 10.
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Table 3. Fiber axial properties required to reach a QI laminate target. All remaining variable ranges are
0.05 < Efa/Ep < 1,0.05 < Gfi2/Ep <0.5,0.05 < Gy /Epp < 0.35,1 < p < 10.

Normalized
Fiber fiber axial
vol. frac. modulus
(Er1/Eqr)
min max
0.6 1.2 4.8
0.7 1.2 4.2
0.8 1.1 3.6
0.9 1.0 3.2

To perform the sensitivity analysis, a main-effects multiple linear regression analysis was performed on
the dataset using the python package scikit-learn [38]. The material properties were normalized between
0-1 so that their relative impact on the Young’s modulus of the QI panel can be compared.
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Figure 10. Ranked constituent property impact on a QI laminate with brick-and-mortar ribbon fibers.

The property with the largest impact on Young’s modulus of the QI laminate is the fiber volume fraction.
This is not surprising since both the axial and transverse Young’s modulus benefit from increasing the
volume fraction. Because of the ribbon fiber shape, it is possible to reach much higher fiber volume fractions
than with round fibers, a potential advantage nanotube fibers may have over existing reinforcements. The
next most impactful property is the fiber axial modulus, which is also not surprising since this is by far
the highest mechanical property, so a 10% change represents the largest absolute change in properties.

The matrix shear modulus, transverse fiber modulus, and fiber aspect ratio are all related to the lamina
transverse modulus. As was shown in the previous section, with a fiber aspect ratio of ten, the load transfer
to the fibers is largely converged and small variations of 10% do not have a large impact.
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6 Conclusions

In this work, the design space of carbon nanotube ribbon reinforced composites was investigated. Because
nanotube fibers can have a ribbon cross section, the design space for lamina differs from most other fibers,
which are typically round. Furthermore, laminate and lamina analysis typically involve mature material
systems with established properties, and micromechanical analysis is performed to design laminate layups
and predict performance for a set material system.

In this work, the objective was the inverse. This work focused on material design — to establish a
laminate target requirement and perform an inverse micromechanical analysis to understand the design
space of laminae and fiber properties that can be used to reach the target. The first section used
classical lamination theory to investigate the lamina design space to reach a target QI laminate axial
Young’s modulus. The second section investigated the relationship between lamina constituent and lamina
properties. Finally, in the third section, the two analyses were combined and the lamina constituent
material properties were related to the QI laminate target.

The lamina axial modulus requirement ranges from a maximum of 3x to 1x minimum relative to the
target QI laminate modulus depending on the anisotropy and shear modulus of the lamina. The fiber
targets depend strongly on the fiber volume fraction in the lamina. The fiber axial modulus may be
required to be a maximum of 4.8x the QI laminate target for a volume fraction of 0.6 or a maximum
of 3.2x for a volume fraction of 0.9. Looking at the sensitivity of the requirements around a baseline
IM7/8552 system (but with a brick-and-mortar structure with aspect ratio of ten and volume fraction
of 0.8) the largest driver of performance was the volume fraction, followed by the fiber axial modulus.
While bio-based brick-and-mortar composites, such as nacre, can benefit from reinforcement aspect ratios
above 10, for carbon nanotube fiber (or carbon fiber) reinforced polymer matrix composites the difference
between fiber transverse modulus and matrix shear modulus is orders of magnitude lower, resulting in
cross-sectional aspect ratio requirements that are relatively smaller, potentially less than three.

Finally, this work used linear elastic material properties to investigate load transfer behavior of ribbon
fibers. Elastic properties are an important component in the design of composite materials, along with
failure and post-failure properties. While there may be correlations between the elastic properties studied
here and failure and post-failure properties, more sophisticated computational techniques are required to
gain a reasonable description of aspects of the design space of ribbon composites related to failure.
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