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siderably widen the scope of their use. Hierarchical composites are made up of ‘fuzzy
fibers’ or fibers that have been grafted with multiwalled carbon nanotubes. Apart from
the important distinction that hierarchical composites use fuzzy fibers as reinforcement,
they are similar to conventional CFRP composites in terms of manufacturing processes
and resin system. Fuzzy fibers are synthesised through a variety of processes but the
processing route involving high temperature chemical vapour deposition (CVD) is the
most popular. We assess the possibility of using hierarchical composites synthesised
via the CVD route as a replacement for conventional composites in situations that
demand multi-functionality. This is motivated by the fact that improvements in Mode
I and II fracture toughness and interlaminar shear strength without any loss of overall
strength and stiffness is widely reported for hierarchical composites. Additionally,
improvements in electrical properties, shielding to electromagnetic waves and ther-
mal conductivity are also reported. We highlight the process-property relations in
hierachical composites, attempt to identify the key process parameters and highlight
the range of mechanical, thermal and electrical properties that have been obtained in
our laboratory and by others. Finally, we attempt to identify area where hierarchical
composites are most likely to find use as a versatile material.
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1. Introduction

Since their demonstration on a laboratory-scale in the 1960s and the first large-scale commercial production
in the 1970s, carbon fiber reinforced polymer (CFRP) composites have rapidly become the synthetic material of
choice in a wide range of applications, with a current global demand exceeding 285 kilo-tonnes [1]. Not only has
the aerospace industry adopted this highly engineered material with enthusiasm, non-aerospace applications have
also emerged. Among these, CFRPs are in high demand as a material for wind turbine blades, and in the automotive,
pressure vessel, sports leisure, and construction industries. These highly engineered materials typically have high
specific strength, excellent corrosion resistance, and fatigue behavior. Convenient fabrication routes for large-scale
production are now well-developed [2,3]. Given these reliable structural properties, the next challenge is to make
them more versatile materials.

Is it possible to engineer more functionalities into CFRPs without compromising their existing properties and
minimally modifying the established fabrication techniques? For example, can CFRP composites be used not only
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as a reliable load-carrying member but also simultaneously store energy, provide shielding against external
electromagnetic interference (EMI), resist weathering in outdoor applications and manage thermal loading during
service conditions [4-9]?

A possible route to realising this goal involves replacing conventional carbon fibers with carbon fibers that
have carbon nanotubes (CNTs) grafted on them. These fibers are called ‘fuzzy carbon fibers’ while the composites
made with them are ‘hierarchical CFRP composites’.

The first study on the feasibility of grafting carbon nanotubes (CNTs) on conventional carbon fibers seems to
have been carried out by [10, 11], based on the early work of [12,13]. fibers with grafted CNTs, also called *fuzzy
carbon fibers’, were first used to make CFRP composites by [14]. Following their work, a number of studies have
explored the possibility of using these hierarchical CFRP composites to meet the multifunctionality challenge.

This short paper is a critical assessment of the multifunctional properties of hierarchical composites based on
our more than decade of experience with the fabrication and characterisation of these engineered materials. The
paper is motivated by earlier work by others and us in establishing that optimisation of process parameters is the key
to obtaining the best possible properties of hierarchical composites. Moreover, when the parameters are optimised
adequately, hierarchical composites can potentially be excellent multifunctional materials. In particular,

1. we highlight the importance of processing parameters in determining various properties of these materials,
2. critically assess their expected advantages over conventional CFRP composites and
3. demonstrate that hierarchical composites are potentially attractive materials for some combinations of functionalities.

For a thorough review of the state of the art in hierarchical CFRP composites the reader is referred to [4].

Hierarchical CFRP composites provide some obvious advantages over other methods of incorporating CNTs in
CFRP laminates. A competing strategy involves the addition of 1-3 vol% of CNTs in the polymer matrix and using
this modified resin to prepare CFRP composites [15]. The CNTs are expected to create a very large volume fraction
of interphase [16—18], which can potentially be engineered to increase the overall property of the composite [19].
However, this suffers from two well-known problems which limit the volume fraction of CNTs that can be added.
Firstly, it is extremely difficult to ensure uniform dispersion of CNTs in polymer matrix beyond 1-3% volume
fraction [20-23]. Secondly, the viscosity of the resin increases quite dramatically with the volume fraction of
CNT. On the other hand, in hierarchical CFRP composites, grafting CNTs directly on the carbon fibers affects the
fiber/matrix interface, which, in many situations, is the region where interfacial damage initiates.

In order to utilise the full technological potential of hierarchical composites and assess its benefits against
conventional CFRP composites, in our view, two important issues must be addressed.

1. The process of synthesising fuzzy fibers or fabrics is crucial. Initial attempts at synthesising fuzzy fibers [24]
reported significant loss of fiber strength due to the CVD process. Optimising the process parameters allows us
to obtain fuzzy fibers that are almost as strong as conventional fibers. Also, as will be shown later, the length,
density and the strength of the tethering point with the fiber can be controlled to a large extent by optimising
process parameters. Most of these process parameters must lie within a narrow window for the best results.
The first part of the paper focuses on the CVD process and optimum process parameters.

2. A critical comparison between physical properties obtained by various researchers becomes difficult because
of different grades of epoxies, different types of carbon fibers, stacking sequences and test protocols used. In
the second part of the paper, we compare results that are, as far as possible, limited to unidirectional (UD)
laminates of hierarchical CFRP. Although differences in material grades still exist, comparison between results
obtained on UD laminates help identify the most promising trends in hierarchical CFRP composites.

We have organised the paper as follows. In Section 2, the chemical vapour deposition (CVD) based synthesis
protocol for grafted carbon fibers and woven fabrics is discussed. Properties of single grafted fibers are discussed in
Section 3. In Section 4, we explore the gamut of physical properties that are affected by grafting. Finally, we discuss
a few unexplored or unattained goals in Section 5.

2. Synthesising Grafted Carbon Fibers and Fabrics

Carbon nanotubes have been grown on single carbon fibers using many approaches such as electrophoresis,
spray coating etc. [25-30]. But CVD based techniques seem to be the most promising because they offer scale-up
possibilities, require limited equipment, and can potentially grow uniform CNT forests on complex surfaces [31,32] .

Carbon fibers grafted with CNTs (as discussed in the next section) form interfaces with polymers that
have higher shear strength compared to as-received fibers. But, early attempts to graft CNTs in CVD-based
processes led to grafted fibers with ~30-50% lower tensile strength [24]. Subsequently, by carefully optimising the
process parameters, grafted fibers with tensile strength and modulus comparable to as-received fibers have been
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synthesised [24,33]. This highlights the fact that mere grafting CNTs onto the fiber surface does not gurantee
the improved composite properties. A through optimization of CVD growth parameters is needed to harness the
excellent combination of CNTs properties in inducing multifunctionality to conventional CFRPs. It is to be noted
here that the optimum parameters are a function of fiber specifications, type and resin chemistry. Typically, following
steps are followed by an optimised CVD based process [34-39]:

1. The carbon fiber is preheated for ~25 min in air at a temperature of 450 °C to remove the effect of any polymer
sizing applied to it.

2. Electroless dip coating in an acidic bath containing Ni sulphate (as a source of Ni ions), sodium hypophosphite
(as a reducing agent), sodium succinate (as a chelating agent) and succinic acid (to maintain a pH of ~5-6) is
used to coat Ni catalyst on the fiber surface. This is a crucial step in the grafting process to ensure uniform
growth of CNTs on both sides of fiber fabric. The bath composition has been optimised in [40]. For instance,
a coating time of 5 min at 75 °C with a bath composed of 30, 15, 15 and 0.36 g/L of Ni sulphate, sodium
hypophosphite, sodium succinate and succinic acid respectively is reported to give good results [34].

3. The Ni catalyst-coated carbon fibers were put in a horizontal quartz tube reactor. Argon, hydrogen and acetylene
were used as precursor gases.

4.  Atatemperature of 650 °C, the coated layer is reduced to Ni particles in a flowing hydrogen-nitrogen atmosphere.

5. Then, the temperature increases to 750 °C and a mixture of acetylene/argon (C,H,/N,) at 40/100 sccm ratio is
introduced into the reactor to grow the CNTs. The acetylene/argon flow is maintained for 5-25 min to obtain
different lengths of CNTs and areal coverage of the fiber/fabric surface.

6.  Finally, the furnace is cooled to room temperature in a Ar atmosphere.

A schematic of the CVD protocol described above is shown in Figure 1c. Furthermore, as shown in Figure 1a, the
same CVD protocol can be used to graft CNTs on one or both sides of the received carbon fiber fabric layer depending
on whether the catalyst coated fabric is placed in a quartz boat or suspended inside the CVD reactor [36]. When grown
on a laminate, the optimised CVD protocol produces uniform coverage of individual fibers, as shown in Figure 2b.

The structure of the carbon fiber before and after CNT grafting is shown in Figure 2b. Note that typical
diameter of a unsized carbon fiber is ~7 pum. The diameter of grafted CNTs is in the range of 35-50 nm, while
the length is a function of the C,H,/Ar flow time in the CVD. Raman spectra of grafted CNTs show characteristic
peaks corresponding to D-band and G-band in CNTs in (see Figure 2a). The ratio of these peak intensities is ~0.92,
suggesting that the grafted CNTs are multi-walled and of moderate purity.
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Figure 1. (a) Electroless dip coating bath for Ni catalyst coating on carbon fiber, (b) schematic of CVD reactor used
for CNT grafting and (¢) CVD protocol for CNT grafting on carbon fiber/fabric.
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Figure 2. (a) SEM micrographs and Raman spectra of grafted CNTs and (b) optical and SEM micrographs of
unsized and CNT grafted carbon fiber lamina showing uniform growth of CNTs on both sides of fiber fabric.

These CNT grafted fiber is then used to fabricate CNT modified CFRPs. CVD grafted CNTs show strong
adhesion with the fiber surface [36—38] making it a preferred route to prepare CNT grafted fiber in comparison to
other approaches such as electrophoresis, spray coating etc. [25-30].

3. Interfacial Mechanics of a Grafted Carbon Fiber

Carbon nanotubes grafted uniformly onto a carbon fiber create a finite size interphase region when embedded
in a polymer matrix [33,38]. The variation of the elastic modulus along a radial line starting from the centre of the
fiber cross-section can be mapped using careful nanoindentation studies [38]. These studies show that, while the
interphase thickness depends on the length of the grafted CNTs (and hence on the growth time), it is comparable in
magnitude to the fiber diameter. For instance, the thickness is ~5 and ~8 pum for growth times of 15 and 30 pm
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respectively, compared to just 2 wm for an as-received fiber.

Careful design of the interphase region around each fiber is the key to increasing the interfacial shear strength
(IFSS) of a grafted carbon fiber. The optimum growth conditions are therefore tailored to achieve the maximum
IFSS. Pull-out [34,41] and fragmentation tests [5,42] are commonly used to measure the shear strength of a fiber
matrix interface. The interfacial shear strength in turn, governs the strength and toughness of composite laminates
made with the fiber fabric.

The interfacial shear strength of CNT grafted carbon fibers embedded in polymer matrices can be derived
from pull out force versus pull out length plots obtained from single fiber pull-out tests [34]. The interfacial shear
strength 7, improves strongly with CNT growth time to about 1.9 times that of the as-received fiber for a growth
time of 20 min. However, for longer growth times, 7 drops drastically. In other words, shear strength is maximum
for a critical length of CNTs which is attained for a critical growth time ¢.,.. The non-monotonicity of the relation
between shear strength and growth time is now well understood.

Computer models using the shear lag analysis and a specially designed cohesive zone model [34] for the
interface leads to the following insights:

1. For growth time less than ¢, both the length and surface coverage of CNTs is low. The polymer molecules
and the CNTs provide strong anchoring of the fibers as shown in Figure 3a. The interface strength is limited by
the fracture toughness of the polymer matrix. These interfaces are brittle and debond easily through the matrix.

2. In the post-debonded regime, the pull out force is governed by the coefficient of friction between the fiber
and the matrix. The coefficient of friction between a debonded fiber and the polymer is higher when they are
grafted. As aresult, even after debonding, the fiber continues to support a substantial load in all cases.

3. For growth time greater than ¢, the fibers are long and shear strength is limited by the strength of the tethering
points. Debonding produces clean fibers which are then pulled out against friction (see Figure 3b).

Crack
Propagation

Figure 3. Possible failure mechanisms in pull out tests of CNT grafted carbon fiber in a polymer matrix corresponding
to growth times (a) lower and (b) higher than ¢.,.

So, to maximise the shear strength between the fiber and the matrix, synergy between two competing processes
must be achieved. The CNTs must be grown to a length so that strong anchoring of polymer molecules can happen
but failure from the tethering points does not. At the same time, they need to be grown densely so that the high
friction between the CNTs and the polymer can be harnessed. The areal density of the CNTs depends directly on the
size and spacing of the catalyst particles produced in Step 2 of the fabrication protocol in Section 2 [43]. In our CVD
based grafting process, a growth time of 20 min (and the Ni coating process discussed in Section 2) achieves this
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goal in the best possible way. Overall, a wider range of IFSS can be accessed by varying the CNT grafting process
parameters. The relative improvement realized in composites depends on the interfacial microstructure [41,44-47].

Finally, as noted earlier, an optimised CVD process increases the IFSS by 1.5-1.9 times over as-received
carbon fibers. Grafting of CNTs through other methods such as chemical grafting report similar improvements.
For example, IFSS of 107.5 MPa is reported by [48]. It should be noted here that the IFSS of conventional CFRPs
depends on the interfacial chemistry between polymer resin and fiber fabric. Therefore, a scatter in IFSS of reference
CFRP coupons from various studies is expected.

Also, IFSS measured through fragmentation test (rather than pull out tests) show a wider scatter. For instance,
with CVD-grafted fibers, Ref. [42] obtained a shear strength of 16 MPa while [5], using the electrophoretic route,
has reported 70 MPa for similar systems.

Now that we have established that IFSS of single fuzzy fibers increases significantly over as-received ones,
we turn to the question of how these single fiber level improvements translate to enhancement of properties in
hierarchical composite laminates.

4. Comparison in Properties between Conventional and Hierarchical CFRP Composites

In order to ascertain whether CFRP composites with CNT grafted carbon fibers as reinforcement offer genuine
technological advantages over conventional ones, we will critically compare them against a range of physical properties.

Apart from the processing parameters, the relative change in properties of hierarchical composites depends on
the fiber/matrix grades, type of fabric and orientation of layers. This makes a quantitative comparison between
experiments difficult. As benchmark cases, we will primarily use results obtained in our own laboratory for the
discussion that follows. But, wherever pertinent, results from other groups will also be presented to highlight
well-established trends in property improvements.

Our results on the other hand, are always for laminates that have the following characteristics. All comparisons
are with conventional CFRP laminates fabricated with as received carbon fiber fabrics.

1. They use PAN-based unidirectional (UD) carbon fiber fabrics with an average modulus of 100 GPa, density of
1.8 g/cc, and weight 230 GSM, procured from Hindustan Technical Fabrics India.

2. The matrix is aerospace-grade epoxy Epofine-556 (Bisphenol-A) cured with Fine hard-5200 (amine hardener)
in the weight ratio of 100:24, purchased from Fine Finish Organics Private Limited India.

3. All the laminates are cured following the curing protocol suggested by the supplier at 0.01 MPa curing pressure.
All plies in laminates are stacked at 0° with respect to the length of the test specimen using hand layup method.

4.  The volume fraction of fibers obtained from burn tests is very close to 60% in all composite coupons.

5. For fracture toughness testing where a pre-crack is required, a mylar sheet of 10 pm thickness is inserted at the
midplane of the laminates.

6. The testing details for all properties are given in Appendix A.

7. In all discussion that follows, CFRP composites are made with CNT grafted on the carbon fiber fabrics using
the protocol described in Section 2 and with the optimised process parameters.

4.1. Mechanical and Fracture Properties

There is near-unanimous agreement that the mechanical and fracture properties of hierarchical composites,
fabricated through a controlled CVD-based process (as the one described in Section 2), are generally comparable to,
and in many cases significantly better than, those of conventional CFRP composites.

For our samples, both the modulus and tensile strength of hierarchical UD composites in the direction of
the fibers are almost identical to conventional CFRP composites. The Young’s modulus and tensile strength for
hierarchical composites are 95 GPa and 1005 MPa respectively, while the corresponding numbers are 96 GPa and
978 MPa for conventional composites (see Figure 4). As shown in Table 1, others studies too report marginal
changes in Young’s modulus and tensile strength.

The results in Figure 4 demonstrate that loss of strength and stiffness of carbon fibers due to the CVD-based
grafting process pointed out by earlier works [24] can be mitigated by careful optimisaton of process parameters.
Conventional and hierarchical UD laminates, when loaded in the fiber direction, respond in almost identical manner.

In fact, Ref. [38] shows that uniaxial properties in directions perpendicular to the fiber direction actually
increases significantly for hierarchical UD laminates. This leads to two important inferences:

1. Uniaxial response in the fiber direction is not affected by grafting. It is governed almost entirely by the strength
of the as-received carbon fibers.
2.  Grafting improves interfacial stiffness which plays a role in oft-0° loading directions.
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Indeed, fracture surfaces under 0° loading show clean fiber-matrix interfacial failure while for off-0° loading
we often see traces of epoxy sticking to the failed surface (see Figure 13 in [38]).

Table 1. Comparison between values of Young’s modulus and tensile strength of UD conventional and hierarchi-
cal composites.

Propert Value for Conventional Value for Hierarchical Ref
perty CFRP Composites Composites
~135 140 [49]
Y ’ dul P:
oung’s modulus (GPa) 9% 95 Our work
2600 2500 [49]
Tensile strength (MPa) 1000 1200 [5]
978 1005 Our work
1200
1000t — Conventional p |
— — Hierarchical
<
£ 800} -
~— 600} '
wm
9]
&
N
200t '
O L
0 0.005 0.01
Strain

Figure 4. Uniaxial stress strain responses of UD laminates of hierarchical and conventional CFRP composites. Note
the slight drop in Young’s modulus and tensile strength for the hierarchical composite.

The strongest effect of using grafted carbon fibers is manifested in the increase in interlaminar shear strength
(ILSS) and interlaminar fracture toughness, particularly in Mode II. This is a direct result of the increase in the shear
strength of the fuzzy fiber-matrix interface [50] under optimal processing conditions.

The P-6 responses shown in Figure 5a, resistance curves in Figure 5b and Py, obtained from the P-§ response
in Figure Sc are used to determine the ILSS, Mode I and Mode II interlaminar toughness respectively using the
methods described in Appendix A.

For our samples ILSS increases from 45 MPa for conventional CFRP composites to almost 80 MPa for
hierarchical ones. Similarly, Mode I interlaminar fracture toughness improves from 390 to 600 J/ m’ (increase of
54%), and Mode II from 800 to 1500 J/ m? (increase of ~87.5%) [36].

Increase in ILSS is most remarkable for fuzzy fibers produced through the CVD route. Other processing routes
were much less successful in improving ILSS. Values of ILSS for conventional and hierarchical composites obtained
by various authors are shown in Table 2. For example, in Ref. [51] sized carbon fibers with pre-functionalised CNTs
were used but the improvement in ILSS was marginal. Similarly, Ref. [52] allowed CNTs to adsorb on the surface of
unsized carbon fibers from an ultrasonicated aqueous solution. Again, the improvement in ILSS was marginal. On
the other hand, all CVD based processes exhibit a near-doubling of the ILSS value.

A high ILSS alone does not indicate an improvement in interlaminar toughness. It is well-known that the short
beam test does not produce a pure shear state in the specimen. As a result, it does not necessarily measure the
energy required to propagate an interlaminar fracture. In fact, similar values of ILSS may be exhibited by specimens
that undergo crushing, flexural or mixed failure rather than interlaminar debonding. So, we have also conducted
dedicated fracture tests to ensure that the high ILSS measured for hierarchical composites is purely due to increase
in interfacial toughness. The fact that Mode I and II interlaminar fracture toughness increases in tandem with ILSS
proves that the increase in fiber-matrix shear strength is the cause of the enhancement.
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Table 2. Comparison between values of ILSS of UD conventional and hierarchical composites.

Value for Value for
Property Conventional CFRP Hierarchical Ref
Composites Composites
42.3 66.4 [53] (The as-received fibers were coated with polydopamine)
62.7 77.7 [54]
73.3 80.1 [51] (Carbon fibers were sized with pre-functionalised MWCNTs)
ILSS (MP:
SS (MPa) 23.0 50.0 [55]
22.8 24.9 [52] (CNTs were adsorbed on fiber surface from an aqueous solution)
45 80 Our work

Recent structural health monitoring (SHM) strategies [56] provide more direct evidence of the micromechanical
failure processes during the ILSS test. Non woven silk fabrics decorated with CNT-MXene interspersed between
conventional carbon fabric serve two purposes. They act as electrical resistance sensors and also increase the ILSS.
The results in [56] show that the modified CFRP laminates record a sudden and large change in resistance when local
damage initiates. The increase continues as cracks grow and proliferate. This allows identification of the global load
at which damage initiates. Such SHM strategies are required to understand the exact sequence of events that lead to
interlaminar failure in hierarchical composites.

5000 . . . : 1000 : : '
—$-Conventional ~$-Conventiond
4000 } —+-Hierarchical | 800} —-Hierarchical
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— 3000 = 600 Wi
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Figure 5. Force displacement (P-6§) curves for obtaining ILSS of conventional and hierarchical composites is shown
in (a). The resistance curves for calculating G ;. are shown in (b). The value of Ppax in the P-§ curve is used for

calculation Gy (c).
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Increase in ILSS and interlaminar fracture toughness due to grafting is connected to the increase in IFSS
under optimum synthesis conditions. Fracture surfaces for conventional and hierarchical laminates are compared in
Figure 6. In both cases fracture surfaces are imaged at high resolution close to the pre-crack front under Mode I
conditions. In the conventional composite, the fracture surface bears signatures of matrix cracking (note the river
patterns on the epoxy matrix in Figure 6a) and clean fiber-matrix debonding. On the other hand, the hierarchical
composite has a large number of broken fibers and signatures of textured microflow between fibers. The broken
fibers indicate that due to the stronger fiber-matrix interface, fibers spanning the advancing crack continue to carry
load behind the crack tip. They must subsequently debond, pull out, or break, which is potentially a much more
energy-intensive process than either matrix cracking or fiber-matrix debonding.

The mechanism of strengthening in Mode II seems to be slightly different. Fracture surfaces of conventional
and hierarchical composites under Mode II loading have been studied by [36]. In the case of conventional laminates,
fractographs show clean fiber surfaces suggesting interfacial fracture. On the other hand, fracture surfaces in
hierarchical composites show fibers with the matrix adhering to them. This indicates strong bonding between CNTs
and fibers, due to which clean interfacial failure cannot occur.

Although there are fewer studies on the toughness of interfacial fractures, all existing ones corroborate the
trends we observe. The review by [57] points out that the Mode I toughness depends more sensitively on the
length of the grafted CNTs (and hence the growth time) than the Mode II toughness (see Figure 4 in [57]). Mode 1
toughness is unaffected for short growth times but upto 60% increase is seen when optimal growth times are used.
The Mode II toughness, on the other hand, increases substantially even when sub-optimal growth times are used,
and remarkably for optimal growth times.

Interestingly, very large increases in both Mode I and II fracture toughness are also obtained by using ingenuously
fabricated interleaves. For example, Ref. [58] used interleaves of electrospun nylon nano-fibers decorated with
—COOH- functionalised CNT surfaces. Interleaving, somewhat surprisingly, increases Mode I fracture toughness
quite remarkably by 124%. Recall that CNT grafting of every ply in hierarchical composites leads to a much lower
increase in Mode I toughness.

(a) (b)

Figure 6. Micrographs from scanning electron microscopy of Mode I fracture surfaces in (a) conventional and (b)
hierarchical composites. The micrographs are from a region right next to the sharp pre-crack.

4.2. Electrical Properties

All studies agree that electrical conductivity of hierarchical composites is substantially higher than conventional
ones. Single as-received carbon fibers have electrical conductivity of ~2 x 10° S/m. In comparison, a CNT grafted
single fiber prepared using the optimised CVD process parameters is 4 times more conductive [59].

Single fiber conductivity directly translates to conductivity of UD laminates. Expectedly, the increase in
conductivity is the highest in the direction of the fibers. This increases from 400 S/m for conventional composites
to 1000 S/m for hierarchical ones. In-plane transverse conductivity also increases from 4 to 20 S/m. Though the
through thickness conductivity increases 6 times from 0.5 to 3 S/m, it is still low for many applications.

The electrical conductivity values reported by other researchers in cases where the CVD-based processing route
was used, are presented in Table 3. Electrical conductivity, especially through the thickness, depends on the grafting
process and the volume fraction of fibers. Particularly interesting are the very high values of in-plane conductivity
reported by [60] and through thickness conductivity reported by [01]. In case of [60], the improvement is due to
careful optimisation of the processing route. Also, the in-plane conductivity values reported are for woven fabrics
rather than UD ones. The grafting in case of [61] was by a low temperature CVD process and the authors claim that
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the CNTs in neighbouring plies touch each other to form a continuous electrical path through the thickness. High
through-thickness conductivity is also reported by [60], where flame synthesised CNTs are grafted on carbon fabrics.

A direct consequence of the increased anisotropic conductivity is that laminates of hierarchical composites
have improved shielding properties against electromagnetic waves. Computational studies of electromagnetic wave
propagation through layered anisotropic media [62] have shown that rather than trying to increase the conductivity
of the resin, a more feasible and effective strategy is to use more electrically conductive fibers. Fuzzy fibers with
grafted CNTs being 4 times more conductive than as-received carbon fibers, are ideal candidates for enhancing
shielding effectiveness.

The improvement is shielding effectiveness is almost entirely due to increase in absorbtion resulting from
the increase in conductivity of the carbon fabric due to grafting. In both conventional and hierarchical composite
laminate, reflection accounts for only 8-9 dB of the shielding effectiveness in the X-band [23,55].

Typically, shielding effectiveness is measured in two perpendicular orientations. The effectiveness is maximum
when fibers of the UD laminates are aligned in the direction of the applied electric field while it is minimum
when fibers are perpendicular to the electric field. In aerospace structures, shielding requirements are dictated by
system-level standards such as RTCA DO-160 and MIL-STD-461. However, a baseline shielding effectiveness of
40-60 dB should be considered adequate for many aerospace applications.

In Figure 7, we compare the shielding effectiveness of conventional and hierarchical composites in the X-band,
for both orientations. The shielding effectiveness is significantly higher for the hierarchical composite than for
the conventional. Moreover, for both types of composites, shielding effectiveness is higher when the fibers are
aligned along the electrical field (Figure 7a) than perpendicular to it (Figure 7b). In the X-band, the total shielding
effectiveness increases from 40 to 50 dB in the direction of the fibers and from 20 to 30 dB in the transverse direction.
A similar increase from 29 to 51 dB is reported by [55].

60 . . 60
l Hierarchical
50
_ 40
a8 as) Hierarchical
mB Conventional
920}
10} Conventional
0 N L L 0 N N L
8 9 10 11 12 8 9 10 11 12
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 7. Total SE of conventional and hierarchical composite laminates with (a) carbon fibers aligned parallel and
(b) transverse to the electric field.

Table 3. Comparison between values of in-plane and through thickness electrical conductivity of conventional and
hierarchical composites.

Property Value for Conventional CFRP Composites  Value for Hierarchical Composites Ref
Electrical conductivity along 138 149 [61]
the fiber (S/m) 662 5882 [60]

400 1000 Our work
Electrical conductivity across 237 384 [(_’ ]_]
thickness (S/m) L5 4 [55]
4 20 Our work

4.3. Thermal Properties

Given the considerable increase in electrical conductivity, it is natural to expect that hierarchical composites
will have higher thermal conductivity as well. The grafting of CNTs, which themselves have very high thermal
conductivity, was expected to improve thermal transport. Unfortunately, this does not appear to be the case. The
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anisotropic thermal conductivity of conventional and hierarchical composites is compared in Figure 8. The in-plane
conductivity of both variants is high, especially in the direction of the fiber, where the values are comparable to the
lower range of values obtained for metals. In fact, CNT grafting leads to considerable improvement in in-plane
thermal conductivity.

However, the through-thickness thermal conductivity of hierarchical composites is marginally lower than
conventional CFRP. The concentrated interphase in hierarchical composites, which play a major role in increasing
toughness and ILSS, also offers very high thermal resistance. Consequently, CNT grafting does not have the desired
effect on the through-thickness thermal conductivity. Molecular dynamics simulations on heat transport across the
CNTs-epoxy interface [63] indicate that CNTs decorated with long functionalising molecules may be effective in
reducing thermal resistance and increasing through-thickness conductivity.

We have used a custom designed set up to measure the in-plane conductivity, which is described in Appendix A.
The through thickness conductivity is measured using a laser flash analyser [8]. Values of through-thickness
conductivity reported by other researchers is listed in Table 3. While some studies show an increase in conductivity
for hierarchical composites, the actual values are too low to be immediately useful in applications as heat sinks.
Interestingly, the through-thickness thermal conductivity of carbon-carbon composites with carbon fiber fabric and
pyrolitic carbon [64] is greatly benefited by CNT grafting on the fabrics (see Table 4). This again shows that the low
conductivity of CFRP composites, both conventional and hierarchical, is due to the epoxy matrix.

The main reasons for the low through-thickness thermal conductivity of both conventional and hierarchical
composites can be summarised as follows:

1. The epoxy-rich regions in both composites have very low thermal conductivity (0.2-0.25 W/mK).

2. There is very high thermal resistance at carbon-epoxy and CNT-epoxy interfaces.

3. The CNT-CNT contacts potentially have low thermal resistance but, for the reasons we discuss below, do not
lead to sufficient improvement.

Grafting improves in-plane thermal conductivity in both along-fiber and transverse directions. The improvement
in the along-fiber direction is due to the increase in conductivity of single fibers due to grafting. Further, when the
process parameters are optimised properly, CNT forests grow almost radially outwards on the fiber surface. This
means that CNT forests in neighbouring fibers overlap and create thermal bridges which, though not perfect, provide
better transverse conductivity compared to conventional composites.

The fact that hierarchical composites show minimal increase in thermal conductivity but significant increase in
electrical conductivity may seem counter-intuitive. The expectation that a material with high electrical conductivity
will also possess high thermal conductivity arises from two considerations. Firstly, the correlation between thermal
and electrical conductivity is established by the well-known Wiedemann—Franz law which is primarily for metals,
where the mobile electrons carry both charge and heat. Secondly, individual CNTs posses extremely high thermal
and electrical conductivities.

However, the mechanism of heat and charge conduction in hierarchical composites is very different from that
in metals. In hierarchical composites, a CNT network is formed by CNT forests grown on neighbouring fibers and
can provide a continuous percolating pathway for electrons. The establishment of a percolating CNT network can
provide a sufficient number of CNT-CNT contacts that lead to significant reduction in electrical resistance. The
situation is similar to that in pure epoxy-CNT nanocomposites [23].

On the other hand, heat in epoxy is transported primarily by phonons. When a phonon reaches the CNT—epoxy
interface, large mismatch between the vibrational properties of the two materials results in a huge interfacial thermal
resistance. Molecular dynamics (MD) simulations on epoxy-CNT interfaces [63] have demonstrated the effect of
the interface thermal resistance. For instance, electrons can tunnel through a thin epoxy film between two highly
conducting CNTs but the same film can effectively act as a barrier to heat transfer [23].

Table 4. Comparison between values of through thickness thermal conductivity of UD conventional and hierarchi-
cal composites.

Value for Conventional  Value for Hierarchical

P t Ref
roperty CFRP Composites Composites ¢
0.61 0.94 [61]
Through thickness thermal conductivity (W/mK) 0.7 1.44 [6]
8.11 38.74 [64]
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Figure 8. Values of anisotropic thermal conductivity conductivity for conventional and hierarchical composites are
summarized. Here k;, k, and k. are thermal conductivities along fiber, transverse to fiber and through thickness,
respectively. Note that through-thickness thermal conductivity is measured using a laser flash analyser.

5. Outlook

A comparative summary of as-received and fuzzy carbon fibers is presented in Figure 9a. A similar comparative
summary of hierarchical and conventional CFRP laminates is presented in Figure 9b. These figures give an overview
of the demonstrated improvement achieved by grafting of CNTs.

Hierarchical CFRP composites using CNT-grafted carbon fibers exhibit mechanical properties equal to or better
than conventional CFRP composites. Though the improvements, especially in ILSS and fracture toughness, are
significant, they may not be enough to justify a large scale switch to hierarchical composites. A number of ongoing
efforts may help in establishing hierarchical composites as a far more multi-functional and versatile replacement for
conventional ones.

1. Asthe CVD-based processing technique for grafting CNTs on carbon fibers and fabrics is optimised on the
laboratory scale, the next obvious step is to upscale it. Several continuous grafting processes have been
proposed aimed at large scale production of carbon fibers with grafted [44,65] and vertically orientated [66]
CNTs. In addition, processing routes with more precise control over spacing and distribution of grafted CNTs
needs to be developed.

2. It has been demonstrated that hierarchical composites are potential multi-functional materials with excellent
load-bearing capability. Areas where these materials can make potential impact are

(a) As load bearing shields against electromagnetic radiation: As discussed in Section 4, shielding
effectiveness between 40-50 dB has already been demonstrated for samples fabricated through the
CVD route. Dry spraying of CNTs on carbon fiber fabrics have yielded even higher values of shielding
effectiveness. Ref. [29] reports a minimum of 45 dB and maximum of 65 dB, which makes hierarchical
composites a strong contender in strategic aerospace applications.

(b) As structural batteries: Some recent studies [67,68] have explored the possibility of utilising hierarchical
composites as load bearing energy storage materials, called ‘structural batteries’. Here the fuzzy carbon
fibers serve as both reinforcements and electrodes. The primary challenge is in designing the matrix
which must be stiff and, at the same time, function as an electrolyte. Two phase blends with epoxy and
an organic liquid electrolyte are likely candidates for the matrix.

(c)  As the material of choice in load bearing outdoor applications: A somewhat under-explored property of
hierarchical composites is their weather-resistance. In composites with as-received fibers but CNTs
dispersed in the matrix, both Mode I and II interlaminar fracture toughness are retained after several
hundred hours of accelerated weathering [35]. These results are expected to translate to hierarchical
composites of the kind discussed here.
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Figure 9. A comparative summary of the increase in various properties of (a) fuzzy fibers and (b) hierarchical
composites (represented by red arrows) against as-received fibers and conventional CFRP composites (represented by
red arrows) respectively. The relative sizes of the black and red arrows indicate the extent of increase. Downward
arrows imply a decrease. For anisotropic properties, subscript « denotes the direction along fibers, y transverse to the
fibers and z through the thickness.
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Appendix A. Characterisation Techniques Used for Different Properties

Appendix A.1. Measuring the ILSS: Short Beam Test

The influence of CNTs grafting on the interlaminar shear strength (ILSS) of CFRPs is characterised by a
3-point short-beam shear test according to ASTM D2344 standard. The testing is performed on a universal testing
machine (Zwick/Roell; Ulm, Germany) at a crosshead speed of 0.5 mm/min. The load-displacement data of the
specimens are recorded and their respective ILSS is evaluated using the following relationship,

3P

where 7 is the apparent ILSS, P is the peak load, b and / are the width and thickness of the test specimen respectively.

Appendix A.2. Mode-I Fracture Toughness: Double Cantilever Beam (DCB) Test

The effect of CNT grafting on the Mode I fracture toughness of CFRPs is evaluated according to ASTM D5528
standard. The geometry and dimensions of the double cantilever beam (DCB) test coupons are taken according to
the standard. Piano hinges are attached to the sample with Araldite adhesive (Pidilite Industries Limited, Basel,
Switzerland). Cyclic tensile tests are performed in displacement control mode at a crosshead speed of 5 mm/min.
Vertical grid lines are marked on the sample to record the crack extension in each cycle. Following the modified
beam theory (MBT) data reduction scheme, the Mode I fracture toughness is calculated using the relation,

3P§

Cre = 2b(a + A)’

(A2)
where G, P, 9, b, a and A are Mode I fracture toughness, peak load, load point displacement, specimen width,
delamination length, and a correction factor that accounts for specimen rotation during the test.

Appendix A.3. Mode-II Fracture Toughness: End Notched Flexure Test

The effect of CNT grfting on the Mode 1II fracture toughness of CFRPs is evaluated following the ASTM
D7905 standard. All the tests are performed in displacement control mode at a crosshead speed of 0.5 mm/min. The
load-displacement data of the specimens are recorded. The modified beam theory data reduction scheme is used to
evaluate the Mode II fracture toughness of the composite specimens using the following equation.

9P2(Ca?

Crie = S+ 3a3)

(A3)
where Girc, P, C, a, b, and L are Mode II fracture toughness, peak load, compliance, delamination length,
specimen width, and half span length respectively.

Appendix A.4. Electrical Conductivity: Two Point Probe

Like thermal conductivity, electrical conductivity is also anisotropic. We use a Keithely-2460 SMU (Tektronix,
Solon, Ohio, USA) with a two-point probe method to measure electrical conductivity. The electrical conductivity is
examined along (o), perpendicular to the fiber (o), as well as through thickness (o), as shown in Figure Al. The
sample surfaces are polished before the measurement. Silver paste and a small clamping force are used to ensure
effective contact between electrode probes and the sample. The sample dimensions are 30 x 30 x 2 mm?>. Electrical
conductivity is obtained using the following relation,

L IinputL

= = A4
RmA VmeasuredA ( )

g

where o is the electrical conductivity of the composite in the x, , or z direction, Jinpyt is the applied current, Vineasured
is the measured voltage, L is the distance between the electrodes, A is the cross-sectional area and R,,, is the measured
resistance. Average conductivity based on the multiple measurements for each sample is used for comparison purposes.
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Figure A1l. Schematic showing electrical conductivity measurement of composite coupons (a) along the fiber
direction o, (b) transverse to the fiber direction o, and (c) through-thickness direction o .

Appendix A.5. EMI Shielding Effectiveness: Vector Network Analyser (VNA) and Waveguide

Figure 7 schematically shows the experimental setup used to record the EMI shielding effectiveness of
composite coupons using Vector Network Analyzer (N5230, Keysight Technologies, Santa Rosa, CA, USA) and a
rectangular waveguide (WR-90, Keysight, USA). Before measurements, the VNA is calibrated using a standard
calibration kit (X11644A) to ensure accurate and reliable data. (Figure A2a,b). The sample dimensions are 22.86 x
10.16 x 2 mm?. The EMI shielding effectiveness of samples is measured in two configurations. While carbon fibers
are aligned in the direction of the electric field (Figure A2c) in the first configuration, they are aligned perpendicular
to it (Figure A2d) in the second configuration. Again, anisotropy of the material causes the shielding characteristics
to be different in the two cases.

VNA measures the reflection and transmission coefficients when the sample is exposed to electromagnetic
waves. Sp; is transmission coefficients of EM waves from port-1 to port-2 whereas S1; and Sy, are the reflection
coefficients. Shielding effectiveness is calculated from the S-parameters using the following relations,

SEr = 10logy | ——=— (AS)
10
1—|S1f?
1—[Snul?
SE = 10log,o| 1 (A6)
521
SE;r =SEgr + SE4 (A7)
I Carbon
1 Fibers
I E A
: 2286mm -7
4
4 Y i i / z
€ { ‘000&
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Figure A2. (a) VNA and (b) rectangular waveguide used to measure the EMI shielding of composite coupons.
Orientation of carbon fibers (c¢) along and (b) perpendicular to the applied field during EMI measurements.
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Appendix A.6. Thermal Conductivity: Fin Equations and Laser Flash Analyser
Appendix A.6.1. In-Plane Thermal Conductivity

The in-plane thermal conductivities along (k;) and perpendicular (k,) to the fiber direction are measured
using the equations of a thermal fin. At steady state, the temperature in the fin (see Figure A3a) is effectively
one dimensional, with negligible variation in the £ direction. The variation of T'(n) for a typical case is shown in
Figure A3c. The temperature distribution is governed by the simple equation of the fin

d*0  hP
e — A—knﬂ =0 (A8)
here § = T — T, with T'(n = 0) = T, the constant temperature of the base. Further, h, A and P are the convective
heat transfer coefficient, transverse area, and perimeter of the fin respectively. When the fin is mounted such that the
fibers are directed along 7, k,, = k. Similarly, when fibers are along ¢, k,, = k,. The thermal conductivities are
determined by adjusting k,, such that the experimentally observed temperature variation matches with that obtained
from Equation (A8) (see Figure A3b).

45 160 160
40 h<— Conventional
e 140 140} ‘:
8
30 120 "«‘
_120f %,
< 25 100 £ R
= \ET *‘)
20 g0 1007, e
15 R < (.l".r‘
10 60 80} |
sk m Hierarchical ",
40
60 . : : :
5 10 15 20 25 0 5 10 15 20 25
3 n
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Figure A3. (a) Contours of temperature 7°(7, &) on the surface of a typical fin sample and (b) variation of temperature
along the length of the specimen at a fixed £ for CF/ep and CNTGCF/ep laminates. The curves fitted using the fin
equation are shown with dotted lines.

Steady-state temperature profiles of samples mounted on a hot plate in a rectangular fin configuration are used
to compute the in-plane conductivities. The composite samples (length 60 mm and width 20 mm) along with a
reference sample (Aluminum, see Figure A4) are fixed on a hot plate with thermally conducting epoxy adhesive.
The hot plate is set at a constant temperature and the temperatures of the hot plate, sample, and surroundings are
measured with thermocouples. Additionally, at the steady state, 2-dimensional temperature profiles on the surface of
the samples are recorded with an Infrared camera (FLIR A310; Teledyne FLIR LLC, Wilsonville, OR, USA) to
deduce £, and k.

Appendix A.6.2. Through Thickness Thermal Conductivity

We use a laser flash analyser (NanoFlash LFA 447, NETZSCH-Gerétebau GmbH, Selb, Germany) to measure
the through thickness thermal conductivity. Determination of k, and &, is somewhat more challenging.
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Figure A4. Hot plate vertical fin set up used to obtain the in-plane thermal conductivities (k; and k) of conventional

and hierarchical composite samples.
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