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Abstract

The interfacial properties of carbon fiber (CF) reinforced thermoplastic composites depend strongly
on the wettability and surface characteristics of the reinforcing fibers, and their compatibility with a
chosen matrix. The interface between conventional fibers and thermoplastic matrices is generally weak,
due to a lack of specific chemical interaction, especially in the case of polyolefins. Carbon nanotube-
grafted-carbon fibers (CNT-g-CF) are considered to be potential reinforcements as they provide additional
mechanical interlocking. Commercial CFs were successfully grafted with nanotubes using a continuous,
and hence scalable, CVD method. X-ray photoelectron spectroscopy, Wilhelmy wetting measurements,
and scanning electron microscopy confirmed the successful grafting and resulting hydrophobic surface
chemistry, dominated by van der Waals interactions. The grafted CNTs, with diameters and lengths around

10 nm and 140 nm respectively, were well suited to improve the overall wettability and interfacial shear



strength (+53.4%) of the CNT-g-CF in a polypropylene matrix when compared to as-received unsized CFs.
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1 Introduction

Carbon fiber (CF) reinforced thermoplastic composites (CFRTPs) are now used in a variety of high-
performance structural applications for their excellent properties such as high specific stiffness and
strength, outstanding toughness, short mold cycle times and recyclability [1,2]. Composite interfaces are
pivotal for the integrity and performance of the material, acting as the connection between the matrices
and reinforcements for stress transfer [3—5]. However, the combination of smooth, inert fibers, with
unreactive thermoplastic matrices often produces weak interfaces that limit the ultimate mechanical
performance of the composite. In thermoset systems, partial oxidation of the surface activates chemical
reactions between the CFs and the polymer matrices (or sizing) [6]. In non-reactive thermoplastic systems,
both wetting and adhesion may be inadequate, leading to weak compression and interlaminar properties
[7]. The problem is especially acute in cheap, otherwise attractive polyolefins, such as polypropylene,
which have no functional groups and low polarity [8—10]. There is, therefore, a large amount of research
focusing on the manipulation of CF surfaces, aiming to improve the fiber/matrix interfaces in CFRTPs.
Methods commonly used include fiber coating [11-13], oxidation treatments [14] and surface grafting
[15].

Aggressive chemical/plasma treatments or high temperature processes alter surface chemistry but
can damage CF surface, negatively affecting their mechanical properties. Additionally, functional groups

introduced on CF surfaces have poor chemical compatibility with thermoplastic matrices without matrix



modifications, resulting only in marginal improvements of the interfacial/interphase properties. Whilst,

there is a growing body of literature that recognizes grafting carbon nanotubes (CNTs) onto the surface of

CFs to generate hierarchical CNT-grafted fiber composites is an valid approach to enhance the interfacial

shear strengths in thermosetting systems [15-19]. Recently, a continuous roll-to-roll thermal chemical

vapor deposition (CVD) method has been reported to prepare carbon nanotube-grafted-carbon fibers

(CNT-g-CFs), which exhibit higher interfacial shear strengths (IFSS) with epoxy resins as compared to both

unsized and commercially sized carbon fibers [20,21]. Typically, grafting CNTs onto CFs is thought to

improve the IFSS by mechanical keying (ineterlocking) for effective load transfer [17,22,23]. Model single

fiber composite tests are routinely used to rank interfacial properties (IFSS), which may indicate future

performance in composite laminates [24-26]. However, the majority of related studies focus on the

interfacial properties of CNT-g-CFs with thermosetting resins, particularly epoxy [20,27,28]. Reports on

IFSS of CNT-g-CFs reinforced thermoplastic composites are so far very limited [16,19,29].

The wettability of the fibers by the matrix is an important aspect of determining interfacial properties,

especially for CFRTPs [30]. To consider the physical interactions between fiber and matrix quantitatively,

the fibre surface energy is typically determined from measured contact angles, for example using the well-

established Wilhelmy method [31-34]. The surface energy of a solid or liquid can be divided into various

components, i.e., the Lifshitz-van der Waals, acid and base components [35]. These components represent

the physical and wetting properties of liquids and solids, and can be used to predict the thermodynamic

work of adhesion between fibers and polymer matrices [7,36,37]. Previous studies [38,39] have also tried

to establish a link between the work of adhesion and “practical” adhesion at the single fiber scale. Whilst

there are a few reports relating conventional fiber wettability to interfacial mechanical properties

[7,27,37,40-42], similar studies for CNT-g-CFs are almost entirely lacking [16].



In the present study, CNT-g-CFs were prepared by a continuous CVD approach that may be scaled to
larger scale production in the future. The Wilhelmy method was applied to measure the dynamic contact
angles between individual (CNT-g-)CFs and different probe liquids. The CF surface energy components
were then determined by using the acid-base approach [43] so that the thermodynamic work of adhesion
between these modified CFs and thermoplastic resin, polypropylene, could be predicted. In addition, the
morphology and chemical characteristics of the CF surfaces were investigated using scanning electron
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS), respectively. Microdroplet debond tests
were performed to determine the IFSS between these CFs and a PP matrix at the single fiber scale, in order

to validate the predictions and evaluate the potential use of CNTs to enhance CF-PP composites.

2 Experimental

2.1 Materials

Polyacrylonitrile (PAN)-based commercially sized carbon fibers with a ~ 1 wt.% sizing developed for
epoxy systems (AS4C-GP-12K-8, datasheet diameter 6.9 um, hereafter referred to as sized CFs) and unsized
PAN-based carbon fibers (AS4-12K-7D, datasheet diameter 7.1 um, hereafter referred to as unsized CFs)
were kindly provided by Hexcel Composites (Duxford, GB). Nickel(ll) acetylacetonate (298%, VWR, GB),
iron(ll) nitrate nonahydrate (298%, Sigma-Aldrich, GB) and ethanol (>99.7%, VWR, GB) were procured to
prepare the catalyst precursor loaded sized carbon fibers substrate for CNT synthesis. Isotactic

polypropylene (515A, Sabic, D, hereafter referred to as PP ) was used for microdroplet tests.

2.2 Synthesis of carbon nanotube-grafted carbon fibers

CNT-g-CFs were manufactured using a continuous and open CVD reactor developed at Imperial

College London, and the detaild synthesis parameters were described in previous paper [20]. In brief, the



growth of CNTs on CFs was performed on sized carbon fibers, as-received without prior

treatment/processing, which were pre-deposited with bi-catalyst precursor prior to synthesis, 12k tow

(iron and nickel salts). The CNT synthesis was carried out with an applied potential difference (300 V)

between the fibers and a cylindrical coaxial graphite foil counter electrode. In the stable hot zone of the

reactor (770 °C) the catalyst is reduced (5 min) by a hydrogen (2.4 vol.%) in nitrogen (97.6 vol.%) premix

and subsequently acetylene (1.3 vol.%) in nitrogen (98.7 vol.%) is added as the carbon precursor for the

growth of CNTs on CFs (30 min). The resultant fibers were collected on a motorized spool which

determined the pull-though rate during the reaction (1.2 m/h), and were used as synthesized (hereafter

referred to as CNT-g-CFs). As a control sample, pre-deposited bi-catalyst precursors coated CF samples

which have passed through the continuous and open reactor at 770 °C, in an inert carrier gas with

hydrogen reduction at 1.2 m h/h (as previously described), but without the carbon feedstock, are hereafter

referred to as heated and reduced bi-catalyst coated carbon fibers (HRBC-CFs).

2.3 Fiber surface characterization

The surface topography of CFs was characterized by SEM (Carl Zeiss MERLIN Compact, DE) using an

acceleration voltage of 20 kV and working distance ranging from 7 mm to 15 mm. Additional high

resolution micrographs were taken by a field emission SEM (Carl Zeiss Leo Gemini 1525, GB) operated at

5 kV, and working distance ~10 mm, with the samples prepared on aluminum substrate and adhered with

silver dag (not sputtered). Fracture surfaces of composite specimens were sputter-coated (Gatan 682

Precision Etching and Coating System, US) with gold prior to imaging. Moreover, a scanning transmission

electron microscope (TEM, FEI Tecnai G2 F30, NL) was applied to characterize the morphology of CNTs

growth on the CF surface.

The surface topography of the CFs was further examined by atomic force microscopy (AFM)



(Dimension icon, Veeco, US) using an antimony-doped silicon probe (FMV-A, Bruker, US) and operated in
tapping mode. The scan areas were 4 x 4 um and 1 x 1 um for low and high magnification topographical
images, respectively. Images were analyzed using the software (NanoScope Analysis) to obtain the
arithmetic average roughness (R,) calculated from four positions with the areas of 200 x 200 nm, and the
surface area ratio (r). The parameter r is defined as the ratio between the area (A) of the topography
determined by AFM, and the geometrically projected area (4,) of the topography:
r= é (1).

the elemental surface composition and oxidation state of the elements present was determined by
measuring XPS wide scan spectra in the energy range from 0 to 1350 eV using a Thermo Fisher Scientific
(ESCALAB 250xi, US). Short sections, two cm in length, were cut carefully from the fiber tows (12k) and
clamped securely in a steel sample holder. The XPS interaction spot size is approx. 900 um (diameter),
which corresponds to an irradiated area containing roughly 120 fibers for each sample set. The high

resolution C(1s) and O(1s) XPS spectra were obtained to determine the concentrations of carbon- or

oxygen-containing functional groups on the surface of CF samples.

2.4 Fiber surface contact angle measurements via Wilhelmy method

The gravimetric Wilhelmy method uses test liquids with known surface energy (components) but
different polar and dispersive contributions to obtain information about the surface chemistry of the fibers.
The Wilhelmy method used here has been described in detail elsewhere [32,33,36], but in brief, the
advancing and receding contact angles are determined using a high-precision tensiometer (resolution 1
pg, K100SF Kriiss, GE) and three test liquids, deionized water (DW, resistivity 18.2 MQ cm at 25 °C),
ethylene glycol (EG, Sigma—Aldrich, assay 99 %), and diiodomethane (DIM, Merck, assay 99 %). At least

three fibers were sampled for each test liquid, which were immersed into and withdrawn from the test



liquid three times, repeatedly, at a velocity of 3 mm/min to measure the wetting forces exerted on the
fibers. The measured forces and the diameter of each fiber (measured by SEM after wetting test) were
used to calculate the advancing (6,) and receding contact angles (6,-) and the contact angle hysteresis (A8)
with A8 = 0, — 0,.. The equilibrium contact angle (,4,) is then obtained by [44];

€0S Opqyy = 0.5 cos 0, + 0.5 cos 0, (2).

2.5 Surface energy components and work of adhesion calculations

The van Oss acid-base theory [45] allows for the determination of the Lifshitz-van der Waals y*"
and acid-base Y4B, surface energy components as well as the Lewis acid y* and base y~ surface
energy parameters of the solid surface free tension [35] based on the equilibrium contact angle 6

according to Equation 3 (in its matrix notation),

Ax=Db (3) ’
where,
[ f w [ + 7= |
Via Yia Vi1
\/}’sL—W 0.5y, (1 + cos8;)
A= re | x= | i [ = | 090 Feost) |
ys+ 0_5yl1m(1 + COSem)
] fyl% ‘/Vlfm VVim]

with the symbols "I" and "s" referring liquid and solid, respectively, and the numerical digit in the subscript

of symbol denoting various test liquids. No less than three test liquids can be used to solve Equation 3

readily. In order to lower the sensitivity of the calculation to variations of contact angle values, a liquid

triplet with the lowest possible condition number needs to be selected. A low condition number normally

corresponds to a well-balanced set of test liquids, in which dispersive and non-dispersive liquids are

chosen in particular, hence the use of DIM, DW and EG in this study [46,47]. The condition number is

defined as:



cond (4) = |IAllllA~*] (4),

where A4 is the matrix in Equation 3, || || denotes the matrix norm [|4||. The calculation of surface
energy components was performed by using SurfTen v4.3 software as depicted in previous work [48]. The
thermodynamic work of adhesion W, = y; + y; — ¥ was then determined from the calculated surface
energy. It is used to predict the bonding between reinforcements and polymer matrices in composites

[30,49-51].

2.6 Single fiber microdroplet debond test

Microdroplet debond tests were performed to measure the apparent interfacial shear strength 7,z
between fibers and polymer matrices using an interface strength tester (East Wing Industrial, MODEL
HM410, JP). Samples for the single fiber microdroplet debond tests were prepared by gluing single fibers
taken from the tow onto a steel frame. Pellets of PP were melted on a clean glass slide by heating on a
heating stage to 235 °C for 5 min. Then, suspended single fibers specimens were dipped into the molten
PP and withdrawn to form PP microdroplets around the CF. Finally, the composite specimens were placed
into a vacuum oven at 235 °C for 5 min to melt the polymer matrices once again, to achieve completely
shaped single fiber microdroplet specimens. Each tested microdroplet was gripped between two movable
metal blades and the CF pulled out of the microdroplet at a steady speed of 0.1 mm/min, while measuring
the force-displacement via a computer interface, shown in Figure 1. An optical microscope was applied to
measure the embedded length (,), whilst positioning the blade edges and monitoring the testing process.
The embedded fiber areas (4,) can be calculated according to Equation 5;

A, = mdgl, (5),
where CF diameter (dy) was measured by SEM for each sample after fracture. The average 7;rss was

determined by the linear fit to the plot of peak debonding force (F,4,) over A, Epnax = f(4,) fixed



through the origin with tests resulting in fractured droplets omitted. At least 33 specimens for each

material were used for a robust evaluation.

3. Results and discussion

3.1 Surface morphology and roughness of the fiber surfaces

The surface morphology of fibers was studied using SEM and representative images are shown in
Figure 2. The as-received unsized and sized fibers have the typical grooves (crenulations) on their surfaces.
They are very similar in their appearance, with no discernable differences resulting from the application
of the sizing by the manufacturer.

The HRBC-CFs showed catalyst particles with diameters in the order of 10 nm after exposing the
precursors to a reducing gas environment at high temperature. The surfaces of the CNT-g-CFs were
covered with a rough and porous layer made of short CNTs with an average height varying around an
average value of 140 nm (perpendicular length from the fiber surface shown in Figure S1, observed in SEM
and TEM) in agreement with previous results [20], with diameters on the order of 10 nm observed in TEM.
Both, the HRBC-CF and CNT-g-CF appeared undamaged, as also found previously [20].

AFM topographical images confirmed the SEM observations (Figure 3). The sizing applied to carbon
fibers is well known to smooth the surface, and protects the fibers during handling when compared to
their unsized counterpart. On the other hand, CNT coated carbon fibers had the highest surface
roughness; R,determined by AFM increased from sized CFs (0.83 £ 0.07 nm) < unsized CFs (1.35 £ 0.31
nm) = HRBC-CFs (1.37 £ 0.24 nm) < CNT-g-CFs (3.71 + 0.43 nm). It should be noted that the roughness of
the CNT-g-CFs, observed in the SEM images, may be underestimated by the AFM measurements as the

cantilever tip radius (8 nm) is almost as large as the CNT diameter.



3.2 Wetting behavior of the fiber surfaces

Typical dynamic contact angle cycles (advancing and receding) of diiodomethane on fibers are shown
in Figure 4. During the first wetting cycle, an unsteady pre-force was occasionally discovered [32], resulting
in unreasonable contact angle results. During this first cycle, the porous CNT layer also imbibes the liquids.
The force induced by the wicking process is, however, negligible compared to the force emerging from the
formation of menisci around the fibers [36]. Due to these unsteady forces, dynamic contact angles were
calculated only during the last two cycles. The contact angle versus position curves along the fibers were
in good agreement with surface irregularities, indicating that contact angle fluctuations are related to
topographical features of the CF surfaces. For HRBC-CFs and CNT-g-CFs, the pinning and jumping of the
contact line in the wetting cycles are due to the topography of the fiber surface, which affects the local
contact angle values [36]. Compared to sized CFs and HRBC-CFs, CNT-g-CFs have more scattered contact
angle values caused by higher surface roughness variations (Figure 4 d). The wetting cycles for DW and EG
showed identical trends related to surface roughness and can be found in the Supplementary material,
Figure S2 and Figure S3. In one instance, the local surface microstructure (SEM) for CNT-g-CF was directly
associated with one of the fluctuations seen in the wetting cycles (Figure S2 g) and h)). For the sized CFs
and HRBC-CFs, contact angles fluctuated to a smaller extent due to their relatively smooth and
homogeneous surfaces.

The average advancing and receding contact angles of DW, EG and DIM are provided in Table 1, as
well as the 6,4, and 46, which were calculated based on the method mentioned in Section 2.4. All CFs
were hydrophobic with advancing contact angles, measured during wetting of dry surfaces, characteristic
for the lower surface energy part of the fiber surfaces, 9.> 70°, however, catalyst deposition and thermal

treatment rendered the fibers more hydrophobic due to the expected loss of the oxygen-containing
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functional groups on the industrially oxidized fibers. Comparing with HRBC-CFs, the 6, and
corresponding 8,4, from CNT-g-CFsin all test liquids decreased due to the pinning of the contact line. All
the fibers show obvious contact angle hysteresis but 46 from CNT-g-CFs is the highest when compared to
the baseline samples. Increased pinning might be due to the nanotubes induced rougher surface and the
surface chemical heterogeneity.

The Wenzel model is widely used to link the apparent contact angle of a liquid on a rough surface
with the intrinsic contact angle. Meanwhile, the porous CNT layer on the surface of CNT-g-CFs can be
recognized as a rough surface formed by the presence of CNTs, which can yield lower contact angles
compared to the contact angles on a smooth surface [36]. Consequently, the equilibrium contact angles
on “roughness corrected CNT-g-CFs” hereafter denoted with *, (8.4y (cnT—g-cFv)), €an be calculated
theoretically based on equilibrium contact angles of CNT-g-CF (04, (cnT-g—cF)) according to the Wenzel

model, expressed as Equation 6;

€0S Ogqy (CNT—-g-CcF) — T €COS BOcqu (CNT—-g—CFx) (6)

Using the approach mentioned in Section 2.3, the value of r can be estimated according to the AFM
images, for CNT-g-CF a value of r 1.176 + 0.007 was determined using Figure 3 k). Consequently, the
equilibrium contact angle for CNT-g-CFs* in DW was derived to be 79.6 + 3.1° (Table 1), which is
comparable with Zhang et al. [36](~ 84°) using the same approach, and the calculated value by Neimark
et al. [52] (~ 82°). The estimated contact angle values of CNTs in EG and DIM were also in agreement with
those estimated by Zhang et al. [36], which further validates the use of the Wenzel model for CNT-g-CF

samples, and represents an appropriate approximation.
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3.3 Surface energy components and thermodynamic work of adhesion

Surface energy components (Table 2) were determined using the equilibrium contact angles obtained
in Section 3.2 using the Della Volpe-Siboni scale [48]. The selected liquid triplet presents condition
numbers from 3.57 to 4.25. These values are lower than the other triplets reported in literature [46,47],
representing to a better set of test liquids. The total surface energy was highest for CNT-g-CFs, with the
other CF samples within error of each other. The total surface energy contribution calculated from
Ocqu (cNT—g-cFy) 1535.6 mJ/m? (theoretically estimated equilibrium contact angles on CNT-g-CFs*), which
is comparable to literature values for multi-walled CNTs (ca. 37 mJ/m?) [36]. The sized CF and unsized CFs
had indistinguishable surface energy components. The polar contributions on the HRBC-CFs, and CNT-g-
CFs* surfaces are lower than for the unsized/sized CFs, as surface oxides decompose at elevated
temperatures [53,54], for instance those experienced during the reductive gas exposure or during CNT-
growth. Existing research recognizes that y‘" demonstrates the surface characteristics of untreated CFs
[53], as surfaces are mostly composed of graphitized aromatic rings. Grafting CNTs on CFs further increases
the aromatic carbon contribution as evidenced by the high y‘" and low y48 obtained for the CNT-g-
CFs*.

The calculated wetting parameters for the CFs with hydrophobic PP are shown in Table 2. HRBC-CFs,
sized CFs and unsized CFs are likely to have a very similar adhesion with PP owing to their similar work of
adhesion, ca. 63 and 64 mJ/m?. CNT-g-CFs showed the highest work of adhesion, ca. 71 mJ/m?, which is
indicative of the higher potential adhesion with PP, based simply on chemistry. However, since the CNT-g-
CFs surfaces are also rough, the wetting parameters for CNT-g-CF* (roughness corrected) were also

determined based on the surface energies of CNT-g-CFs* and PP.
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3.4 Surface composition of the fiber surfaces

The XPS spectra of the four CF samples demonstrated visible carbon and oxygen peaks (presented in
the Supplementary material, Figure S4), representing the major near-surface constituents of the CFs
investigated; as expected for a commercially supplied CF. Near-surface element compositions were
determined via quantitative peak analysis (Table 3). Bulk carbon contents for both AS4 (unsized CF) and
ASAC (sized CF) are listed as 94% on the manufacturer’s datasheets, as determined by elemental analysis.
The XPS determined carbon composition for as-received unsized CF and sized CF samples are somewhat
lower, as the technique is more sensitive to the modified surface chemistry; indeed, the carbon, oxygen,
nitrogen, and silicon XPS compositions are close to literature values [55-57]. The increased silicon content
for unsized CFs is attributed to contamination; the composition of epoxy compatible sizing on sized CFs is
proprietary information. HRBC-CFs samples showed small amounts of iron and nickel which remained on
the surface after catalyst precursor deposition and processing, in addition to any residual decomposed
sizing. The (partial) reduction or atmospheric re-oxidation of the catalyst particles in HRBC-CF samples will
increase the surface oxygen content. The near-surface atomic composition of CNT-g-CFs, are strongly
influenced by the grafted CNTs, which dominate the interaction volume analyzed by XPS. Since this layer
is less dense (porous), the total interaction volume is likely to be increased. The carbon and oxygen
concentrations for CNT-g-CF are consistent with those previously reported for carbon nanotubes [58]. The
increased iron content for CNT-g-CF is associated with the remaining catalyst particles; exposed metal may
also oxidise but typically catalyst particles remain metallic after growth as they are encapsulated within
the CNTs. The lack of a nickel signal in CNT-g-CF, was unexpected, but may indicate that the tip growth
catalyst is predominantly iron while the nickel plays a role in conditioning the catalyst during initial

reduction or nucleation. Literature reports a shielding effect of the CNT walls when the nickel particles are
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loaded within the internal channels, which significantly attenuates the nickel signal [59]. The detailed
mechanism for the CNT growth promotion observed on applying a potential difference to the CF substrate
is not yet known.

W component observed for CNT-g-CFs* by the wetting experiments, is consistent

The increased y*

with the XPS data showing a high surface carbon content. The changes in surface energy (y!") correlate

well with the C/O ratios determined by XPS analysis (Figure 5).

3.5 Microdroplet interfacial shear strength

Microdroplet single fiber reinforced PP composites were tested with tabulated averages detailed in

Table 4; the linear fit for deboning force against embedded area are given in the Supplementary
Information (Figure S5). The IFSS of the CNT-g-CF/PP system increased by 39%, 40% and 53% compared to
sized CFs, HRBC-CFs and unsized CFs, respectively. The IFSS of CNT-g-CF/PP composites (11.2 + 0.3 MPa)
measured here is in the order of results demonstrated in the previous work for other nanostructured CF
surface modified/PP composites (10.7 MPa for plasma treated and zinc oxide nanorod modified CF/PP
composites) [11]. Yumitori et al. reported that growing CNTs (~¥350 nm in length and 20-60 nm in diameter)
on carbon fibers improved the IFSS with PP by 35% compared to desized (in acetone) CFs [19]. The larger
improvement (53% compared to unsized fibers) observed in the current study can be attributed to the
smaller CNT diameter (~10nm) which is associated with higher roughness and potentially high CNT
crystalline quality, although the choice of PP grade may contribute [60]. In addition, in contrast to
Yumitori’s batch processing, the continuous grafting process provides a more consistent and practical CNT-
g-CF material.

Fractography showed that the PP droplets were fully debonded upon failure for all samples and that

the fracture surfaces are smooth without residual PP matrix (Figure 6 a) - c)). This failure mode implies

14



adhesive failure at the fiber-matrix interface/interphase. The similar failure surfaces of the unsized CF,

sized CF, and HRBC-CFs IFSS samples are consistent with the numerical data showing that sizing, catalyst

precursor deposition and thermal treatment processes had little effect on mechanical

interfacial/interphase performance in PP. In contrast, CNT-g-CF (Figure 6 d), e)) showed a rougher fracture

CF surface, consistent with an intermediate cohesive failure closer to the ends of the CNTs-matrix region.

A rougher fractured CNT-g-CF surface, with remnants of PP matrix indicates good interfacial adhesion

between the nanotubes and the polymer matrices, with the failure stress concentration altered from CF-

matrix interphase, as predicted in models for a uniform and short array of CNTs on the CF surface [61].

The predicted work of adhesion is unable to show a distinct trend for the improved IFSS. The

predicted work of adhesion for CNT-g-CF* increased by 4% compared to unsized CFs, which is smaller than

that for CNT-g-CFs (11%). However, the increase of the IFSS is up to 53%, indicating that mechanical keying,

rather than thermodynamic adhesion, is the dominant mechanism for the IFSS improvement. The

predicted work of adhesion addresses adhesion dominated by adsorption mechanisms while it fails to

account for mechanical key, strain energy dissipation (plastic deformation of the matrix), and the residual

radial compressive stresses at the interface [62], thereby underestimating the observe IFSS increase.

Nevertheless, the IFSS results are in agreement with the measured contact angles for CFs in DIM (Figure 6

f)). As an exclusively dispersive liquid, DIM could be considered to a model for PP in order to predict the

extent of wetting by the polymer, an essential prerequisite to establish intimate contacts between the CF

surface and PP, crucial for mechanical interlocking.

4. Conclusions

Grafting CNTs on CF is an effective approach to improving the interfacial interactions in composite

materials. The continuous process illustrated here provides larger quantities of consistent CNT-g-CF that
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may be scaled up to full composite testing in the near future. Significantly, the process has been optimized

to create short, small diameter CNTs, that are most appropriate for interfacial reinforcement in fiber

composites. The small diameter maximizes the surface area available for wetting interactions, whilst the

short length will not impede primary CF packing; in addition, shorter CNTs have already been shown to be

more effective for improving IFSS in glass fiber — epoxy systems due to an improvement morphology and

cohesive fracture mode [63]. Importantly, the continuous approach is compatible with existing carbon

fiber production equipment and may be ultimately implemented commercially.

CNT-g-CFs are particularly attractive in unreactive thermoplastic matrices where wetting and

adhesion typically limit composite performance, especially when using polyolefin matrices, such as PP.

Wetting measurements establish the intrinsic chemistry of the grafted material, which is dominated by

non-polar, van der Waals interactions. These non-polar interactions allow full wetting of the convoluted

CNT network by the non-polar PP matrix, a crucial pre-requisite for interfacial adhesion. Indeed, extensive

microdroplet testing proves that the grafting of the CNTs significantly improves the IFSS compared to the

appropriate control samples (up to +53%). However, the predicted work of adhesion deduced from the

wetting measurements underestimates the observe IFSS increase, as it does not account for the

mechanical keying between the polymer and the CNT network. This interaction is evidenced in the

fractography which shows a change in failure mode to a cohesive fracture of the CNT-reinforced interphase,

rather than a simple interfacial de-adhesion. Guided by wetting measurements, the CNT-g-CF system can

be adapted to a wide range of matrices. The expected thermal stability of the CNT-g-CF and the mechanical

keying interactions implies that the approach may be useful for high performance matrices processed at

elevated temperatures where conventional CF surface chemistry is degraded [64]. CNT-g-CF are, therefore,

a promising generic technology for enabling future thermoplastic-matrix carbon fiber composites.
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Figures and tables
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Figure 1: Schematic diagram of the microdroplet test; a) test apparatus (the tested fiber and the PP

microdroplets are not to scale), and b) optical image of the single fiber composite specimen. [Color image]

Sized CF Unsized CF

Figure 2: Scanning electron micrographs of carbon fibers: a) as-received sized CF, b) unsized CF, c) HRBC-
CF, d) CNT-g-CF, with high resolution inserts of the fiber surfaces. e) SEM micrograph of CNT layer on the
surface of CNT-g-CFs and f) TEM micrograph of CNT-g-CFs surface. [Color image]
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Sized CF: R,=0.83 + 0.07 nm
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Figure 3: AFM topographical images and surface roughness (R,) of carbon fibers: sized CF at low
magnification (4x4 pum?) a), high magnification (1x1 um?) b) and phase image (c); unsized CF at low
magnification d), high magnification e) and phase image (f); HRBC-CF at low magnification g), high
magnification h) and phase image (i); CNT-g-CF at low magnification j), high magnification k) and phase

image (l). [Color image]
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Figure 4: Contact angles determined for fiber samples using the Wilhelmy method, a) sized CF, b) unsized
CF, c) HRBC-CF, and d) CNT-g-CF with diiodomethane (DIM) for cycle 2 and 3 shown with black and red

lines, respectively. [Color image]
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Table 1 Advancing (8«) and receding () contact angles presented with standard deviations, equilibrium
(Jequ) contact angle, and contact angle hysteresis (46) for the four fiber samples and Jequ calculated using
the Wenzel model for individual CNTs with test liquids are presented with associated error.

Test liquid Sample 9, (9 0, (°) Ocqu (°) 46 (°)
Sized CFs 83.4+3.0 37.6+5.8 63.1+2.6 45.8
Unsized CFs 72.0+9.0 35.7+10.1 55.9+6.3 36.3
Deionized
HRBC-CFs 95.3+2.9 75.9+3.9 85.6+24 19.4
water
CNT-g-CFs 99.7+4.2 535+73 77.7+3.7 46.2
CNT-g-CFs* - - 79.6+3.1 -
Sized CFs 61.2+4.7 25.4+5.7 46.2+33 35.8
Unsized CFs 61.4+119 24.8+9.2 46.1+7.7 36.6
Ethylene glycol HRBC-CFs 69.8+2.6 43.5+35 57.7+21 26.3
CNT-g-CFs 67.0+4.8 28.8+54 50.7+3.3 38.2
CNT-g-CFs* - - 57.4+2.6 -
Sized CFs 61.3+2.6 54.2+2.0 57.8%+1.6 7.1
Unsized CFs 62.4+4.6 55.0+2.7 58.8+2.7 7.4
Diiodomethane HRBC-CFs 59.5+25 52.2+2.2 559+1.7 7.3
CNT-g-CFs 447 + 8.2 30.8+11.7 38.3+6.7 13.9
CNT-g-CFs* - - 48.1+4.7 -

Table 2: Surface energy components of the fiber samples calculated using the acid-base model, with
literature values for polypropylene (PP) [7]. Total fiber surface energy (y), Lifshitz-van der Waals (y*%)
acid-base (y*?) surface energy components as well as acid (y ) and base (y~) surface energy parameters,

and work of adhesion (W, ) for the fiber samples with PP matrix, presented with associated error, .

Sample/ y yw yab yt Y Condition w,
material (mJ/m?2) (mJ/m?2) (mJ/m?2) (mJ/m?2) (mJ/m?) number (mJ/m?)
PP 30.87 £0.52 29.90 £ 0.47 0.97+£0.20 0.12 £0.05 1.97+0.31 -

Sized CFs 34.87+£1.48 29.83 £0.95 5.05+1.13 0.62 £0.26 10.23+1.54 3.59 64.16 £1.52
Unsized CFs 34.98 £3.33 29.25+1.55 5.72+2.94 0.56 £ 0.56 14.59 + 4.09 4.41 63.90 £ 2.00
HRBC-CFs 32.08 £1.05 30.92£0.97 1.17+0.41 0.19+0.12 1.75+0.64 3.99 62.96 +£1.43
CNT-g-CFs 40.71+3.38 40.46 £ 3.27 0.26 £0.84 0.01+0.04 2.63+1.20 3.63 70.91 +2.66
CNT-g-CFs* 35.61+2.72 35.32+2.61 0.29+0.78 0.01+0.04 3.10+1.11 3.62 66.44+2.41
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Table 3: Near-surface chemical composition of fiber samples determined by XPS and the ratios of carbon

to oxygen (C/O) for fiber samples determined from XPS.

Chemical composition

Sample

C (at.%) O (at.%) N (at.%) Si (at.%) Fe (at.%) Ni (at.%) c/o
Sized CFs 84.07 14.53 0.83 0.57 - - 5.79
Unsized CFs 81.34 9.96 2.98 5.71 - - 8.16
HRBC-CFs 84.52 12.38 1.32 1.53 0.13 0.12 6.82
CNT-g-CFs 96.28 3.15 - - 0.56 - 30.56
40 80
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Figure 5: The relationships between Y% and C/O as a function of four carbon fibers samples.
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Table 4: Average interfacial shear strengths (IFSS) determined by single carbon fiber microdroplet tests

with a PP matrix with associated standard error. Fiber diameters measured from SEM post fracture.

Sample (II\::) Number of samples tested Average f(i:i:‘r)diameter
Sized CFs 8.07+0.21 47 7.14+0.17
Unsized CFs 7.30+£0.24 33 7.20+£0.34
HRBC-CFs 8.03+0.16 50 6.89 £ 0.96
CNT-g-CFs 11.20+0.34 58 7.28 £0.36
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Figure 6: Fractography micrographs of microdroplet fiber-polypropylene model composites, a) sized CF, b)
unsized CF, c) HRBC-CF, d) CNT-g-CF, e) CNT-g-CF high magnification of fracture surface circled in d), with
residual PP indicated with a black arrow and fractured CNTs indicated by the white arrow. f) Relationship

between the equilibrium contact angle of CFs in DIM and the IFSS results from microdroplet PP single fiber

composites. [Color image]
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