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Abstrac

Composite s designed for ballistic applications typically require fiber-matrix interfacial

i -

propert considerably different than those used in more common structural applications.

t

Ballistic composites are usually benefited through the use of a weaker interface that allows the high

U
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tenacity of the fiber to be utilized for energy absorption, whereas structural composites require strong
interfaces to ensure materials which do not easily delaminate or exeprience cracking. Here, the
multifuer a zinc oxide (ZnO) interphase through a tailored interfacial shear strength (IFSS)
as a functi @ pin rate is demonstrated. Both zinc oxide (ZnO) nanowires and nanoparticles are
shown thromghmwamiable strain rate pullout to enable tailored behavior with the nanowires producing
an 87% inL IFSS over untreated fibers under quasi-static loading, and 53% lower interfacial

shear strergth thall untreated fibers at 2200 s”'. The reduced interfacial strength under dynamic

C

loading congiti s attributed to the the polymer’s viscoelasticity, as matrix stiffening effects reduce

S

the nanowt1 ctional gradient, causing brittle failure of the ceramic interphase. The results

demonstrate the p@tential for ZnO nanowires and nanoparticles to enable the tailored design of

Gl

interfaces ealize multifunctional materials with optimal behavior under both static and

N

dynamic 1 ditions.

d

1. Intro

Multifunc aterials are designed such that they combine two or more functions that are
typicall ed using separate materials or systems into a single material. The most common
structural multifunctional materials over the past decade have focused on incorporating self-healing,'"
* energy hg,[s’g] sensing,” 'l and health monitoring '™ into the structure. For example, the
&

have allowed

integration

scale piezoelectric materials in continuous fiber reinforced polymer composites
ctural components to harness wasted kinetic energy from mechanical vibrations
aytomotive applications. This leads to a reduction in the weight and complexity of
these sﬁHough partially or completely eliminating additional components, such as of
batteries, where the structure itself is able to contribute toward meeting the system’s energy
requirements.®! wever, multifunctional materials can also be of great use in less obvious
applica r instance, ballistic materials are often designed separately from the structure and

serve the sole purpose of providing protection from high energy impacts and blasts.!"! Currently,
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ballistic protection for ground vehicles and stationary shelters come in the form of heavy and
expensive add-on armor."'”) Moreover, in the case of ground vehicles, such armor considerably reduce
maneuvera%yand fuel efficiency, two critical factors for their performance when operating during
cornbat.[”’] the armor is a combination of metallic, ceramic and composite materials,
mergingmandmbenmding them together into one part in a proper, efficient and cost-effective manner
remains a ing production task. Therefore, a need exists for a single multifunctional material

that combi@nigh ballistic and structural performances, while satisfying flexibility, weight, and

cost requirm

Numerous jes and methods have emerged to produce multifunctional systems with

simultaneo ballistic and structural performances. In the mid-nineties, Pike et al. presented a
multi-layenstructural laminate for ground combat vehicle protection.'®'”! The proposed composite

integral armor ) included ceramic alumina tiles for ballistic protection and a thick section

composite ict as structural backing. However, the CIA possessed a low mass efficiency that

fell co ort from satisfying weight requirements of military applications. Other methods
aim toﬁsystem’s weight through the use of polymer fiber reinforced polymer matrix
composite laminates for ballistic reinforcement. This is evident in the design of U.S. military helmets,
where carlig fiber shells are over-molded with layers of high-molecular-weight polypropylene in

order to SiDlSly provide structural integrity and ballistic protection.”®** Alternatively, Harach

et al. deve etallic-intermetallic laminates (MIL) as a new class of synthetic multifunctional
materials.[! Inspired by the multifunctionality of biological systems, titanium and aluminum foils are

processed * Brodi'e metallic laminates with hierarchal microstructures that allow for good structural

and ballistnmance, among their other unique properties. While such composites achieve

multifuncti ithout the need for multiple components, the high areal density and rigidity of

MIL linai use in applications where flexibility and lightweight are of high importance.*"!

Another approaCh®o introduce multifunctionality into fiber reinforced composites in the form of
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ballistic protection is through modifying the choice of the matrix resin. Vieille et al.”' conducted a
comparative study on thermoplastic and thermosetting based carbon fiber laminates and found that the
former Maller delamination and better blast impact performance. Yet weak fiber-matrix
interfaces lting points have restricted thermoplastic resins to consumer applications.
Recentlys cemsidemable interest has been shown in introducing multifunctionality into carbon and glass
fiber reinf ymer matrix composites for a high structural and ballistic performance using
various te@mm Carbon and glass fibers reinforced composites possess properties such as
high tensilegstr, , high stiffness, and considerably low strain to failure, making them suitable for
structural amr‘ls, but not ideal for most ballistic ones."*”! This is primarily due to the localization
of failure at the piint of impact when these composites are struck by a projectile.”” One way to
integrate mkgi ionality into these composites is through the design of a fiber-matrix interface that
maximizes | performance at low strain rate loading conditions, while improving its energy

absorption (@ train rates. A weaker interface would enable the tough fiber to absorb impact

energy, whereas a strong interface would increase a composite’s resistance to delamination and matrix

cracking un tic loading. Such multifunctionality would eliminate the need for multi-
compo ion systems, while satisfying weight, flexibility and cost requirements. Many
31-33 34,35

sizing techpiques,”' **! and chemical and plasma treatments **** have been reported on carbon and

glass fibers wi ¢ goal of tailoring the fiber-matrix interface for multifunctionality. However, most

of these md up damaging the fibers’ core and etching its surface, leading to a considerable

reductixber’s tensile strength, and thus sacrificing its structural performance for an
improv allistic properties.

An alterna ach for modifying the fiber-matrix interface of carbon fiber reinforced polymer
composite ve the desired multifunctionality is through interphase design. The intoduction of

nanom¢e fiber’s surface creates a hierarchial interface between the interfacial components
which provides composite with unique charcteristics. This nanostructured interphase is usually
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achieved through grafting or whiskerization methods. For instance, grafting of carbon nanotubes
(CNT) onto the carbon fibers surfaces have garnered significant interest in recent years due to their
excellenWmcal properties, as well as their ability to draw thermal energy from the matrix to the
fibers.1**% @ loading conditions, Downs et al. 9] showed an increase in the interfacial shear
strengthm( | ESSymefmore than 400% in carbon fiber composites with a hierarchical CNT interphase.
However, hwasurements of single carbon fiber composites IFSS under dynamic loading
conditions @ilable in literature due to the difficulty of replicating the necessary experimental

conditions usi amic actuators. This has led to greater focus on studying the bulk properties of
CNT reinfoPéed ®arbon fiber reinforced composites when dynamically loaded. Sharma et al.l®
reported 48% incriase in impact strength in CNTs coated carbon fiber reinforced composites when
tested usit tower impact system. The improvement in impact strength is attributed to the

ability of ridge micro-cracks near the fiber matrix. However, CNTs synthesis is performed

by high tem chemical vapor deposition (CVD) processes using catalysts which react with the

carbon fiber, resulting in significant degradation of the fiber strength. Thus, the interfacial
improvement under static and dynamic loading conditions comes at the expense of reduced in-
plane pzhe composite. The excellent mechanical properties of CNTs also make them well
suited for ise as a reinforcement in nanocomposites inside the resin of carbon fiber laminated

structures used in ballistic applications. However, the use of a CNT reinforced matrix in combination

with benig@carbon fiber surface coating techniques has shown to result in the deterioration of

the comr:tural performance, thus failing to achieve multifunctionality.*! In addition, CNT

agglom greatly increased resin viscosity causes the complete dispersion of CNTs to be

extremely !fﬁcult, therefore limiting the integration of such methods into industrial processes.*”!

Recently, ;16 (ZnO) nanowires have been demonstrated to be a promising, multi-functional
whiskeri aterial when vertically synthesized on the surface of reinforcing fibers. These fiber

surfaces were erized with arrays of ZnO nanowire through a hydrothermal (<90°C) aqueous
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solution based process, thus entirely preserving the strength of the fiber.***! The piezoelectric nature
of these nanowires improve the fiber reinforced composites’ functionality, allowing it to harvest
energy Moundings and detect damage during operation.!**" Galan et al."*" reported a 228%
improvemg @ BS of carbon fiber reinforced polymers at quasi-static conditions, when the ZnO
nanowiges mithmeptimized aspect ratio were introduced onto the surface of the carbon fibers. It was
reported thincreased near-linearly with an increase in both the length and diameter of the

nanowires.WUnder Static loading, the ZnO nanowires provide out-of-plane reinforcement, creating a

€

stiffness di between the dissimilar fiber and matrix materials, thus, reducing stress

S

concentratioNe. " hile there has been no research on the performance of a ZnO interphase in a

carbon fiber reinfQiced composite at dynamic loading conditions, many studies have shown that a

B

ZnO interp improve ballistic performance. Malakooti et al.1*”! demonstrated that the addition

N

of a ZnO mesinterphase to hybrid carbon fiber composites leads to a remarkable increase in its

damping pgop and flexural rigidity. When ZnO nanowires are added, a 200% increase in loss

a

factor was observed, and the energy absorption of the composite was improved. Malakooti et al.*”

also reporte o increase in impact resistance of ZnO grown aramid fabrics with negligible

VA

51,52]

ight. Elsewhere, Hwang et al.! reported an increase in interyarn friction of

increas

ZnO growp aramid fabric by 23 times induced by the increase in surface area from the grafted

f

interphase, allowing for a higher degree of interlocking between ZnO nanowires and material buildup

during to @ The increase in interyarn friction when a ZnO interphase is added limits yarn

mobility wij fabric and results in an improved ballistic performance. These studies have shown

h

that a e interphase can increase the IFSS of composites under static loading conditions,

t

while showing great promise for being a suitable interphase in ballistic applications. Nonetheless,

J

understanding the Behavior of a ZnO interphase inside a fiber reinforced composite and its influence
on the mec performance of the composites under intermediate and high strain rate loading

condition rtant for its integration into ballistic applications. Yet as previously mentioned, this

A

remains to be studied, characterized, or reported in the literature.
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In this study, the IFSS of ZnO nanoparticle (NP) and nanowire (NW) coated carbon fiber reinforced
composites were characterized at intermediate, and high strain rates and compared to that at quasi-
static raWeasurements of interfacial properties of fiber reinforced composites under dynamic
loading cing single fiber IFSS testing was enabled using a recently developed
experimentaimsetup ' Vertically aligned ZnO NWs were uniformly synthesized on functionalized
carbon ﬁbh a hydrothermal method before quantifying its effect on the IFSS, as well as the
fiber’s te@ngth, using approriate mechanical testing and sample fabrication. Similar
measureme, also conducted on untreated and ZnO nanoparticle (NP) coated carbon fibers. The
surface chemnorphology and post pullout state of the modified carbon fibers were characterized
using scanning el@ctron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). The
nanostruct i hase is found to strengthen the fiber-matrix interface under static loading, while
weakening dynamic loading conditions, as the effect of the functional gradient is reduced.
These resullfs % st that a ceramic ZnO nanowire interphase allows for the design of carbon fiber
reinforced polymer matrix composites that simultaneously possess high structural and ballistic

performance, nstrating its potential as a novel multifunctional and lightweight ballistic

protecti

2. Resuw discussion
2.1. Synthcharacterization of ZnO interphase

Surface mghology OF carbon fibers following seeding and growth is characterized through SEM
imagingmwly evaluate the mechanical performance of a ZnO interphase using pullout
testing, it mt that the embedded lengths of tested fibers are sufficiently and uniformly coated

with ZnO Ws. Figure 1A and 1B show a side view of the roughened surface of the carbon

fibers a pparticle deposition. The deposited nanoparticles form a uniform, tightly packed thin

film of which th¢"®Bonding strength relies on the uniformity of the crystal sizes and structure. The dip
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coated carbon fibers provide functional sites for the suspended ZnO NPs inside the ethanol solution to
self-assemble on its surface. The diameters of these nanoparticles were measured to vary between 10
and 15 Mthickness of the surface coating can be easily increased by performing a larger
number o cycles. While the interfacial behavior of the ZnO NP interphase will be
studied mit cammalsemscrve a seed layer for the radial growth of ZnO NWs on the fiber’s surface (Figure
1C). As Lated by Lin et al.,"*" the seed layer nucleates into arrays of vertically aligned
ceramic Zn@ on the surface of the carbon fibers when placed inside a growth solution. This
observed namo geometry is attributed to the discrepancy of the growth rate between the [0001]

[54

polar face af@th&ateral faces.”* Following growth, gentle washing of the fibers eliminates any ZnO

crystalline prism p;cipitation deposited on the surface. This is a necessary step to ensure a defect-free

and unifotlrface morphology, thus reducing errors and inaccuracies in IFSS measurements

using pull As seen in Figure 1D, the dense ZnO nanowires interphase uniformly covers

the carbon ace, providing a considerable increase in the surface area of carbon fibers and its
capacity to mechanically interlock with the matrix. The interfacial reinforcing performance of the
grown interp is proven to be reliant on the morphology of the nanowires, which can be tuned
throug parameters such as growth period, addition of inhibitors. "' The ZnO NWs used
in this stud! were typically grown to possess an aspect ratio of 10, having a diameter of ~100 nm and

a length of ~I um (Figure 1E, 1F, 1G, and 1H). Previous studies reported an improvement in IFSS

with incred affowire diameter and length under quasi-static loading conditions.” Finally, while

the grovEnowires is largely unaffected by the surface chemistry of the fiber, it should be

noted t sion and chemical interaction between the nanowires and the fiber’s surface

t

heavily inffiences the performance of the interphase.

AU

This article is protected by copyright. All rights reserved.



r NManiicorint

Figure 1. Zi e coated carbon fibers. A & B) Zinc oxide nanoparticles coated carbon fibers. C,
D,E,F oxide nanowires coated carbon fibers.

To achieve optiumagl performance under quasi-static loading, the adhesion between the grown

nanowi he fiber surface is improved through functionalization. By further populating the

carbon fiber surface with oxygen functional groups through oxidative methods, such as nitric acid
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oxidation, the ZnO interphase is expected to strongly adhere to the fiber surface.!*”! Characterization
of the nitric acid functionalization was performed using XPS, and the Cls spectra for each sample are
shown ilw The spectra show increasing oxygen functional groups after functionalization, and
while the @ ation of hydroxyl groups remains relatively unchanged, the concentration of
ketonesmandmeambexy! increase by 65% and 78%, respectively (Table 1). Unlike the lone pairs of
hydroxyl agxyl functional groups, whose high steric hindrance limits any interaction with Zn

ions, the high polafity of ketone groups’ lone pairs of electrons strongly attracts the the Zn ions in the

C

crystal.” e , the newly grafted oxygen groups enable strong binding between the ZnO NWs

S

and the car r surface, which improves load transferring and mechanical interlocking between

both constituents ofythe fiber-matrix interface.

U

—C-C
—C-0
C=0 Functionalized

N

Ma

Untreated

———

200 288 286 284 282
Binding Energy (eV)

P
m -
]

Figure luted and normalized Cls XPS spectra of untreated and functionalized carbon

fibers.
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Table 1. Decomposed C1s energy state’s concentrations and bonding-state peak

% C-C % C-O % C=0 % COOH

3|

@)
a
-

(284.7¢V)  (286.5¢V) (287.8¢V) (289.3eV)

Crl

62.24 25.32 8.2 4.24

ctiondlized 53 26.2 13.25 7.55

locations ated and functionalized fibers.

2.2. Tensi

To ensure nctional, high ballistic and structural performance, it is necessary that the tensile

dliu§

properties fiber remain intact. To confirm that the strength of carbon fibers is unaffected by

the func tion and interphase growth process, the tensile testing of treated fibers is performed

followi edures described in ASTM C1557-03 standard at varying strain rates. The preservation

M

of the carbon fiber’s tensile strength is necessary for it to maintain its structural performance while

[

also maxi it§ ballistic speed limit. Hence, a suitable interphase and functionalization method

should be : @ tain the in-plane properties of composites, which is derived from the fibers’ axial

0O

strength. Etching and surface defects on the fiber are primary mechanisms by which the tensile

q

strength o fiber is reduced. While the strength of macroscale carbon fibers is typically limited by

manufa ts, oxidative functionalization using chemical solutions can further amplify these

t

limitations, theref@ge requiring a post-ZnO NWs growth re-assessment of the tensile strength of the

Ul

fibers. Although tensile testing at quasi-static strain rates can be performed over numerous gauge

lengths imum possible gauge length at intermediate and high strain rates is restricted by the

A

actuator’s maximum displacement. Since the range of longitudinal deformation offered by the high
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strain rate piezoelectric stack is limited to 100 pm, and the strain to failure of carbon fibers at quasi-
static loading is typically 1.7%, the maximum possible gauge length was found to be 5.88 mm. It
should Mt the strain to failure of carbon fibers can slightly decrease with increasing strain
rate, resultr maximum gauge length. Ultimately, a gauge length of 3 mm was used across
all testimg stuaimmmates to ensure consistency during comparison. After specimen fabrication, 3 sets of
15 fibers hly loaded at quasi-static, intermediate and high strain rate, respectively, and the
ultimate te@gth of the fibers was determined. According to Figure 3, at a quasi-static loading
strain rate , s, the tensile strength of ZnO NP coated carbon fibers is statistically unchanged,
while that m\!Ws coated fiber increases by 10.2% in comparison to untreated fibers. Similar
trends are also obgerved at intermediate and high strain rate tests of 470 and 2200 s, respectively.
The tensile of ZnO NW coated carbon fibers is found to increase by 8.4% and 14.5% at 470

and 2200 si tively, while that of ZnO NPs carbon fibers continues to remain unchanged. Such

findings agre reported tensile characteristics of various type of fibers when nanostructured

[50,51,55

whiskers are grafted on their surface. I'A comparison of the tensile properties of fiber sets of

similar surfac oss strain rates allows for further characterization of the ZnO interphase. The
tensile ntreated, ZnO NP and ZnO NW coated fibers was found to be unaffected by the
increase in itrain rate. The insensitivity of carbon fiber to strain rate is an expected phenomenon given

its ceramic nature, as no viscoelastic effects are expected to affect its tensile behavior. Strain rate

sensitivity ly found in polymer fibers, such as aramids, where the quasi-static tensile loading
evokes the and damping properties of the fibers, while higher strain rates are dominated by
the ﬁb;roperties.[sﬂ It can be concluded that the tensile strength of the carbon fibers is
fully prMer functionalization and the addition of the ZnO interphase, and that it is

independent of thSapplied strain rate, indicating that in-plane properties of carbon fiber reinforced

compos%t risk of decreasing.
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2.3. In

perties and strain rate dependency

While he in-plane properties of a fiber reinforced composite is necessary, the ability of

M

the composite to achieve its theoretical properties heavily relies on the quality and design of its fiber-

I

matrix intel the interaction between both of its components. When quasi-statically loaded, a

well bonded dhered fiber-matrix interface contributes to a reinforcement effect inside the

composite, asgitabiidees the discontinuities found in such heterogeneous materials and allows for an

n

improv sfer from the compliant matrix to the tough fibers. However, a different fiber-

{

matrix b required under dynamic loading conditions. At high loading rates, the composite

interface is typically designed with weak adhesion such that the tough fibers separate from the matrix,

Ll

allowing them sorb the impact. As the fiber releases from the matrix, there is significant energy

absorpt o the friction between both components. Such different fiber-matrix properties can be

A

simultaneously satisfied by the grafting of a ZnO interphase on the surface of carbon fibers. To prove

This article is protected by copyright. All rights reserved.



this, the IFSS of the interface between coated fiber and epoxy matrix was quantified using single fiber
pullout testing (SFP) at low, intermediate, and high strain rate loading conditions. The SFP at
intermeMgh strain rates were performed using the experimental setup described first by
Hwang et perimental procedure, seen in Figure 4A, uses a piezoelectric actuator coupled
with a dischamgessincuit that allows up to 10* s™ in strain rate and 100 pm in displacement. While the
experimenhis capable of simulating a wide range of strain rates, strain rates of 470 s and
2200 s \u@ to dynamically load the fiber-matrix interface. The selected strain rates mimic
typical inte and high strain rates dynamic conditions to which composites used in ballistic
applications*@fe WStally subjected. Moreover, these strain rates are several orders of magnitude larger
than that used for Jquasi-static loading of 0.0016 s™, thus accurately replicating dynamic conditions

relative to aCW‘[ic IFSS testing. The embedded lengths of the specimens were designed to be

smaller th using an optical microscope, so that it satisfies the displacement limitations of the
actuator. T@] of the molds ensures that the embedded lengths of specimens remain unchanged
post-curing, as the fiber is immobilized inside the molds’ slits. This is further confirmed by

examination o specimens’ embedded lengths before testing. When choosing the embedded fiber

length g, it is mandatory for it to satisfy multiple distinct criteria. First, it should ensure
that interfacial failure happens before tensile failure by accounting for the maximum applied pullout
load. Secor&mbedded fiber length should result in a catastrophic failure of the interface, and
therefore astic stress-strain behavior throughout the pullout test. This is primarily important

in order to avoid initiating interfacial failure through crack propagation, thus leading to inaccurate

IFSS calculation due to effect of frictional forces.””! As discussed later, this is also necessary to

[

maintain consistency in testing procedures for both static and dynamic loading conditions, as the

J

piezoelectric actuator may be unable to ensure complete fiber pullout, while the dynamic load cell is

incapable of accura;tely recording the frictional effects. Finally, the embedded length is designed to be

)

considerably larger than the fiber’s diameter in order to satisfy the assumption of a cylindrical
‘

embedded fiber geometry and avoid cross-sectional effects. Added to that, choosing an embedded
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length that is less than 60 pm eliminates any considerations with regards to Poisson shrinkage

B8] The fiber’s free length is another parameter that requires proper design to ensure successful

-1 B

pullout across all strain rates since the free length will strain, and if not accounted for can absorb the

effects.

)

100 pm stack displacement. For a clean fiber pullout from the matrix, the fiber’s free length is
leiienn
required to store sufficient energy to ensure the embedded length’s pullout. Meanwhile, the elastic

deformation of the fiber’s free length should also be chosen to be smaller than the fiber’s embedded

S N
length, a feature that is proportionally dependent on the fiber’s free length.”® The proximity of the

N4
embeddedm) the actuator’s maximum displacement requires for a perfect vertical alignment at
test,

the start o which was maintained using a high-speed camera (Figure 4B and C) and the

application of a 5nimal pre-load of ~ 0.0178 N to the fiber. The pre-load of the fiber was kept

consistent | samples, as it was controlled using the fine precision controller of the testing

frame and d through a static load cell. Once discharge is initiated, The IFSS is calculated

using the e response recorded through a piezoelectric shock load cell (Figure 4D). Unlike

the load-displacement curves generated under quasi-static loading, here, the pullout process results in

an instantaneo Itage signal inside the piezoelectric dynamic load cell whose period is dependent

on the rate. The trailing oscillations caused by post-pullout vibrations of the grip are
transient and can be isolated from the detected pullout load signal that precedes it. Using such load
measurem&ique, frictional effects during pullout are difficult to accurately capture, further
justifying ted design approach for SFP specimens. The discharge time is inversely

proportion pplied strain rate and is represented through the duration of the response. Finally,

the pie uator’s displacement is kept at 90 um for all tested specimens.

=
<

This article is protected by copyright. All rights reserved.



A)

Loading frame

l

Wave
4 generator

.~ Power supply || . —Piezoelectric stack
f{;’f Soeci 002 —— 1
L pecimen
-I_.I- “ o ¢ D]
: Dynamic force sensor =
— DAQ - — S O
[ 7 5 001
{ Oscilloscope £
L 0z -
P L
06 065 ar o o8 0as

Time (s)
Figure 4. &aﬁc of experimental setup for intermediate and high strain rate single fiber pullout
testing. B)g C) High speed camera image of the initial fiber position and vertically aligned and re-
strained camr ready for testing. D) Dynamic load cell recorded voltage-time response of the

pullout prodess

Irrespective 0 applied loading rate, the IFSS of untreated carbon fibers shows no significant
statistic maining relatively constant at approximately 49 MPa (Figure 5). The observed
rate indepesdency in the IFSS of the untreated single carbon fiber composites is expected given the

ceramic nature_of the loaded fibers. Given that carbon fibers exhibit no stiffening effect with

increasing e, interfacial properties are solely expected to be dependent on the fiber-matrix
interaction ated and functionalized carbon fibers, the quality of the fiber-matrix interface is
dictate;é independent parameters: the chemical interaction and mechanical interlocking
betweeanponents. Moreover, by designing pullout testing for catastrophic interfacial failure,

frictional and add;‘SOHal shearing effects between the fiber and the matrix are eliminated. Elsewhere,
the IFSS of and NP coated carbon fibers are found to be dependent on loading conditions.
Ata quﬁing rate of 0.0016 s, a maximum IFSS of 85.6 MPa is observed for ZnO NW
coated fibers, showing approximately an 87% increase from an IFSS of 48.7 MPa for the untreated
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fibers. However, as loading rate is increased to 470 s™ and 2200 s™', the IFSS of ZnO NW coated
fibers is decreased to 32 and 23 MPa, respectively. Similarly, when compared to untreated carbon

fibers, ZMed fibers display a 35% increase in IFSS when quasi-statically loaded, and a 20%

and 38% d IFSS when loaded at intermediate and high strain rates, respectively. IFSS of the
ZnO coatcdmfibensathus display a decreasing trend with increasing strain rate, with either higher or
lower IFSLt of untreated carbon fibers under identical loading conditions. Moreover, Figure

5 shows that a ZnD NW interphase transitions from a higher IFSS relative to that of a ZnO NP

C

interphase atna i-static loading rate, to a lower one at intermediate and high strain rates, as the

S

IFSS of Zn coated fibers goes from being 21% higher IFSS than ZnO NP coated fibers at

0.0016 5™, to 17%Jand 25% lower IFSS at 470 and 2200 s™', respectively. This indicates the influence

Ul

of the inte eometry, especially its aspect ratio, on its performance across strain rates, causing

1

nanowires particles to exhibit different failure modes when the fiber-matrix interface is

dynamically | The observed decrease in IFSS is a result of the weaker fiber-matrix interface, a

d

desirable interfacial property for dynamic loading conditions. Such results offer insight into the

reversing of e of a ZnO interphase inside a composite when loading rate is increased. At a

I\

quasi-s rate, the rigid ceramic nanowires penetrate into the matrix, providing localized

reinforcement by increasing the bonding area and improving load transfer. The functionally graded

f

interface bridges the typically discrete boundaries of the fiber-matrix interface, reducing stress

concentrat diimproving the IFSS of the composite. However, the observed decrease in IFSS of

O

ZnO NP a ated carbon fibers with increasing strain rates demonstrates the ability of a ZnO

h

interph easier interfacial debonding under dynamic loading conditions. Therefore, the

t

effectiveneSs of the functional grading provided by the ZnO interphase is decreased at intermediate

and high strain ratg§, as the fiber-matrix interface exhibits premature failure.

t

A
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a

The rate dep y of the IFSS in the presence of a ZnO interphase can be further explained by

examin

V]

er matrix’s behavior as strain rate is increased. The EPON 862 polymer matrix

used during pullout testing is expected to display a rate dependent viscoelastic behavior. Stiffness

I

measurem e EPON 862 matrix were performed using the same setup described for static and

dynamic p a6l tensile testing. At a strain rate of 2200 s, a matrix elastic modulus of 9.2 GPa is

observed, showimgmpproximately a 187.5% increase from an elastic modulus of 3.24 GPa at 0.0016 s

n

' (Figu easurements are in agreement with other studies reported in literature discussing

|

the viscoelstic behavior of polymers across strain rates.””*” This considerable increase in matrix

stiffness changes fhe load transfer mechanism between the fiber and the matrix due to a ZnO

J

interphase. ti et al.*® experimentally studied the effect of a whiskerized interphase on strain
distributi e interface region. He reported that the higher stiffness of the nanocomposite

interphase leads to a reduction of shear strain and pushes it to the softer matrix. Based on the shear lag
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theory, the shear stress at the matrix would be lower due to its greater distance from the fiber in the
presence of the nanowires *. In addition, the nanowires create a functional gradient that smoothens
the tranwar strains between the elastically mismatched interfacial constituents (Figure 7B).
The folloes local strain concentrations in the vicinity of the fiber interfacial region and
moves itmawaysameensiderable distance, and into the relatively tougher and more crack resistive epoxy
matrix (FiL). Such findings also explain how a nanostructured gradient can result in large

interfacial §hear stfengths that exceed that of the matrix ', thus avoiding matrix shear failure before

*

interfacial mng. Under such conditions, fiber pullout occurs when the ZnO nanowires/carbon
fiber interface”falS which is dependent on the chemical interaction between the ZnO interphase and

the fiber surface. libwever, as loading conditions are changed and strain rate is increased, the matrix

surroundintterphase stiffens, thus weakening its functional gradient and re-introducing

interfacial in concentrations. This results in an unusual and sudden shear loading of the ZnO
interphase @mld cause brittle failure (Figure 7C). Moreover, ZnO NWs and NPs are ceramic
nanomaterials of wurtzite structure, that when loaded at room temperatures, tend to fail in a brittle

manner along EOOI) cleavage plane./”* ! Under dynamic loading, these ceramics also display an
increas and a decrease in ductility, reducing its strain to failure. With that, the interfacial
failure mO(ii is modified, as the ZnO interphase experiences brittle failure before debonding from the

fiber surface, Ieading to disconnections in the functionally graded interface and allowing for easier

debonding @ the fiber and the matrix.
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Figure 7. Fail echanism of ZnO interphase under varying loading rates. A) Traditional carbon
fiber-m rface subjected to shear strain. B) Functional gradient effect of a ZnO interphase

under static loading conditions, smoothening interfacial shear strain transition and reducing stress
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concentrations (blue region). C) Brittle failure of the ZnO interphase under dynamic loading

conditions due to stiffening of matrix and interphase.

T

Further insi mto the interfacial failure mechanism is obtained through examination of the
embedded he carbon fiber post-testing using SEM imaging. The embedded section of
quasi—st;i!mled ZnO NW coated carbon fibers are shown in Figure 8A, 8B and 8C which
display cleagg namgwires-free surfaces. The ZnO NWs are initially strongly bonded to the carbon fiber
surface thr one functional groups, as well to the matrix through an embedded, stiff and large
bonding awiding two interfaces that are stronger than the traditional carbon fiber-epoxy
interface."*} quasi-static loading, the ZnO NWs detach from the surface of the carbon fibers
and remainmi ked inside the matrix. This is due to the interaction area between the matrix-
nanowires finterface being considerably larger than that of the fiber surface-nanowire interface,
resulting in the initjation of interfacial failure at the level of the latter. Moreover, the absence of any
resin residm fiber surface indicates that the matrix does not exhibit failure in the presence of a
ZnO in seven at high IFSS of 90 MPa. In comparison, the surface of untreated embedded
carbon fib s is also found to be relatively smooth due to the brittle nature of EPON 862
(Figure 8D and 8E). However, unlike the case of ZnO NWs coated fibers, the surface of untreated
fibers stillSisplays residual matrix material in a number of spots. The interfacial shear testing
methodolo in this work does not allow for examining of the ZnO NWs-epoxy interface, nor
the matrix Qt the observed ZnO NWs-free embedded lengths surfaces confirm the nanowires
remain @side the matrix. Under dynamic loading of 2200 s, the interfacial failure mode is
changedi 1 the 'bonding of the ZnO interphase is preceded by a brittle failure of the ZnO

interphase, rrounding matrix stiffens. Figure 8F and 8G show bundles of broken ZnO NWs

that remai ed the carbon fiber surface post-pullout. However, it is difficult to assess these
fractur% as the surrounding and embedding matrix impedes proper assessment of their
lengths. These images support the failure mechanism in Figure 7C, as the ZnO interphase is
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expected to fail before complete debonding of the nanowires from the fibers’ surface. The resulting
brittle failure of the ZnO interphase reduces the IFSS of the single fiber composites specimens with
increashMate up to where a ZnO interphase is weaker than a traditional carbon fiber-matrix
interface. @ easier debonding of the fibers from the matrix is achieved, allowing them to carry
the loadminstheseases of impact or ballistic events. Finally, it should be noted that the geometry and
aspect ratih ZnO interphase plays an important role during failure. The vertically aligned
nanowires @re fi embedded inside the epoxy matrix, whereas the spherical ZnO NPs roughen the
carbon fibcags e. Therefore, ZnO NWs offer a higher degree of mechanical interlocking and
superior rem

ent performance under quasi-static loading. However, when dynamically loaded,

the embedded nan@yvires are highly constrained when epoxy matrix stiffens, increasing the possibility

U

of brittle e failure, and leading to a lower IFSS through a ZnO NWs interphase in

N

comparisonmwi t of a ZnO NPs interphase. It can be then concluded that under dynamic loading

conditions fbri % ailure of the ZnO interphase, especially nanowires, allows for easier release of the

a

fibers from the matrix, and an improved performance of carbon fiber reinforced composites in
ballistics an t applications, while maintaining its reinforcement role in quasi-static loading

applica the introduction of a functionally graded interface.

Author M
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A\ 4
Figure 8. g) SEM images of the embedded length following pullout of: A), B), C) ZnO
a

nanowires rbon fibers at quasi-static loading rate. D) & E) untreated carbon fibers at quasi-

static loadig rate. F) & G) ZnO nanowires coated carbon fibers at 2200 s™.

Conclusm

This pap

displayed the ability to tailor the interfacial properties of fiber reinforced composites
for the of multifunctional materials that behave optimally under both static and dynamic
loading conditions. Zinc oxide NPs and NWs interphases are introduced on the surface of nitric acid

functionalihon fibers to improve its interfacial shear strength under quasi-static loading

conditions @ a combination of mechanical interlocking and increased surface area. Under

dynamic loading conditions, brittle failure of the ZnO interphases reduces the IFSS of carbon fiber

1

reinforced osites, allowing for an enhanced ballistic performance. The ZnO NPs coated carbon

fibers di overall 40% and 58% decrease in IFSS at intermediate and high loading strain

{

rates of 470's ' an@2200 s™', respectively. Similarly, ZnO NW coated carbon fibers exhibited 62% and

U

73% decrease in IESS at similar loading rates. The reduced IFSS under dynamic loading conditions is

due to ning of the polymer matrix at higher strain rates, limiting the effectiveness of the

A

interphase’s functional gradient, and leading to its brittle failure. Such a unique interfacial
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performance allows for the tough fibers to absorb the ballistic impact energy in the event of dynamic
loading, while preserving its structural properties. Thus, ZnO interphases enable the design of
multifurMbon fiber reinforced composites, with optimal performance under both static and

dynamic ltions, giving way towards the integration of light-weight and flexible ballistic

protection imtesstmagtural components.

L

3. Expesi al section

Fiber Functloz:lization, ZnO nanowires growth and characterization: AS-4 carbon fibers

(Hexcel) ated in acetone and ethanol successively, and functionalized through an oxidative

technique 1 0r55t0 increase the oxygen surface functional groups.*’ Nitric acid oxidation was

performed through first refluxing AS-4 carbon fiber tows in 100 ml of 70 % nitric acid (70%, ACS
certified: Fger Scientific) for 4 hours. Soxhlet extraction was then performed for 8 hours in order to

wash the fm deionized water, before further ultra-sonication for fifteen minutes and drying at

100 °C overmig

A ZnO NPs se% solution was prepared using a multiple steps synthesis process. First, a 0.02 M
solutio hydroxide (NaOH) (ACS certified: Fisher Scientific) in ethanol and a 0.0125 M
solution ofsinc acetate dihydrate (Zn(CHs CO; ), -2H, O) (Alfa Aesar) in ethanol were prepared

and vigorouslystirred at 60 °C and 50 °C, respectively. Once both solutions are dissolved completely,

32 mL of @ hydroxide solution was diluted in 80 mL of ethanol, while 32 mL of the zinc

acetate sol diluted in 256 mL of ethanol and both solutions were heated up to 55 °C. The
sodium Nydrox olution was added dropwise to the zinc acetate solution, then the solution was
vigorously sti r 45 min in a sealed glass jar to yield 516 mL of seeding suspension. Finally, the
suspension ched in an ice bath to interrupt the growth of the ZnO NPs. In order to grow zinc
oxide nanQw@®8 on the fiber’s surface, individual carbon fibers were laid across nylon frames and
successive igated in acetone and ethanol for 10 minutes. Once clean, the frames were dipped in

the seeding solution to deposit ZnO NPs on the fiber’s surface, before annealing them in a convection
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oven for 10 minutes at 150 °C. The same process was repeated two more times, while allowing for a
cooling down period of 5 minutes between cycles. The frame was placed inside an aqueous growth
solutionwnolar concentrations of hexamethylenetetramine (C¢H;,N4) (Alfa Aesar) and Zinc
nitrate hex(NO3)2-6H20) (Alfa Aesar) at 150 °C s for 150 minutes. After removal from
the growthmselmtiom ultrapure water and methanol washings were performed on the ZnO NW coated
fibers, resgh and the fibers were dried at 100 °C overnight. It should be noted that ZnO NP
coated car@ were prepared using a similar seeding process, while omitting the final growth
process. Prj sting, scanning electron microscopy (SEM) imaging was performed on a JEOL
7800 FLVme a uniform coating on the fibers. X-ray Photoelectron Spectroscopy (XPS) was
also used to charadferize the surface chemistry of untreated and functionalized carbon fibers. The data
was collec‘t on a Kratos Axis Ultra XPS and processed on a CASA-XPS software. The high-

resolution

regression where each set of data set was fit with curves that were constrained in location
and full width half max (FWHM) of 1.1-1.7 eV.

Mechanic g: The interfacial shear strength of ZnO NW and ZnO NP coated carbon fibers

was fit and decomposed into oxidative states components through a Marquette

inside epoxy matrix at varying strain rates was measured using single-fiber pullout testing. After ZnO
NW growt! the coated carbon fibers were embedded inside the slit of silicone molds that were coated
with releas The embedded lengths were ensured to be less than 100 um using an optical
microscothrix consisted of resin blend of EPON 862 and Curing Agent W (Momentive Inc)
with a nﬂof 100:26.4 that was poured into the molds and cured at 121 °C for 6 hours. Once
curing iWS—minute epoxy (Loctite) tabs were placed at the fiber’s free end for testing. IFSS
was measug single fiber pullout testing at a quasi-static strain rate of 16 wm/s on a 5982 series

Instron loa (Figure 9A). The success of the pullout process was inspected using an optical

) 'ﬂ mination that ensured complete fiber pullout from the epoxy block. For dynamic

loading, single fib8 pullout was performed using the experimental setup described in Hwang et al.””!
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at intermediate and high strain rates of 470 s™ and 2200 s™, respectively (Figure 9B). Tensile tests of
ZnO NWs coated carbon fibers were also performed. Cardboard frames with gauge length of 3 mm,
along WMS’ epoxy, were used in order to fix the fibers. The tensile strength of carbon fibers
at low stra @ as evaluated at an extension rate of 16 um/s on the load frame using a 5 N static
load celim T_e strength of the fibers was measured at intermediate and high strain rates of 470
and 2200 ctlvely, using the same setup described for dynamic pullout testing. Following

pullout tes@ strain rates, the embedded lengths of the ZnO NWs coated fibers were inspected

using SEMm to elucidate the failure mechanism.

Figure 9. Single fiber pullout experimental setup at: A) Quasi-static strain rate. B) Intermediate and

high straln
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