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Abstract Interfacial engineering of fiber-reinforced composites is critical to con-
trol material properties, such as mechanical strength and toughness. In this study,
we utilize atomic layer deposition (ALD) as a method to conformally coat structural
fiber surfaces and study the impact of these interlayers on their mechanical adhe-
sion to polymer-matrix materials. ALD of Al,O3, ZnO, and TiO, were applied to
Kevlar® and carbon fibers, and microbond testing was performed using droplets of
PMMA and Epoxy. It was observed that the mechanical force required for debond-
ing of the polymer droplet from the coated fiber surfaces depended on the com-
position and thickness of the coating. Post-mortem scanning electron microscopy
and energy dispersive X-ray spectroscopy for elemental analysis indicated that the
ALD films remained adhered to the droplet, suggesting that the ALD/fiber interface
limited the mechanical properties of the interphase region. Additionally, ALD of
ZnO was demonstrated to prevent fiber degradation from ultraviolet (UV) and high-
temperature thermal treatments, demonstrating a pathway towards multi-functional
composite interphase engineering by ALD.
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Introduction

Fiber-reinforced composites (FRCs) have a high specific strength, stiffness, and
toughness, and their use in vehicle systems offers improvements in performance and
fuel efficiency. Further research and development of these low-density materials will
enable transformational levels of performance for automotive and aerospace vehicles.
A key area of research for the development of high-performance FRCs lies in the
study of mechanical properties at the fiber/matrix interface. The desired mechanical
properties of this interface vary for different types of FRCs. For fiber-reinforced
polymer-matrix composites (PMCs), strong fiber/polymer interfaces are required
to maximize load transfer to the fiber, as the polymer-matrix has relatively low
stiffness and strength. In contrast, for fiber-reinforced ceramic-matrix composites
(CMCs), weaker interfaces are generally desired. Typical ceramic matrices (e.g.
silicon carbide, SiC) are relatively stiff and strong, but brittle. Therefore, fibers are
added to increase toughness by providing a weak fiber/matrix interface that promotes
crack deflection and dissipates energy [1, 2]. Thus, as the desired interfacial properties
vary among composite material systems, new pathways to precisely modify the
fiber/matrix interface would present opportunities for rational design of material
properties of FRCs.

One way to modify the fiber/matrix interface is by coating the fiber surfaces before
incorporating them into the matrix. Sizing layers are frequently added to fibers for
protection during manufacturing, which may also be used to enhance the mechanical
performance of a composite [3]. Sizings influence the strength and toughness at the
fiber/matrix interface, which can be modified by changing the surface chemistry or
morphology [4—7]. For example, previous surface modification of fibers has explored
the addition of graphene oxide sheets [8] or carbon nanotubes (CNTs) to fiber surfaces
[9, 10] to strengthen the interface of PMCs. Chemical vapor deposition (CVD) [10,
11] has also been used to coat glass fibers and carbon fibers. However, in the case
of both PMCs and CMCs, the ability to conformally coat tows and woven fabrics is
challenging due to high aspect-ratios and overlapping geometries that block line-of-
sight deposition. As a result, these modified coating processes are often studied at the
single-fiber level. CVD and physical vapor deposition (PVD) have been explored for
coating fabrics; however, precise control of the composition and phase of the coatings
on 3D templates can be challenging [12]. Furthermore, in the case of nanocomposites,
the need for highly conformal and uniform deposition processes at the nanoscale is
pivotal to engineer interfacial properties. This highlights the need for deposition
processes that allow for precise control and tunability of process parameters.

Atomic layer deposition (ALD) is a gas-phase deposition technique that allows for
improved conformality and precise compositional control compared to conventional
gas-phase and solution-based processes [13]. It has been previously shown that ALD
can conformally coat tows of fibers and woven fabrics, alleviating the limitations
of other coating techniques [14—18]. Additionally, Liang et al. demonstrated that
the mechanical properties of multi-wall carbon nanotubes (MWCNTSs) dispersed in
a polymer-derived ceramic matrix could be altered significantly by controlling the
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coating material and the number of deposition cycles [19]. However, despite the
advantages of ALD for interfacial engineering of composites, relatively few studies
have explored the impact of ALD coatings on interfacial mechanics of FRCs [20].

In addition to modification of the mechanical properties of FRCs, interfacial coat-
ings may also be used to introduce new functionality into the composite. For exam-
ple, deposition of dispersed CNTs onto fiber surfaces has been shown to significantly
change the electrical and thermal properties of a fiber-reinforced laminate [9, 10, 21].
PZT (PbZr 5, Tip4503) coatings on carbon fibers and BaTiO3 coatings on SiC fibers
have demonstrated that piezoelectric interfaces can be used to convert mechanical
stress from vibrational energy into an electrical signal [22, 23]. These examples
demonstrate that precisely engineered modifications at the interface of a FRC can
enable the development of multi-functional composites.

Among the various modification methods available, ALD presents an excellent
opportunity to develop multi-functional materials [24]. ALD can be used to deposit
a wide range of material systems facilitating a virtually limitless selection and com-
bination of materials with specific properties [25]. This ability to precisely tune
interfacial chemistry and structure offers a powerful method for multi-functional
composites development by design [26].

In this work, we performed single-fiber microbond tests to study the mechanical
properties of the interface of two fiber-polymer material systems: carbon fiber/epoxy
and Kevlar®/poly(methy1 methacrylate). Aluminum oxide (Al,O3), titanium oxide
(TiO,), and zinc oxide (ZnO) coatings by ALD were used to study the effects of
ALD modification on the mechanical properties at the interface. Furthermore, we
demonstrate that ALD coatings can impart additional benefits, such as protection
from radiation and thermal damage [28]. This added capability serves as a proof-
of-concept demonstration that the development of multi-functional composites via
ALD surface modification is possible.

Experimental Methods

The experimental procedure involved preparing samples for mechanical experiments
(section “Material Systems and Specimen Preparation”). These mechanical exper-
iments primarily used the microbond method (section “Microbond Test Setup and
Procedure”), and single-fiber tensile tests were also performed to assess fiber degrada-
tion during UV and thermal exposure (section “Single-Fiber Tensile Tests of Kevlar®
Fibers Exposed to Ultraviolet Radiation and Elevated Temperatures”).
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Material Systems and Specimen Preparation

Carbon Fiber/Epoxy

For the carbon fiber/epoxy material system, unsized HexTow® IM-8 carbon fibers
(Hexcel Corporation; average fiber diameter of 5.2 jum) were used with EPO-TEK®
301 thermoset polymer (Epoxy Technology, Inc.). Single carbon fibers were sepa-
rated and cleaned by soaking in a boiling acetone bath for 10 min, followed by a
boiling ethanol bath for 10 min, to remove any organics and contaminants from the
fiber surface. The fibers were then rinsed in DI water for 5 min and dried in a vacuum
oven at 130 °C for 3 h.

For the single-fiber microbond experiments, microdroplets of the polymer-
matrices (PMMA and epoxy) were added to the fibers. After cleaning and drying,
the fibers were mounted horizontally on a custom frame and glued to a paper tab on
one end of the fiber (Fig. 1). The paper tabs facilitated the handling of the fibers and
helped prevent slippage when mounting the samples on the grips of the tensile stage.
The uncured polymer droplets were produced by mixing 1 g of hardener for every
4 g of resin. The uncured epoxy microdroplets were transferred onto carbon fibers
by means of a fiber-to-fiber resin transfer technique using a “conveyer fiber” (Fig. 1).
A micro-pipet was used to add a droplet of resin on the conveyer fiber mounted on
a paper frame. Next, the fiber was used to transfer the resin to the original specimen
by bringing the fibers into perpendicular contact. The epoxy droplets were cured in
a convection oven at 50 °C for 8 h and post-cured at room temperature for another
24 h. The droplets were observed in order to confirm that a symmetric geometry was
obtained after curing, and the embedded lengths of the droplets were measured using
an optical microscope. This technique produced consistent droplets with embedded
lengths (Lemp) below 80 wm. Droplets that exceeded this Lepy, threshold required
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used to place the epoxy i
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shear forces to debond the interface that exceeded the ultimate tensile strength of the
carbon fiber.

Kevlar®/PMMA

Unsized single Kevlar® 351 para-aramid fibers (JPS Composite Materials; average
fiber diameter of 12.6 um) were extracted, cleaned, and mounted horizontally onto a
frame with paper tabs at the end, in the same manner as the carbon fibers. Polymethyl
methacrylate (PMMA) thermoplastic, with an average molecular weight of 120,000
by gel permeation chromatography (GPC), was used as the embedding microdroplet
in this material system. A 3% wt PMMA solution was made by fully dissolving the
PMMA powder in chloroform while stirring and heating to 70 °C for 10 min. After
fully dissolving the PMMA, a droplet was placed on the Kevlar® fibers using the
same fiber-to-fiber transfer technique. The chloroform solvent evaporates as soon as
adrop is placed on the fiber, and the solidified PMMA does not immediately take the
shape of an axisymmetric droplet. Therefore, the samples were heated to 200 °C for
2 h to allow the PMMA to melt and form into the desired droplet shape. Because the
amount of polymer placed cannot be precisely controlled, some excess of PMMA
may extend past the end of the droplet, forming a thin wetting layer. To remove
this wetting layer, the fiber samples were submerged in chloroform for 3 min. This
allowed the wetting layer to be fully etched without dissolving the PMMA droplet.
The samples were then reheated to 200 °C for 1 h, and the final PMMA droplet shape
was obtained. Droplets with embedded lengths greater than 250 pwm resulted in the
Kevlar® fibers breaking.

ALD Process

A custom-built, hot-wall, cross-flow thermal atomic layer deposition (ALD) reactor
[28] was used for all ALD processes. Argon was used as the carrier gas for all ALD
processes and was set with a flow rate of 70 sccm. For ALD of Al,O3, the ALD
reaction chamber was heated to 130 °C, and the trimethylaluminum (TMA, Sigma-
Aldrich) and water precursors were evaporated from stainless steel cylinders at room
temperature. An ALD cycle for depositing Al,O3 films consisted of a 0.05 s pulse
TMA followed by a 30 s argon purge and then followed by a 0.1 s pulse of water and
30 s more of argon purging. The average growth rate of Al,O3 on a Si wafer under
these conditions was measured to be 1.31 A/cycle using spectroscopic ellipsometry.

For ALD of ZnO, the precursor and chamber temperature, the flow rate of the
carrier gas, and the precursor pulse times were the same as those used for Al,Os.
Diethylzinc (DEZ, Sigma-Aldrich) was used as the precursor. The growth rate of
ZnO was measured to be 1.69 A/cycle. The chamber temperature was 150 °C for the
TiO, ALD processes. The carrier flow rates and precursor pulse times were the same
as the previous two ALD processes. The tetrakis(dimethylamido)titanium (TDMAT,
Sigma-Aldrich) precursor used for TiO, was heated to 75 °C. The growth rate for
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Fig. 2 a Low magnification and b high magnification SEM images of a carbon fiber coated with
20 nm of ZnO. ¢ Low magnification SEM image of a Kevlar® fiber with 50 nm of Al,03 and d high
magnification SEM images of Kevlar® fiber coated with 50 nm of ZnO. All images show conformal
coverage of the ALD coatings

TiO, was measured to be 0.74 A/cycle. The Kevlar® fibers and carbon fibers were
coated after drying in the convection oven (during the cleaning process) and before
placing the polymer droplets on the fiber surfaces. The ALD coatings conformally
coated both carbon fibers and Kevlar® fibers (Fig. 2), demonstrating the power of
this technique for interfacial engineering of FRCs.

Microbond Test Setup and Procedure

The microbond test method was used to quantify the interfacial mechanical properties
between a structural fiber and a polymer-matrix [29-31]. The method consisted of a
micro-scale, axisymmetric polymer droplet that was placed on a single fiber, and then
debonded by applying a shear force at the interface of the fiber/polymer (Fig. 3a).
This is an alternative procedure to the single-fiber pull-out test [32-34], where very
small embedded lengths (often in the micron scale) are necessary to avoid exceeding
the ultimate strength of the fiber. The embedded length was defined as the geometrical
length of the resin in the axial direction of the fiber, and the fiber/polymer interface
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Fig. 3 a Schematic of the microbond method. b Representative load-displacement curve of a
microbond test. ¢ Image of an actual carbon fiber/epoxy sample mounted on the microvise, with
shear blades in position and ready to be tested

area (Ajy) is calculated as:
Ay = ﬂdeemb

where dy is the nominal diameter of the structural fiber and Ley is the embedded
length.

The interfacial mechanical properties were calculated from the interfacial area
and the peak load at debonding (Fig. 3b). A customized microvise setup, with
position-adjustable shear blades, was designed and constructed to apply the shear
load (Fig. 3c¢).

The microbond test was performed with the custom microvise on an Instron 3345
universal testing machine equipped with a 10 N load cell. The paper tab region of the
droplet/fiber specimen was clamped in the upper grip attached to the displacement
crosshead. The shear blade gap was adjusted by first bringing the razor blades into
contact with the fiber and then retracting and adjusting the blade positions a specified
distance. The blades were retracted approximately 2 wm from the contact position of
the carbon fibers and approximately 5 wm from the contact position of the Kevlar®
fibers. Accounting for the micrometer resolution accuracy of 2 wm, the blade gap
was approximately 6-8 pwm for carbon fiber/epoxy specimens and 15-20 pm for
Kevlar®/PMMA specimens. The fiber was then pulled at a crosshead displacement
rate of 0.05 mm/min, and the load was measured until an abrupt drop in the load was
observed, signaling debonding of the polymer droplet. The peak load at the point
of debonding was recorded and used to quantify the strength of the interface. Post-
mortem analysis was performed using optical and/or electron microscopy to ensure
that samples included in the data set failed at the interface and not due to cohesive
fracture of the droplet.

It is common to report the interfacial shear strength as an average value under the
assumption of a uniform shear distribution at the interface [35, 36]. However, it is
known that the shear stress distribution of the fiber-polymer interface is nonuniform
during a microbond test [31, 35, 37, 38]. To properly estimate the interfacial shear
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strength, an understanding of shear stress distribution at the interface would be neces-
sary, requiring additional and extensive modeling. Variables such as fiber geometry,
droplet size, razor blade position, and plasticity are parameters that need to be taken
into account [30, 31, 37, 39, 40], but these are often difficult to measure or control
experimentally, requiring assumptions to be made that may introduce multi-variable
uncertainties into the model. Therefore, in this work, the experimental data reported
will not be referred to as an intrinsic mechanical property—instead, the data will be
denoted as the “force to debond per unit interfacial area” (Pyax/Aint)-

Single-Fiber Tensile Tests of Kevlar® Fibers Exposed
to Ultraviolet Radiation and Elevated Temperatures

The protection capabilities of ZnO coatings in Kevlar® fibers against elevated tem-
perature exposure and ultraviolet (UV) radiation were studied. Tensile tests were
conducted to evaluate the effects of temperature and UV light on the ultimate ten-
sile strength (o) and work to failure (W) of the fibers. The Kevlar® fibers were
cleaned by the same method in section “Carbon Fiber/Epoxy”, and the ALD con-
ditions for ZnO were similar to section “ALD Process”, except the precursors that
were exposed for a longer period. One cycle of this ALD recipe consisted of a DEZ
pulse time/additional DEZ exposure time/Ar purge/H,O pulse time/additional H,O
exposure time/Ar purge, of 0.05 s/10 s/30 s/0.10 s/10 s/30 s. The samples were then
exposed to UV radiation (of an intensity of 15 W/m?) for 24 h or to temperatures
of 300 °C for 8 h. The tensile properties of the Kevlar® fibers were tested using an
RSA3 Dynamic Mechanical Analyzer (TA Instruments) following ASTM Standard
C1557. The samples were pulled in tension at a constant displacement rate of 5 pm/s
until the fiber failed, and ultimate tensile strength (o)) and work to failure (W)
were recorded.

Results and Discussion

Kevlar® Fiber and PMMA

The box plot in Fig. 4 shows the Py,ax/Aiy results for the Kevlar® fibers and PMMA.
The average Ppmax/Ain: of uncoated Kevlar®/PMMA interfaces was 25.0 N/mm?. The
average P a/Ain of Kevlar®/PMMA interfaces with coatings of 10 nm Al,O3, 10 nm
TiO,, 50 nm Al,O3, 50 nm TiO,, and 50 nm of ZnO was 22.2 N/mm?, 19.8 N/mm?,
19.8 N/mm?, and 20.9 N/mm?, and 18.0 N/mm?, respectively. The 50 nm ZnO
coated samples exhibited the weakest Py,.x/Aiy values with an average weakening
of 28%, whereas the 10 nm Al,O; coatings had the least detrimental effects on the
interface, weakening the interface by an average of 11%. These results demonstrate
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that ALD Al,O3, TiO,, and ZnO coatings weaken the Kevlar®/PMMA interface, and
the amount of weakening depends on both thickness and composition of the coating.

The results illustrate that nanometer-scale coatings of equal thickness, but different
metal oxide composition, may result in significantly different interfacial mechanical
properties. For example, the average Pyax/Ain for coatings of 50 nm thick TiO, was
6% greater than the 50 nm Al,O5 coated Kevlar®, whereas fibers coated with 50 nm
of ZnO were 11% weaker. Furthermore, the thickness of the ALD coatings also plays
arole in influencing the mechanical properties at the interface. The average Ppx/Aint
for 10 nm thick Al,O3 coatings was 12% stronger than the thicker 50 nm Al,O3
coatings. The opposite trend is observed for TiO,, where the average Ppax/Ain: for
thinner 10 nm coatings was 5% weaker than the thicker 50 nm TiO, coatings. These
results highlight the importance of the material and thickness control of the coatings
on the interfacial mechanical properties of the Kevlar®/PMMA interface.

SEM analysis was used to inspect the samples after the microbond experiments,
in order to observe the morphology of the polymer droplets after they debonded from
the fiber. The PMMA droplets pulled off cleanly from the Kevlar® fibers with no
traces of PMMA residue, for the entire set of Kevlar®/PMMA samples (including the
coated samples). Interestingly, the ALD coatings were also observed to delaminate
from the Kevlar® surface in the original region where the droplet was bonded to
the fiber (Fig. 5). Both Al,O; and ZnO coatings (50 nm thick) were absent in the
original droplet position along the fiber surface after the microbond test (Fig. 5a, c,
respectively). EDS elemental mapping further confirms the absence of Al,O3 and
ZnO coatings in the debonding region (Fig. 5b, c, respectively).

These post-mortem observations suggest that the PMMA adheres more to the
ALD coatings than the coatings adhere to the fiber. We therefore hypothesize that if
the strength of adhesion between the ALD coatings and the Kevlar® fibers could
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"

Exposed Fiber

5 um

Fig. 5 a SEM image of a Kevlar®/50 nm Al,O3/PMMA sample after the microbond test. The
AlLO3 coating is not present where the PMMA droplet used to be as confirmed by b the EDS
elemental map of Al. ¢ SEM image of a Kevlar®/50 nm ZnO/PMMA sample after the microbond
test. Similar to the Al,O3 sample, the ZnO coating is not present where the PMMA droplet used to
be as confirmed by d the EDS elemental map of Zn

be enhanced, the Pp,«/Aine could potentially reach or even surpass that of the
bare Kevlar®/PMMA. Chen et al. [41] showed that the interfacial toughness was
lower when delamination occurred at the ALD/polymer beam interface than when it
occurred at the ALD/epoxy interface. This also indicates that control of the interface
(fiber/ALD or ALD/epoxy) at which crack-propagation occurs can have a significant
impact on debonding force. Future work dedicated to modification of the interfacial
chemistry between ALD coatings and the Kevlar® fibers would help identify sur-
face treatments that could promote stronger or weaker adhesion, depending on the
targeted application.

Carbon Fiber and Epoxy

The Pna.x/Aine Was also evaluated for the material combination of carbon fiber and
epoxy (Fig. 6). The average interfacial P x/Ain of bare and 20 nm ZnO coated
carbon fibers with epoxy was 52.6 and 41.2 N/mm?. Similar to the microbond results
of the Kevlar®/PMMA material system, the average Ppx/Aine of the 20 nm ZnO
coated carbon fibers/epoxy weakened by 21.7% as compared to the bare fibers/epoxy.
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These results demonstrate that ALD coatings can impact a range of fiber-matrix
combinations, and provide motivation for a deeper understanding of the coupled
chemical-mechanical properties of ALD-modified FRC interfaces.

Statistical Significance Analysis

Statistical analysis was conducted to confirm that ALD coatings have a measur-
able effect on the average weakening of the Pp,«x/Ain- The statistical significance of
the Ppax/Aine measurements for coated fibers was evaluated against the fibers with-
out coatings, using a one-tailed z-test. The null hypothesis for this test is that ALD
coatings on the fiber/polymer interface have no direct effect on the Pp,x/Aiy val-
ues obtained. The null hypothesis will be rejected if the p-value is less than 0.05
(confidence interval of 95%). The calculated p-values for each ALD coating and
material system are listed in Table 1. The significance level criteria previously estab-
lished are met for all coatings and material systems, and thus, the null hypothesis is
fully rejected, supporting the conclusions that the ALD coatings can systematically
modify interfacial mechanical properties.

Ultraviolet and Thermal Protection

In addition to modification of mechanical properties of fiber/matrix interfaces, coat-
ings are often used on fiber surfaces to protect them during composite materials
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Table 1 #-test results of the Coati
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10 nm TiO, 4.0115 18 0.0004
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Fig.7 a Ultimate tensile strength b and work to failure of the Kevlar® fibers exposed to ultraviolet
radiation and 300 °C temperatures, with and without 50 nm ZnO coatings by VPI, were obtained

processing. Coatings may also be used to protect a composite from environmen-
tal conditions. Polymers often experience effects of degradation when exposed to
extreme radiation or temperatures, which can often limit their use. Coatings that
can protect a polymer-matrix or polymer fiber from these detrimental effects would
enable the use of polymer composites in wider range of applications.

The ability of ALD ZnO coatings to protect Kevlar® fibers from ultraviolet
(UV) radiation thermal degradation was evaluated by measuring the ultimate ten-
sile strength (o)) and work to failure (W) of the fibers (Fig. 7). UV light exposure,
of an intensity of 15 W/m? for 24 h, reduced the average o ;; of uncoated fibers by
24% and the average W by 46%. Furthermore, uncoated fibers that were exposed to
an ambient temperature of 300 °C for 8 h experienced a decrease in oy by 30% and
a decrease in W by 46% (Fig. 7). In contrast, Kevlar® fibers with a 50 nm coating
of ZnO by ALD had a negligible change in the average o (0% difference) and
the average Wr (2% lower) after the same UV treatment. Similarly, Kevlar® fibers
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with the ZnO coatings reduced the impact of thermal degradation in the average o
(12% weaker) and increased the average Wr (11% higher). It is also evident that
the ZnO coatings did not influence the average o significantly (3% stronger), but
did slightly increase the average Wy (11% higher). The UV protection capabilities
shown here are consistent with previous work from Azpitarte et al. [27].

Conclusions

Understanding the interfacial properties is crucial to predict the overall mechanical
properties of FRCs. The ability to tune the interfacial properties, not only in PMCs
but also CMCs, presents an opportunity to develop engineered structural composite
materials designed with specific macroscopic mechanical properties. In this study, we
explored the effects ALD coatings have on the interface of two distinct fiber/polymer
material systems. We demonstrated ALD can conformally coat Kevlar® fibers and
carbon fibers with sub-nm thickness control, and that this level of thickness control
can influence the interfacial properties of both material systems (Kevlar®/PMMA
and carbon fiber/epoxy). Furthermore, we showed that the mechanical response of
ALD coated fibers depends on coating thickness and composition. It was observed
that the ALD coatings preferentially delaminated from Kevlar® fiber surfaces, indi-
cating that the adhesion of the coatings to the matrix was higher than the adhesion
of the coatings to the fiber surfaces. Finally, it was demonstrated that ALD coat-
ings could be used to impart additional benefits beyond tuning interfacial bonding.
As a proof-of-concept, we showed that deposition of 50 nm of ZnO by ALD can
protect Kevlar® fibers from ultraviolet light degradation and thermal degradation.
This model material system demonstrates that ALD coatings could enable opportu-
nities to produce multi-functional composites, bringing forth an exciting new field
of research and development.
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