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1. Introduction

While the quasistatic mechanical performance benefits of fiber-reinforced composites are often
the reason for their selection in structural applications, it is generally accepted that the response
of the fiber-matrix interphase region can contribute to impact resistance and damage tolerance
(1-3). The effect of the interphase on impact performance is largely determined by the choice of
sizing components applied during glass fiber production (4-7). Previously published results
indicate that the impact response of a fiber-reinforced composite can be tailored towards high
energy absorption by engineering weak fiber-matrix interfacial interactions; or, conversely, high
damage tolerance (e.g., residual strength after impact) can be produced by promoting strong
fiber-matrix interfacial interactions (8). Impact-damaged composite panels that are constructed
using glass fibers that adhere poorly to the polymer matrix display large damage areas due to
extensive fiber-matrix debonding, pullout, and delamination mechanisms. These
micromechanical processes result in high energy absorption during impact. As the fiber-matrix
bond strength is increased, energy absorption during impact decreases. Significant fiber
breakage during impact dominates the failure and less fiber-matrix debonding and pullout are
observed.

The interphase response can be controlled by appropriate selection of sizing components. Silane
coupling agents are important constituents in the multicomponent fiber-sizing formulations
applied to the fibers during production (9-11). The effect of silane coupling agents and silane-
based sizings on glass fiber-reinforced composite structural performance and durability has been
widely studied (12-17). Traditionally, silane coupling agents are used to increase the adhesion
of the glass fiber reinforcement to the polymeric matrix and to increase the strength retention of
the composite upon exposure to wet conditions (18, 19). Common silane coupling agents used to
increase the structural performance/moisture resistance of glass-reinforced composites
incorporate epoxy, amine, or methacryl functional groups as the reactive organic component,
depending on the chemistry of the matrix resin (20, 21). The silane coupling agent comprises
~10 weight percent of the total solids present in a typical formulation. The role of the silane and
the other constituents, including film formers, surfactants, and lubricants, found in more complex
commercial sizings has been investigated more thoroughly in other research (22).

Recent studies have started to quantify the energy absorption mechanisms of the fiber-matrix
interphase during high strain rate single fiber push-out experiments (23, 24). These studies
propose two distinct regions of energy absorption attributed to fiber-matrix debonding and post-
debonding frictional sliding. In general, the systems studied showed strong rate dependence
before, during, and after fiber-matrix debonding; and the post-debonding frictional sliding
mechanism was found to absorb the greatest amount of energy. These studies lead to the two
following questions: Is it possible to control the strength of the fiber-matrix interphase as a



function of loading rate through careful design and selection of sizing components? Is it possible
to increase the energy absorption during post-debonding frictional sliding? These questions
provided the motivation for development of a new class of fiber sizings and the following
paragraphs describe the reasoning that was followed for the formulation development.

Traditional approaches to sizing fiber for either structural or impact performance in a composite
material would dictate that either the fiber be made as chemically reactive as possible or as inert
as possible, respectively, towards the polymeric matrix. A logical approach to obtain
intermediate structural and impact performance would be to impart intermediate levels of
adhesion between the fiber and matrix. Published studies have been conducted where the density
of reactive “sticker” groups along the main backbone chains and corresponding density of
reactive “receptor” groups found on the surface of the substrate have been varied and the
adhesion strength measured (25). In this research, the maximum adhesive strength was achieved
through a relatively low number of receptor-sticker group interactions indicating full reactivity is
not necessary for maximum adhesion. Similar research on the adhesion of thermosetting epoxy
adhesives to silicon wafers treated with varying degrees of octadecyltrichlorosilane, which
interacts weakly with the epoxy adhesive (26). This study yielded a comparable result in that the
epoxy adhesive required a relatively low density of strong surface interactions with the substrate
to exhibit maximum bond strength. More importantly, the concentration of sticker groups at
which maximum adhesion was observed was found to be temperature dependent, with larger
numbers of strong interactions required to maintain high bond strength as the temperature was
decreased. Time-temperature equivalence of polymeric materials suggests that this adhesion
behavior may also be rate dependent. In other words, a careful adjustment of the fiber-matrix
reactivity through formulation of matrix-compatible and matrix-incompatible silane coupling
agents could potentially yield strong fiber-matrix interactions at low strain rates and weak fiber-
matrix interactions at high strain rates.

After fiber-matrix debonding has occurred, it would be desirable to maximize post-failure
frictional energy absorption mechanisms via fiber pullout. Microscale interface testing using a
microdrop pull-off method has shown the impact of nano-textured fiber surfaces on energy
absorption in model systems (27). Fiber surfaces were textured using a sol-gel synthesis of
multiple alkoxy silanes. Using blends of tri-alkoxy silane coupling agents employed in
traditional sizing systems and tetraethoxysilane (TEOS), a variety of textured surfaces were
created on glass fiber surfaces. The resulting texture was influenced through control of the
reaction conditions, acidic or basic catalyst concentrations, and inorganic-organic stoichiometry
ratios. The alkoxy sol-gel chemistry was an attractive approach to modifying fibers surfaces
guided by the established literature on sol-gel coatings (e.g., formulations to increase the scratch
resistance of glass) (28-31). Other researchers have used colloidal silica to enhance the adhesion
of glass fibers to polypropylene via dip-coating methodologies (32). This is potentially a simpler
technique than sol-gel chemistry to increase the surface roughness of commercially produced



glass fibers, thereby increasing the coefficient of friction between the fiber and matrix during the
fiber pullout stages of composite failure. To our knowledge, the use of preformed colloidal silica
particles has yet to be applied to commercial glass fiber sizings.

If the previous arguments pertaining to the energy absorption mechanisms due to fiber-matrix
bond strength and fiber-surface roughness carry some validity, then the ideal fiber sizing for both
optimal structural and impact performance should, in theory, be composed of a mixture of silane
coupling agents to vary the fiber reactivity towards the matrix phase and some type of hard
inorganic phase to increase the roughness of the fibers. The relationship between the fiber
surface reactivity and surface roughness would also certainly be coupled with each other. If
there is too little chemical reactivity between the fiber and matrix, then the transfer of stress is
inefficient and the composite will show poor structural response. If the chemical reactivity
between the fiber and matrix is too strong, then stress transfer between the fiber and matrix
results in fiber breakage, which negates the effects of increased surface roughness and energy
dissipation through frictional sliding. In this report, we document our attempt to balance the
structural and impact performance of glass-reinforced composites produced using a fiber-sizing
package composed of mixed silane coupling agents to vary the reactivity of the fiber with the
matrix phase. Additionally, enhancement of post-failure energy absorption through increased
frictional dissipation during fiber-matrix pullout was explored through control of the surface
roughness of the glass fibers. A unique inorganic-organic hybrid fiber-sizing formulation was
successfully applied at a commercial E-glass manufacturing facility to produce rovings as well as
woven fabric reinforcements. Composite materials were manufactured using these specialized
fabrics and the preliminary structural and impact energy responses of these materials have been
measured.

2. Experimental

2.1 Fiber-Sizing Packages

A series of sizing packages were evaluated in this study using commercially available materials
generally used by the glass fiber industry (33). In this work, the epoxy-incompatible and
epoxy-compatible silane coupling agents were n-propyltrimethoxysilane (PTMO) and
3-glycidoxypropyltrimethoxysilane (GPS), respectively. In cases where increased fiber surface
roughness was desired, colloidal silica with an average particle diameter of 22 nm was added to
the fiber-sizing package. In all cases, a water-dispersible diglycidyl ether of bisphenol A epoxy
(DGEBA) was implemented as the film former. Four specific sizings are reported here: (1) a
“hybrid” fiber-sizing package consisting of a mixture of GPS, PTMO, and the colloidal silica
fiber surface roughening agent; (2) an “incompatible” fiber-sizing package containing only
PTMO, which has no chemical reactivity towards an epoxy-based matrix; (3) a “compatible”
fiber-sizing package containing only GPS, which is highly chemically reactive towards an



epoxy-based matrix; and (4) a “mixed” fiber-sizing package consisting of the identical ratio of
GPS to PTMO coupling agents as found in the “hybrid” fiber-sizing package, but without the
colloidal fiber-surface roughening agent. These sizing materials are summarized in table 1. The
aqueous-based fiber-sizing packages were formulated within concentration ranges conducive for
industrial production, generally 5-10% solids in water, including film formers and surfactants.
Successful pilot plant scale-up of selected sizing formulations was completed by Fiber Glass
Industries, Inc. (FGI), Amsterdam, NY. The laboratory sizing formulations were modified
slightly by FGI to incorporate minor amounts of additional proprietary lubricants, antistatic
electricity agents, and other processing aids. Single-end E-glass rovings were manufactured with
a 454-kg/m (225-yd/1b) yield, M filaments (~16-um diameter), and a roving count of 4000
filaments. The custom-sized rovings were subsequently woven into 0.81 kg/m* (24 0z/yd?) plain
weave fabrics.

Table 1. Summary of materials used in fiber-sizing compositions. 3-glycidoxypropyltrimethoxy silane
(GPS) was used as the reactive-compatible coupling agents and n-propyltrimethoxysilane (PTMO)
was the nonreactive-incompatible silane coupling agent. Colloidal silica was used as the
roughening agent.

Fiber Sizing Silanes Film Former Roughening Agent
Hybrid GPS DGEBA epoxy dispersion Water dispersible colloidal silica
PTMO
Compatible GPS DGEBA epoxy dispersion None
Mixed GPS DGEBA epoxy dispersion None
PTMO
Incompatible PTMO DGEBA epoxy dispersion None

2.2 Roving Strength

Increased fiber-fiber and tow-tow friction during the initial fiber processing stages at the glass
manufacturing and weaving facilities is undesirable, as increased friction leads to fiber breakage
and processing difficulties. To verify that the film former, lubricants, and other processing aids
of the fiber-sizing package remain effective upon incorporation of the inorganic fiber surface
roughening agent, the fiber roving strengths were measured both before and after weaving using
a modified version of ASTM D 3379-75 (34). The methodology was modified to measure the
tensile strengths of an entire bundle of roving filaments, rather than single filaments as specified.
This procedural modification was made to simplify the experiments, as the results were intended
to be comparative. Tensile force (P) measurements were measured using a crosshead rate of
1.27 mm/min with a sample gauge length of ~152 mm. Tensile strengths (T) were calculated
using the following expression:

=, (1)

where A represents the calculated cross-sectional area of the roving based on the roving bundle
count of 4000 filaments and filament diameter of 16 um. Tensile strengths were measured for
fiber bundles treated with the hybrid sizing and compatible sizing taken from spools before



fabric weaving and from woven fabric for comparison. The roving strength measurements were
taken as an estimate of the processing characteristics of the hybrid fiber-sizing package with
direct comparisons to the industrial-standard compatible fiber-sizing package. The reported
values represent an average of the five samples tested for each roving type.

2.3 Pultruded Rod Composite Fabrication

Prior to receiving woven fabrics, spools of individual roving packages treated with the hybrid
and compatible sizing formulations were received from FGI. The roving packages were used to
produce unidirectional, fiber-reinforced pultruded composite rods using the methods outlined by
Thomason (35) and Gorowara (36). The composite rods were prepared with a volume fraction of
fiber equal to ~0.50. The matrix resin consisted of Applied Poleramic, Inc., SC15, a two-part,
low-viscosity toughened epoxy resin with amine curing agents. After mixing the resin and
curing agent according to manufacturer’s specifications, the mixed resin was de-gassed under
vacuum at 50 °C until no air bubbles were present. The resin was then poured over the fiber
rovings and infused using a hand roller and the wet fiber rovings were pulled through a
fluoropolymer tube with an inside diameter of 9.53 mm. The fluoropolymer tube was then
inserted into a close-fitting copper pipe for support to ensure alignment of the cured composite
rods. The composite rods were cured at 200 °C for 3 hr under slight tension with the use of a
hanging weight. To minimize thermal stresses, the composite samples were slowly cooled in the
oven until they equilibrated at room temperature.

2.4 Composite Panel Fabrication

Composite panels with approximate dimensions of 500 x 500 % 6.35 mm were fabricated using a
vacuum-assisted resin transfer molding (VARTM) process (37). The woven fabric was stacked
using 0°-90° fabric lay-ups. The SC15 epoxy resin was used following the same mix ratios and
cure schedule as the composite rods. Fiber volume fractions of the cured composite panels were
calculated using rules of mixtures and experimentally measured values of density. The density
measurements were undertaken using the ASTM D 792-00 testing standard and minimums of
five samples for each data set (38). Final volume fractions of glass fiber present in the composite
panels were calculated to lie between 0.55 and 0.56 for all samples tested. Void contents of the
cured composite panels were not determined, however void contents of <2% are typical.

2.5 Short Beam Shear Testing

The composite rods were sectioned into lengths of 60 mm, and the apparent short beam shear
strength was measured using ASTM D 4475-85 (39) using a 3-point bending apparatus. The
testing standard allows for the span (S) to diameter (d) ratio to vary from 3:1 to 6:1, with an s:d
ratio of 5:1 reported in this research. For each fiber-sizing condition, a minimum of five samples
were tested using an Instron model 4505 equipped with an 89-kN load cell at a crosshead rate of
1.27 mm/min. The interfacial shear strength (IFSS) was calculated using the following equation,
where P is the measure force at failure:
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Composite rods were tested immediately following initial processing and after submersion in
water at 70 °C for 30 days.

2.6 Flexural Strength

Flexural strength was measured with 127- x 25.4- x 6.35-mm composite panel samples using the
ASTM D 790-96a testing method (40). The test was carried out in the 3-point bending mode
configuration. Testing was completed with the span length (L) to width (b) ratio set to the
standard 16:1 using a minimum of five samples for each fiber-sizing condition. An Instron
model 4505 equipped with an 89-kN load cell was used at a crosshead rate of 1.27 mm/min.
Breaking force (P) was taken from force-vs.-displacement data and the maximum fiber stress
(Omax) Was calculated using the following equation:

_3PL

O max — W > (3)

where d represents the sample thickness.

2.7 Tensile Strength

The tensile properties of the composite samples were determined according to the ASTM D 3039
testing method (41). An Instron model 1125 equipped with an 89-kN load cell was used at a
crosshead rate of 2.54 mm/min, and at least three samples were tested for the compatible and
hybrid fiber-sizing conditions. Average sample dimensions were 152 x 25.4 x 3.5 mm.
Breaking forces (P) were taken from force-vs.-displacement plots and the ultimate tensile
strength (F") was calculated using the following equation:

P

Ftu -
bd

(4)

2.8 Drop Tower Impact Testing

The impact properties of the composite panels were measured using a Dynatup Drop Weight
System. Samples were cut into 100- X 100- x 6.35-mm squares and impacted with a 12.7-mm-
diameter hemispherical impact striker. Plots of the impact force (Pimpact) vs. time are shown in
the results section. Experimentally measured values of impact energy (Eimpact), impact velocity
(Vimpact), and maximum force (Pmax) were recorded from the instrument and are also summarized
in the results section. The impact energy absorbed to maximum force (Enax) and total energy
absorbed (Etal) were calculated using the instrument software (42). Deflection data was not
recorded.



To measure the projected post-impact damage area the damage zone was first visually observed
using a light box and outlined with a black permanent marker pen. A digital image was then
taken of each damaged panel and a pixel area ratio of the projected damaged area to undamaged
area was analyzed using an image analysis software package (43). Actual projected damage area
could then be determined by simply multiplying the actual sample dimensions by the computer
generated pixel ratio. Composite panels were impact tested immediately following initial
processing and after submersion in water at 70 °C for 30 days. Minimums of four samples were
tested for each composite panel set. Smaller 12- x 12- x 6.35-mm sections of composite panel
were also subjected to moisture exposure at 70 °C for 6 months to monitor uptake mass.

2.9 Compression After Impact Strength

The compression after impact (CAI) properties of the composite panels were measured using the
SACMA recommended method SRM 2R-94 (44). Impact damage was generated using the
Dynatup Drop Weight System. Samples were cut into 150- x 100- X 6.35-mm rectangles and
impacted with a 15.9-mm diameter hemispherical impact striker. The mass and drop height of
the impacter were adjusted to provide an impact energy of 42.6 J, which closely approximates
the energy level of 6.7 J/mm of composite thickness as specified in the standard. Once damaged,
the residual compressive strengths of the samples were measured using an Instron model 1332
servo-hydraulic machine equipped with a 222.4 kN load cell. A Boeing CAI loading test fixture
(Wyoming Test Fixtures, Inc.) was used at a crosshead rate of 2.54 mm/min. Ultimate
Compressive strength (oyi) was calculated using the following expression:

P

- 5
O-ult bd ( )

Minimums of five samples were tested for each fiber-sizing condition.

3. Results and Discussion

3.1 Fiber and Roving Characterization

The primary roles of the film former and lubricant constituents of a commercial fiber-sizing
package are to reduce the processing friction experienced by the fiber rovings during fabric
weaving. Lowered levels of processing friction result in decreased fiber breakage, hence
retention of high tensile strength in the final composite assembly. During resin infusion and
subsequent cure of the composite assembly, the film former and lubricants diffuse from the
surface of the fibers into the matrix resin, which exposes the silane coupling agent network on
the fiber surfaces (36). In the case of the hybrid fiber-sizing package, the fiber surfaces are
intentionally roughened to promote increased friction during fiber-matrix pullout in fully cured
composite assemblies. However, the effects of the inorganic fiber surface roughening agent are
not desirable during roving manufacturing processes, such as weaving.



Figure 1 shows a scanning electron microscopy (SEM) image of a compatible-sized fiber, after
solvent rinsing the soluble portions of the sizing package. This SEM image reveals a mostly
smooth fiber surface morphology, with the exception of a few defect sites in the glass, as
expected. Upon addition of the inorganic surface-modifying agent to the hybrid fiber-sizing
package, the surface morphology of the glass fiber changes dramatically, as seen in figure 2.
The fiber surfaces displayed in figures 1 and 2 represent the “idealized” regions envisioned
during conceptualization and development of the hybrid fiber-sizing package. Low
magnification SEM images of the hybrid sized fiber samples, which are not shown, displayed a
higher degree of heterogeneous deposition of the inorganic fiber surface-modifying agent onto
the surfaces of the fibers. Thus, it would be expected that a more in-depth atomic force
microscopy (AFM) analysis would also yield varying measures of surface roughness. In
addition, SEM characterization of hybrid fiber sizing provides no indication of covalent bonding
of inorganic surface modifying agent to glass fiber surface, although the fibers were rinsed in
solvent. Some percentage of the inorganic fiber surface-modifying agent present in the hybrid
fiber-sizing package may have been washed from the fiber surfaces during the solvent rinse.

1 I |
10.0um

Figure 1. SEM image of E-glass fiber surface treated with compatible
sizing after acetone rinse to extract soluble fractions of film
former, surfactant, lubricants, and other processing additives.

To ensure that the film former and lubricants of the hybrid fiber-sizing package adequately
protect the fibers during processing, the tensile strengths of roving bundles were measured. The
average tensile strengths of the hybrid and compatible-sized fiber roving bundles were 0.97

+ 0.09 GPa and 1.17 + 0.09 GPa, respectively. Brown et al. reported a very similar experimental
methodology for the determination of E-glass fiber bundle strengths, but applied a more rigorous
Weibull analysis in the calculations (45). These researchers determined average tensile strengths



Figure 2. SEM image of E-glass fiber surface treated with hybrid
sizing after acetone rinse to extract soluble fractions of film
former, surfactant, lubricants, and other processing additives.

of ~1.3 to 1.9 GPa, based upon an average filament diameter of 9 um and 204 filaments per
bundle. Therefore, it appears that the roving bundle tensile strengths reported for this research
are reasonable, considering that a 16-um filament used for this research should have a lower
tensile strength than the 9-um filament reported in the literature (46). These results indicate that
the inorganic surface-modifying agent of the hybrid fiber-sizing package appears to cause
minimal additional fiber breakage during commercial manufacturing and should be cause for
minimal concern when considering fiber-processing characteristics.

Production of commercial woven roving fabric for composite panel fabrication is a large-scale
and costly operation with up to hundreds of individual spools of roving packages required to
weave as little as 100 m of usable fabric. Therefore, to minimize the risk associated in
transitioning the ARL-derived experimental fiber-sizing package from the bench-top to
application at FGI’s production facility, a limited number of individual roving packages were
produced to gauge the feasibility of successful larger-scale production runs. Chronologically,
these roving packages were first used for the fiber characterization and tensile strength
measurements previously described. Furthermore, the individual roving packages were also used
to generate preliminary composite mechanical property measurements to provide confidence in
the production of the multitude of roving packages required to set-up a large commercial loom
for weaving into fabric. Composite fabrication options are limited with individual spools of
glass fiber roving, with a cylindrical composite rod being one of the simplest configurations to
fabricate at a laboratory scale.



The mechanical properties of the epoxy matrix/glass fiber-reinforced composite rods with
hybrid-sized fibers were directly compared to those reinforced with the standard matrix
compatible-sized fibers. The IFSS values of the cylindrical composite rods with glass
reinforcement treated with the hybrid and compatible sizings were 41.7 = 2.7 MPa vs.

39.8 £ 4.7 MPa, respectively. The samples failed in interlaminar shear regardless of fiber sizing
that was used. The quasistatic IFSS response of the composite rods reinforced with either the
hybrid- or compatible-sized fibers were approximately equivalent, which was one of the goals
outlined when formulating the ARL hybrid fiber sizing. The results obtained from the initial
fiber surface SEM characterization, roving tensile measurements, and IFSS measurements of the
epoxy matrix based composite rods provided the confidence to scale-up for the much larger
amount of material needed for weaving.

3.2 Composite Tensile and Flexural Properties

Flat epoxy matrix-based composite panels were fabricated using the 0.81 kg/m® (24 oz/yd*) plain
weave fabric subsequently produced by FGI. The flat composite panels measured ~6.35 mm in
thickness and were processed using the VARTM procedure outlined in the experimental section.
While woven fabric was obtained with the hybrid, incompatible, compatible, and mixed fiber
sizings, only the mechanical properties of the hybrid sizing and epoxy compatible sizing are
reported. The ultimate tensile strengths (F") measured for the composite samples increased
slightly for the hybrid fiber sizing in comparison to the compatible fiber sizing, 368 + 14 MPa
vs. 348 £ 16 MPa, respectively, with the tensile failure modes of both samples appearing
identical. As the roving tensile strengths of the hybrid and compatible-sized fibers are very
similar, it is not surprising that the tensile strengths of the respective composite samples were
very close in magnitude. The average maximum fiber flexural stress (omax), or flexural strength,
was lower for the hybrid fiber-sized composites when compared to the compatible fiber-sized
composites, 411 + 16 MPa vs. 506 + 17 MPa, respectively. Both samples failed primarily in a
tension mode in the center of the sample coupons, however, the composite samples reinforced
with the hybrid-sized fibers appeared to have slightly more compressive damage at the center
loading point of the 3-point bend test fixture. This possible additional compression damage
could be related to the lower flexural strength. While more detailed mechanical analysis are
planned for future work, the preliminary mechanical testing results seem to indicate that the
hybrid fiber-sizing formulation could have the potential to closely match the mechanical
properties offered by traditional matrix compatible fiber sizings.

3.3 Composite Impact Properties

Low-velocity, drop-tower impact testing of composite panels can be performed with relative
ease, however the role of test set-up, sample constitutive properties, interpretation of the damage
modes, and quantification of the resultant data is often complex. The kinetic energy and velocity
of the drop tower impact striker, which are governed through Newton’s second law of motion,
can be adjusted via drop height and/or drop mass. For this comparative study, three different
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impact energies were tested, referred to as low (Eimpact = 37 J), medium (Eimpact = 80 J), and high
(Eimpact = 124 J). The impact energy was adjusted by adding drop mass to the impact striker
frame while the drop height remained constant, thus the impact velocity also remained constant.
The converse scenario of altering drop heights, hence impact velocities, was not investigated for
this study. Additionally, a wide variety of impact striker geometries are available, which could
bias differing stress states during the impact loading and cause varying response mechanisms in
the composite. Therefore, the impact striker tip geometry was also kept constant during this
study.

Although the fiber-matrix interphase was the focus of this study, there are numerous other
constitutive materials properties of the composite that dictate impact response, such as fiber
strength, matrix toughness, matrix stiffness, fabric structure, fabric cross-ply orientation, fiber-
volume fraction, and boundary conditions (47-50). Impact energy-absorbing mechanisms
include matrix cracking, fiber fracture, delamination, debonding, and fiber pullout (8). Rigorous
analysis and interpretation of the impact response and damage modes in composite materials
have been derived using inelastic energy curves, which couple the returned energy and incident-
impact energy (51, 52). Other researchers have proposed progressive impact fracture models to
predict the energy absorption properties of composite materials (53). The objective of this
current research was to solely examine the effects of the fiber sizing to the impact response of
the composite, thus all other sample parameters were kept constant and comparative analysis was
limited to interpretation of impact force-vs.-time curves, measured energy-absorption values, and
visual inspection of the damaged samples.

The representative force-vs.-time curves for the composite panels reinforced with compatible-
sized fibers during impact testing are shown in figure 3. Minimal fiber breakage was observed at
the low- and medium-impact energies. However, at the high-impact energy, significant fiber
breakage and push-out through the back sides of the sample plates occurred, which resulted in a
sharp drop in the force response immediately following the force-vs.-time peak maximum. This
type of response was expected due to the presumably high levels of adhesion between the
compatible-sized fibers and matrix, which allows maximum stress transfer from the matrix to the
fibers. Quantitatively, the high degree of stress transfer to the fibers allows for a relatively high
level of Pmax sustained during the impact event (18.8 + 1.6 kN), prior to fiber failure. However,
the subsequent high degree of fiber breakage and push-out leads to low values of Emax (80.4

+ 12.7 J) and high values of Eioa (123.6 £ 3.1 J), as summarized in table 2. Simply stated,
impact striker of the drop tower test fixture strikes the compatible-sized fiber-reinforced
composite samples and pushes out the back side of the plate with no impact striker rebound.

The force-vs.-time curves for the composite panels reinforced with incompatible-sized fibers
during impact testing are shown in figure 4. The impact performance of this sample at low- and
medium-impact energies resulted in larger overall damage areas when judged against the
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Figure 3. Representative force-vs.-time curves for flat E-glass composite
panel treated with compatible sizing during impact testing.
(V) Eimpact =37 J, (.) Eimpact =380 J3 (A) Eimpact =124 Ja
Vimpact = 4.5 m/s.

Table 2. Summary of drop-tower impact testing results for composite panels with E-glass fibers treated with
hybrid, compatible, mixed, and incompatible fiber sizings. Error represents one standard deviation.

Damage

Fiber Sizing Eimpact Prnax Emax Etotal Area

) (kN) €) 0)] (mm’)

Hybrid 37.1+0.1 11.0+0.1 36.6 £ 0.2 23.0+ 0.1 680 + 20
Compatible 37.0+0.1 10.9+0.2 36.6 £ 0.1 23.4+ 0.5 670 £ 110

Mixed 37.0+0.1 11.8+0.1 36.8 £ 0.1 19.2 + 0.1 590 + 40
Incompatible 37.1+0.1 11.0£0.1 36.6 + 0.2 20.5+ 0.4 1290 + 370
Hybrid 80.5+0.3 18.1+0.1 78.8 £ 2.3 451+ 1.0 2020 + 240

Compatible 80.5+0.3 17.3+0.3 732+ 49 512+ 14 960 = 70

Mixed 80.9+0.4 18.6 +0.1 775+ 43 459+ 2.5 900 + 50
Incompatible 81.0+0.2 16.1£0.2 773+ 1.0 522+ 0.1 3350 + 500
Hybrid 123.7+1.0 20.9+0.8 1105+ 7.8 89.6 + 4.1 2610 + 210
Compatible 1242+1.3 18.8+1.6 80.4 + 12.7 123.6 + 3.1 1300 + 120
Mixed 1258 +0.4 19.7+0.9 87.7+9.8 105.1 + 2.6 1330 + 170
Incompatible 125.8+0.3 17.8+0.4 102.4 + 9.6 989+ 25 4400 + 190
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Figure 4. Representative force-vs.-time curves for flat E-glass composite
panel treated with incompatible sizing during impact testing.
(V) Eimpact =37 Ja (.) Eimpact =80 Ja (A) Eimpact =124 J7
Vimpact = 4.5 m/s.

composite panels reinforced with compatible-sized fibers, as summarized in table 2. However,
the impact response of the incompatible sizing was remarkably different at high-impact energies,
with a gradual rolling over of the force-vs.-time curve. The presumably low levels of adhesion
between the incompatible-sized fibers and epoxy matrix allow the fibers to debond at the fiber-
matrix interphase and slide through the matrix, rather than breaking. This fiber-matrix
debonding mechanism yields a low degree of stress transfer from the matrix to the fibers, which
resulted in the lowest observed levels of Pnax sustained during the high-energy impact events
(17.8 £ 0.4 kN). The composites panels reinforced with incompatible-sized fibers displayed
significantly larger damage areas than the composite panels reinforced with compatible-sized
fibers at the high-impact energy level, but no significant fiber breakage or push-out through the
back sides of the samples were observed. In comparison to the compatible fiber-sizing
treatment, the incompatible fiber-sizing treatment results in greater values of Eyax (102.4 + 9.6 J)
and lower values of Eia (98.9 = 2.5 J). The lower value of Ea (<124 J) was evident during the
impact testing as the impact striker of the drop tower fixture rebounded upward from the
composite plate after the initial strike.

The representative force-vs.-time curves for the composite panels reinforced with mixed-sized
fibers during impact testing are shown in figure 5. These results were interesting in that the
impact-response curves appear to be very similar to those of the compatible fiber sizing at the
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Figure 5. Representative force-vs.-time curves for flat E-glass composite
panel treated with mixed sizing during impact testing.
(V) Eimpact =37 J: (.) Eimpact =80 J: (A) Eimpact =124 Js
Vimpact = 4.5 m/s.

low- and medium-impact energies. The overall damage areas and visually observed levels of
fiber breakage and push-out remained close to those values determined for the composite panels
reinforced with the compatible-sized fibers, as summarized in table 2. The similarity in damage
mechanisms to the composite samples reinforced with the compatible-sized fibers is reflected in
comparable Pnay average values sustained during the high-energy impact events (19.7 = 0.9 kN).
However, the energy absorption values for this sample reflect coupled behavior between the
compatible and incompatible fiber sizings with intermediate values of Emax (87.7 £ 9.8 J) and
Etotal (105.1 £2.6J).

The characteristic force-vs.-time curves for the composite panels reinforced with hybrid-sized
fibers during impact testing are shown in figure 6. The impact-response curves were very similar
in appearance to those of the incompatible fiber sizing. However, Pnax achieved during the high-
energy impact was greater for the hybrid sizing than the incompatible sizing, 20.9 & 0.8 kN vs.
17.8 £ 0.4 kN, respectively. The damage areas measured for the hybrid-sized fiber-reinforced
composites were also interesting. At low-impact energies, the total damage area of the hybrid
sizing was equivalent to those of the compatible- and mixed-fiber sizings. As the impact energy
was increased, the damage area became larger in comparison to the compatible- and mixed-fiber
sizings, but always remained less than the damage areas of the incompatible fiber sizing. At the
high-impact energy, the hybrid fiber sizing experienced minimal fiber breakage and no fiber
push-out due to the drop tower impact striker. In comparison to the compatible, incompatible,
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Figure 6. Representative force-vs.-time curves for flat E-glass composite
panel treated with hybrid sizing during impact testing. (V) Eimpact
=371, (M) Eimpact = 80 J, (&) Eimpact = 124 J, Vimpact = 4.5 mv/s.

and mixed fiber-sizing treatments, the hybrid fiber-sizing treatment resulted in greatest average
value of Enax (110.5 = 7.8 J) and lowest average value of Eigta (89.6 £ 4.1 J). The hybrid fiber
sizing outperformed the incompatible sizing in terms of Enax, which is indicative of excellent
impact properties, and outperformed the compatible and mixed fiber sizings in terms of Ppax,
which is indicative of excellent structural response. The preliminary impact testing performed
for this research shows that the hybrid fiber sizing has potential to fulfill the role of a
simultaneous impact and structural sizing. An overlay of the high-energy impact responses of all
the fiber-sizing conditions is shown in figure 7. Representative examples of the projected
damage areas on the actual samples are shown in figure 8. The damage areas for all fiber-sizing
conditions are summarized in table 2 and plotted in figure 9.

3.4 Composite Compression After Impact Properties

Previously reported references have stated that the impact performance and damage tolerance of
glass fiber-reinforced composites are profoundly influenced by the choice of silane-coupling
agent used to treat the fibers (1). As impact resistance is increased by means of an incompatible
silane-coupling agent, the structural performance of the composite decreases (5). The decreases
in structural performance and damage tolerance brought about by the use of incompatible silane
coupling agents is readily evident in compression after impact (CAl) testing. The results
obtained for the compatible- and incompatible-sized fiber-reinforced composites of this study
confirm such previous literature findings. Our results show an ~45% decrease in CAI strength of
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Figure 7. Comparison of composite panel impact response for E-glass
fibers treated with hybrid, compatible, mixed, and incompatible
fiber sizings. Eimpact = 124 J, Vimpace = 4.5 m/s.

strike face

mixed incompatible hybrid

back face

Figure 8. Images of the strike face and back face of composite panel samples after impact testing.
Projected damage areas are outlined on the back faces of the samples. Ejypace = 124 J,
Vimpact = 4.5 m/S.

16



5000

T T T T T T T T T
{ —e—incompatible sizing 1

«~ 45004 —a— hybrid sizing %‘
€ 1 —m— compatible sizing ]
£ 4000__ —w— mixed sizing ]
S 3500+ -
Z ] l
o 3000- -
% o) I ]
£ 2500 1]
('5 4
O 2000 1
o ] 1 ]
o}
5 1500 } T
Q 1 T
e 1000 /_
o ] / ]

500 1

40 60 80 100 120
Impact Energy (J)

Figure 9. Damage area-vs.-impact energy plots for composite panels with
E-glass fibers treated with hybrid, compatible, mixed, and
incompatible fiber sizings. Vimpact = 4.5 m/s, straight lines drawn
between data points.

the composite from 146.0 = 0.2 MPa to 80.5 & 6.8 MPa when comparing the structural
compatible fiber sizing to the impact resistant incompatible sizing, respectively. The mixed
fiber-sizing treatment resulted in a slight increase in residual compressive strength at 160.6

+ 2.1 MPa. The mixed fiber-sizing treatment also yielded improved impact performance in
comparison to the compatible fiber-sizing treatment. The hybrid sizing fiber treatment resulted
in a residual compressive strength of 134.4 + 7.4 MPa, which is analogous to the compatible
sizing and notably increased from the incompatible fiber-sizing treatment. The high residual
compressive strength results for the hybrid fiber-sizing treatment are significant as this fiber-
sizing treatment provided the best drop-tower impact performance. The CAI results are
summarized in table 3.

Table 3. Summary of compression after impact testing results for composite panels with
E-glass fibers treated with hybrid, compatible, mixed, and incompatible fiber
sizings. Error represents one standard deviation.

Fiber Sizing Eimpact Guit
(€)) (MPa)
Hybrid 42.6 £0.3 1344 +74
Compatible 42.8+0.1 146.0 + 7.7
Mixed 42.5+0.5 160.6 £2.1
Incompatible 42.7+£0.2 80.5 £6.8
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3.5 Composite Wet Properties

As stated in the introduction section, an important function of the silane coupling agent
constituent of the fiber-sizing package is to protect the glass fibers from moisture attack. If the
silane coupling agent does not properly protect the glass fibers from moisture ingress, then
corrosion of the glass fibers occurs, which leads to significant reductions in the mechanical
performance of the composite. As a preliminary gauge of the effectiveness of the hybrid sizing
to protect the glass fibers against moisture exposure, the hybrid sizing was compared directly to
the compatible sizing via moisture uptake at 70 °C using small composite coupon samples.
Based on previous experience with moisture uptake experiments, the compatible sizing should
perform well in response to moisture attack (54). Poor moisture protection due to the hybrid
sizing would be expected to yield significant increases in mass uptake when compared to the
compatible sizing.

The moisture uptake mass percentage-vs.-time plots for composite samples reinforced with fibers
treated with the compatible sizing and hybrid sizing are shown figure 10. Also illustrated in this
plot is the moisture uptake curve for the neat epoxy matrix with no fiber reinforcement. All
moisture uptake percentages for the composite panels have been normalized by the mass fraction
of matrix contained in each sample. The neat epoxy exhibited nearly Fickian moisture uptake
diffusion and began to achieve equilibration after approximately one month of exposure time
(55). The moisture uptake curves of the composite samples deviate significantly from Fickian
behavior and continue to gain mass after the neat epoxy has reached equilibrium, indicative of
microcracking and voiding near the fiber-matrix interphase (56). After 6 months of exposure, all
of the composite samples appeared discolored and physically degraded, irrespective of the fiber-
sizing treatment. This is not unexpected as submersion in water at 70 °C represents a harsh
environmental condition intended for rapid screening and could lead to corrosion of the glass
fibers over extended periods of time, despite the use of a silane coupling agent. The important
conclusion from the moisture uptake data is that the hybrid-fiber sizing does not significantly
alter the moisture uptake behavior of the composite in comparison to the conventional
compatible sizing.

In addition to studying the long term moisture uptake behavior of small composite coupon
samples, impact and IFSS properties were also measured using the appropriate dimension
samples after 30 days of moisture exposure at 70 °C. The drop tower impact results are plotted
in figure 11 and summarized in table 4. The compatible and hybrid fiber-sizing treatments both
yielded decreased impact properties in comparison to dry counterparts with respect to energy
absorption parameters and total damage area. However, the hybrid fiber-sizing fiber treatment
continues to out perform the compatible fiber sizing, as clearly seen in the force-vs.-time plots of
figure 11. The short beam shear testing of the moisture exposed composite rods and subsequent
calculations of IFSS yielded 41.1 + 2.3 MPa vs. 41.1 + 3.7 MPa for the hybrid and compatible
fiber sizings, respectively. These results indicate that the moisture protection of the hybrid fiber
sizing is equivalent to the moisture protection of the traditional compatible fiber sizing.
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Figure 10. Moisture uptake results for composite samples reinforced
with fibers treated with the hybrid and compatible fiber
sizings upon moisture exposure at 70 °C for ~180 days.
Moisture uptake mass percentages have been normalized to
the matrix epoxy mass fraction in each composite. The
moisture uptake properties of the neat matrix epoxy are
shown. Error bars represent one standard deviation.
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Figure 11. Comparison of composite panel impact response for E-glass
fibers treated with hybrid and compatible sizings after
submersion in water at 70 °C for 30 days. Ejnpace = 124 J,
Vimpact =4.5 m/s.
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Table 4. Summary of composite panel impact response for E-glass fibers treated with hybrid and compatible
sizings after submersion in water at 70 °C for 30 days. Error represents one standard deviation.

Eimpact = 124 J, Vimpact = 4.5 m/s.

Fiber Sizing Pmax Emax Eiotal Damage Area
(kN) @ (€)) (mm?)
Hybrid 14.8+0.4 1055+11.2 109.8 £ 0.8 3460 + 280
Compatible 14.1+0.6 82.5+3.9 1193+2.1 1660 = 450

4. Conclusions

The achievement of excellent structural properties with concurrent superior impact energy
absorption characteristics in glass fiber-reinforced composites has traditionally been
unobtainable. The chemistry of the fiber-matrix interphase has been determined to be the key
driving force in determining if optimal structural or impact properties from the composite
material are to be realized, with one aspect of performance being traded for the other. Through a
careful understanding of the failure mechanisms during fiber-matrix push-out, associated energy
absorption relationships, and viscoelastic properties of the fiber-matrix interphase, a novel hybrid
fiber sizing was developed with the intention to provide concurrent excellent structural and
impact energy absorption capability. Furthermore, increasing the surface roughness of the fibers
enhanced the impact energy absorption capabilities of the composites tested. This new type of
hybrid fiber sizing was successfully manufactured at a commercial production facility with
minimal production difficulties and incurring no added cost in comparison to a standard,
structural fiber sizing. The new hybrid fiber sizing shows no significant differences when
compared to the assets of a structural fiber sizing, which offers good moisture absorption
protection and high CAI strengths. The new hybrid fiber sizing also exceeds the impact
performance of a traditional incompatible fiber sizing. While the rate dependency of the hybrid
fiber sizing’s structural and impact response needs to be further investigated, it appears that these
novel inorganic-organic hybrid fiber sizings offer the potential to achieve noncompromised
structural and impact energy absorption properties simultaneously in a glass fiber-reinforced
composite assembly.
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