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(ABSTRACT)

Fiber sizings are used to improve the performance of fiber-reinforced polymer
composites made from low-cost fiber and matrix materials. Evaluation of three sizings,
poly(vinylpyrrolidone) (PVP), a carboxyl modified polyhydroxyether (PHE), and a
standard industrial sizing (G'), have revealed tremendous improvements in static
mechanical and enviro-mechanical properties. The focus of this work is to determine if
these improvements in performance can be ascertained from a micromechanical test for
interfacial shear strength (IFSS) on as-processed materials. The accomplishment of this
goal would create more information with fewer experiments and a need for less
experimental materials. In this study, a nanoindenter uniquely outfitted with ablunt tip is
effectively used to obtain microindentation results where the debond load is extracted
directly from the experimental load-deflection curve. Shear lag and finite element
analyses are used to evaluate the mechanics of the system, but both methods show
limitations with regard to determining interfacia stresses in an experimental system. In
the results obtained, the PHE and G’ materials outperform the PVP in IFSS, but the bulk
properties for PVP and PHE outperform the G' material, suggesting the presence of
another dominant mechanism. Despite better retention of bulk properties after
hygrothermal exposure, PHE experiences degradation in IFSS that PVP does not. The
PHE loses 10% of its original IFSS after 576 hours of 65°C moisture exposure, while
PVP improves by 25%. The tensile strengths for PHE and PVP decrease 7% and 10%
respectively at 576 hours exposure. Finite element modeling shows that matrix swelling
due to moisture absorption increases interfacial shear stresses, a finding supported by a

comparison of wet and dry specimens subjected to equivalent aging times. Matrix



swelling is not, however, responsible for the increase in IFSS of the PVP material. The
relationship between tensile strength and IFSS proves to be small as predicted by atensile
strength model, but processing defects and other failure processes that are not included in
the tensile strength model appear to have strong influences over the experimental results.
IFSS is important in composite materials, but in the case of the G', PHE and PVP
materials, other factors dominate fiber direction tensile performance. Therefore, this one
simple micromechanical test provides significant insight into the composite material
behavior, but it does not provide the same magnitude of information as from bulk

composite experiments.
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Chapter 1Introduction and M otivation

1.1 Introduction

Fiber-reinforced polymer composites are being used more frequently in civil
infrastructure, automotive, and offshore oil applications where rapid processing, reduced
cost, and environmental resistance are important requirements. Materials created for
these applications must utilize low-cost components while maintaining the strength,
stiffness, and resistance to enviro-mechanical exposure of their high cost predecessors.
Rapid evaluation of these materials is also very important to helping screen various
prototypical materials for given applications before an extensive analysis is completed.
Very often micromechanical predictions of strength and modulus are obtained based on
fiber and matrix properties, and the fatigue and environmental resistances are calculated
for composite shapes and laminates based upon more sophisticated life prediction

techniques.

The fiber/matrix interface or interphase is the region in the composite material
that strongly influences strength and durability. As the interphase degrades due to fatigue
or environmental exposure, so does the strength of the material. The ability to
manipulate and evaluate this area of the materia is very important in the effort to make
high-quality/low-cost composites from low-quality/low-cost components. The Designed
Interphase Group at Virginia Tech has created fiber sizings, coatings applied to the
individual fibers, that have lead to improved processability, the creation of a durable
interphase region, and ultimately greater strength and life.

The evaluation of these composites involved a series of tests, including tensile
tests, compression tests, and fatigue tests on both as-processed samples as well as
hygrothermally aged ones. This study required large amounts of materials and a
significant time commitment to show the improvements resulting from the new fiber

sizings. The need exists for a small-scale test that can evaluate many of the same



properties with minimal amounts of time and material expense. An experimental test that
evaluates fiber/matrix interfacial properties would be such a test.

Severa techniques exist that evaluate the fiber/matrix interface and measure
interfacial shear strength, one of the dominant interface properties affecting composite
strength and life. Thereis only one test, however, that measures interfacial shear strength
in as-processed composites: microindentation. Many other techniques utilize single
fibers embedded in a matrix, but those techniques do not capture the effects of processing
conditions or the influence of neighboring fibers. Microindentation can be used on many
types of composites, with various fibers, matrices, sizing materials, and environmental
histories. While this technique is very advantageous, severa disadvantages exist, such as
experimental difficulty, the complex stress-state, and the inability to detect interfacial

failure eadily.

The focus of this work is to improve the microindentation technique in order to
evaluate the composites manufactured using the sizings developed by the Designed
Interphase Group at Virginia Tech. The technique will be improved by building upon the
work of other authors in the field, focusng on equipment and anaysis of results.
Attempts will be made at smplifying the experimental process, making the test attractive
to those needing to evaluate prototypical composite materials. The interfacial shear
strength results are related to bulk composite properties through a tensile strength
prediction model. Samples subjected to fatigue loading and hygrothermal exposure are
also evaluated with their microindentation properties compared to their respective
residual tensile strengths.



1.2 Background

A major thrust of composites research at Virginia Tech has been in the area of civil
infrastructure. Researchers have evaluated various bridge support girders and bridge
decks for potential use in the near future and have even implemented composite materials
at two field sites on actual roadways [1-4]. The materials are processed through a method
of pultrusion and are composed of low-cost polymer resins, carbon fibers, and glass
fibers. Test material, processed in the same pultrusion process, was created to evaluate
the effects of two new thermoplastic sizings on processing, mechanical performance, and
enviro-mechanical durabilty. The results were compared to a control fiber, sized with a
standard industrial thermosetting fiber sizing. All tests were completed on carbon fibers

inavinyl ester matrix.

1.2.1 Fiber Sizings

Fiber sizings are a thin coating applied to the fiber surface before matrix
impregnation, originaly applied to improve the handling of the fiber and to aid in
processing. It has been shown that fiber sizings can affect mechanical performance and
can do so in many different ways [5]. An unsized carbon fiber is very brittle and
susceptible to damage, but once a sizing is applied, the fiber tow is more pliable and
easier to handle in a production situation. A good fiber sizing does three things for
processability: (1) protects the fiber, (2) improves fiber alignment, and (3) improves fiber
wettability. The fiber sizing can aso improve the performance of the composite through
material improvements, such as fiber/matrix adhesion and interphase formation [5].
Using tensile failure of a unidirectional specimen as an example, when a fiber breaks the
load is transferred back into the fiber through the interphase and surrounding matrix. In
this transfer zone, the surrounding composite is in a higher stress state, which increases
the probability of additional fiber failure. If the shear stress level at the fiber/matrix
interface in the transfer zone overcomes the interfacial shear strength, a crack propagates
up the fiber expanding the transfer zone, and thus increases the probability of additional
fiber failure. Therefore, good fiber/matrix adhesion is important to improving a material



by afiber sizing. The formation of an interphase, with its gradient of properties, is also
important to composite strength. Following the same example, after the fiber breaks a
stress concentration is formed by the resulting penny-shaped crack. The resistance of the
interphase to transverse crack propagation is important in preventing surrounding fibers
from feeling the effects of the stress concentration that could ultimately lead to additional
fiber failure. Due to the brittle nature of vinyl ester when compared with its more
expensive counterpart, epoxy, thermoplastic sizings are studied to improve interfacial
adhesion and interphase toughness.

Three different fiber sizings were applied to Hexcel AS-4 fibers for comparison:
K-90 poly(vinylpyrrolidone) (PVP), a carboxyl modified polyhydroxyether of bisphenol
A (PHE), and the standard industrial sizing, an epoxy oligomer (G’, applied by Hexcel).
The thermoplastic sizings, PVP and PHE, were applied as discussed in Broyles et a. [9],
and their respective repeat units are shown in Figure 1-1 and Figure 1-2. The PHE was
applied in two different ways, low spread (LSP) and high spread (HSP), differing based
on the tow tension during the sizing operation. Results are reported for both the LSP and
HSP materials.

N
/
= CH; CH¥x

Figure 1-1. Chemical Structurefor the PVP Repeat Unit [6]
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Figure 1-2. Chemical Structurefor the PHE Repeat Unit [6]



1.2.2 Pultrusion

Pultrusion is a rapid processing technique for components with constant cross-
sectional shapes and sizes. It is one of the few techniques that is currently fast and cost-
effective enough to support the industries that are investigating low-cost composite
materials, such as civil infrastructure. In this process, spools of fiber are pulled through a
resin dip bath and then a heated/shaped die where resin materia is cured very rapidly.
The completed composite part emerges from the exit port of the die. The samples created
to evaluate the effects of fiber sizings were impregnated with Derakane 411-35 LI vinyl
ester oligomer supplied by the Dow Chemical Company, comprised of 42 wt% monomer,
42 wt% styrene, 15 wt% fillers such as clay, 0.5 wt% release agents, and 0.5 wt% of a
proprietary initiator package. The resulting shape was 12.7 mm wide by 2.0 mm thick
and pultruded at 10 mm/sec [5].

Differences were noted in processing due to the sizings applied to the carbon
fiber. The G fibers suffered extensive fiber fraying and damage in the process that
resulted in a rough surface finish with fiber breaks and kink-bands readily observed. The
LSP, HSP, and PVP fibers all processed very efficiently with no fiber damage or fraying.
The wettability of the fiber with the matrix resin also appeared to improve with the
thermoplastic sizings. The resulting composite had a very glassy surface finish without
any trace of fiber breaks[5].

1.2.3 Static Mechanical Testing

Experiments were conducted to characterize the results of processing differences
and materia improvements due to the fiber sizings. Static mechanical tests were
conducted to evaluate tensile strength, tensile modulus, compression strength,
compression modulus, and shear strength. Results from these tests are reported in Table
1-1. Quasi-static tension tests were performed as described in Broyles et a. [5]. The
results, shown in Figure 1-1, clearly demonstrate the improvement in tensile strength by
the thermoplastic sizings with all of them outperforming G’ by at least 25%. No



appreciable change in composite modulus was discovered (HSP: 121.7 GPa, PVP: 125.2
GPa, and G’: 120.3) when normalized to the G’ volume fraction.
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Figure 1-3. Normalized Tensile Strength Results for Composites with Different
Sizings[5]

Compression Tests were executed in accordance with ASTM D 3410 [7]. The
compressive strength and moduli were determined for the LSP, PVP, and G' materials
and reported in Table 1-1. The compressive strength of the thermoplastic sized fiber
composites was shown to be 31% greater than that of the G' composite. The average
fiber misalignment angle, which plays a major role in compression strength, was 3.0
degrees for the G’ composite versus 1.2 degrees for the LSP composite. The kink-bands
observed in the G' composite during processing can also significantly affect the
compressive strength of the material. The compressive moduli were found to be
statistically equal at about 122 GPa, which is equivalent to the tensile moduli [5].

Data was aso obtained on +45° laminates manufactured using a resin infusion
molding process [8]. These laminates were used to obtain shear data through simple
tensile tests, and the results are presented here because they show the strong influence of

the fiber sizing on composite performance. Figure 1-4 shows the representative shear



stress-strain curves for the LSP, PVP, and G’ sizings. Two interesting observations can
be readily made. First, the response changes from the brittle behavior for the G’ sizing to
elastic-perfectly plastic behavior for the PVP sizing, resulting in a large increase in the
strain-to-failure. Second, in the case of the G’ composite, upon reaching a critical strain,
surface cracks develop that shortly lead to complete failure. For the PVP, however, crack
saturation occurs and results in the system being pulled in a plastic manner until failure.
In addition to the change in loading response, the shear modulus and strength appear to
be different.
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Figure 1-4. Shear Response of Laminates with Different Sizings[8]

Table1-1. Summary of Static Mechanical Properties|[5]

Property G’ LSP HSP PVP
Fiber Volume Fraction (%) 60.8 57.7 52.9 55.8
Tensile Strength (MPa) 1673+39 | 2035+35 | 1940+72 | 1964+ 71
Normalized Strength (MPa)* | 1673+39 | 2185+38 | 2083+ 77 | 2109+ 76
Tensile Modulus (GPa) 120.3 NA 105.0 113.3
Normalized Modulus (GPa)* 120.3 NA 121.7 125.2
Strain-to-Failure (%) 1.47+0.08 | 1.41+0.09 | 1.08+0.46 | 1.33+0.11
Compressive Strength (MPa) | 747 + 110 913 + 98 NA 932+ 84
Normalized Strength (MPa)* | 747 +110 | 980+ 105 NA 1000.5 + 90
Compressive Modulus (GPa) | 136+ 13 121 +13 NA 116 + 15
Normalized Modulus (GPa)* 136 + 13 135+ 14 NA 130+ 17

*Normalized properties normalized to the G’ Volume Fraction



1.2.4 Enviro-mechanical Testing

In order to evaluate how the fiber sizing affects moisture absorption and retention
of static mechanical properties in actual composites, unidirectional pultruded composite
specimens were placed in a 65°C tap water bath. The moisture uptake curves for the
individual samples are shown in Figure 1-5. The composites with the G’ sizing absorbed
the highest amount of water. This result, although not completely surprising, did initially
prove to be difficult to understand especially when compared against the PVP sizing,
which is known to be hydrophilic. The relatively poor processability of the G’ sized
composites could be a cause for this large uptake. The moisture uptake data was used to
evaluate the diffusivity (Table 1-2). The solid line in Figure 1-5 isthe 1-D Fickian fit to
the absorption data [9].
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Figure 1-5. Moisture Uptake Curvesfor the Individual Unidirectional Composites
Aged by Immersion in a 65°C Water Bath [9]



Table 1-2. Equilibrium Moisture Content and Diffusivitiesfor Sized Fiber

Composites[9]
Specimen Diffusivity, D, Equilibrium Moisture
(cm?/sec) Content, My (%)
PHE Sizing 6.2x10” 0.24
PVP Sizing 1.3x10° 0.45
G’ Sizing 8.7x10° 1.12

After saturation in the 65°C tap water bath, static mechanical properties were
measured on the aged material. Figure 1-6 shows the changes in tensile strength after
saturation for the different composites. The ordinate in the figure has been normalized
with respect to the particular composite’s tensile strength prior to aging. As seen in the
figure, athough the G' composite has the highest diffusivity and moisture content it's
tensile strength did not greatly reduce as compared to the thermoplastic fiber sized
composites that had lower moisture contents. This result again leads to speculation that
the poor processability of the G' composites resulted in the formation of voids that acted
as reservoirs for water entrapment during moisture uptake. It is believed that there was
preferential moisture absorption in the interphase region of the two thermoplastic sized
composites. Since the processing was of superior quality with the thermoplastic sizings,
the nature of the sizing resin made the difference in mechanical durability. As noted
previoudy, PVP is an extremely hydrophilic polymer whereas PHE tends to be
hydrophobic. It is clear from the location of the absorbed water (the interphase), that the
residual strength of the PVP composite should be lower than the PHE, proof of which is
shown in Figure 1-6 [9].
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Figure 1-6. Remaining Strength of Moisture Saturated Composite Specimens[9]
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The effect of the fiber sizing on mechanical fatigue and fatigue coupled with
moisture saturation is also of interest. Cyclic fatigue tests were performed on PHE, PVP,
and G' composites on an M TS test frame under sinusoidal loading. The frequency of the
test was 10 Hz with an R-ratio equal to 0.1, tension-tension loading. Figure 1-7 shows
the resulting S-N curve, which indicates the number of cycles to failure obtained on the
material subjected to fatigue at some fractional load compared to its ultimate tensile
strength. In the figure, the stress axis is normalized with respect to each composite’s
ultimate strength in order to facilitate fare comparison of the data. Although the two
thermoplastic sizings are comparable, the life of the industrial G sized composite is
consistently lower than that of the two thermoplastic sizings. Thus, once again the
thermoplastic sizings out performed the industry standard in a key materia property [9].

Notched composite cross-ply laminates sized with PHE were evaluated under a
combination of moisture and fatigue to determine the resistance of the thermoplastic
sized composites to the coupled effects. The samples were saturated in a 65°C tap water
bath and then tested on an MTS load frame under sinusoidal loading with R = -1 (tension-
compression loading). The results, shown in Figure 1-8, indicate that moisture saturation
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does not decrease the fatigue life of the composite laminates and confirms again the
benefits attained by the use of the PHE sizing [9].
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Figure1-7. StressNormalized ‘S-N’ Curvesfor the Individual Unidirectional
Composites, R = 0.1 and Frequency =10 Hz [9]
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1.25 Summary

Unidirectional, pultruded composites were systematically altered by the use of
two different thermoplastic sizings: PVP and PHE. Results of static mechanical tests and
fatigue tests suggest that the performance of the two thermoplastic sizings (particularly
the PHE) is superior to that of the commercia G’ sizing. Additionaly, processiblity is
improved. Results for hygrothermal aging followed by fatigue loading suggest that the
performance of the composites with the PHE sizing is unaffected by the presence of the
moisture. The ability to predict the durability of these composites based on the influential
interphase properties will alow for the design of an interphase that optimizes the
components produced for transportation and infrastructure. There are currently several
techniques available to measure adhesion at the fiber/matrix interphase, each with their
own advantages and disadvantages.
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Chapter 2Literature Review

2.1 Introduction

The measurement of interfacial shear strength, IFSS, has been accomplished in
many different ways, each method with its own advantages and disadvantages. The
ultimate goal is to determine an accurate measurement of interfacial shear strength so that
fiber-reinforced polymer materials can be compared based on their interfacial adhesion.
Interfacial adhesion is important because it is a critical component in the strength of a
composite material along with fiber and matrix properties. In fact, several researchers

have included interfacial shear strength in their analytical tensile strength models.

2.2 Testsfor Interfacial Adhesion

Various authors have evaluated the different techniques developed to determine
interfacial shear strength [10-11]. Fiber pull-out, single-fiber fragmentation, and
microindentation are three of the main techniques used to determine IFSS. Fiber pull-
out, similar in theory to the microbond technique, involves embedding a single fiber in a
matrix block, disk, or bead. The fiber is then steadily loaded with an increasing force
until pull-out occurs or the fiber fractures. The load and displacement of the fiber are
monitored in order to determine the load at which the fiber dips. The interfacial shear
strength is then extracted using a shear lag analysis to calcul ate the maximum shear stress
at the failure load [12]. In the single-fiber fragmentation test, a single fiber is embedded
in a tensile specimen of matrix material. The tensile specimen is loaded in a normal
fashion, and the loading results in multiple fiber fractures. The sample is loaded until no
more fiber fractures occur, and the final fiber length, called the critical length, is
measured and converted to an average shear strength based on a force balance [13]. The
microindentation test is performed on composite samples that have been cut and polished,
producing a smooth surface perpendicular to the fiber direction. An individual fiber is
then put in compression using an indenter tip. The debond load is then extracted from
either visual observation of the fiber/matrix interface or from the load-deflection curve.
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The load is then converted into interfacial shear strength by a shear lag or finite element
anaysis[10].

According to Franco and Drzal [10], the advantages of the fiber pull-out,
microbond technique are that the force at the moment of debonding can be measured and
the technique can be used on almost any fiber/matrix combination. There are, however,
numerous disadvantages to this method. The debonding force is proportiona to the
embedded length of the fiber, which creates two difficulties: (1) the fiber can only be
embedded short distances due to problems with fiber breakage, and (2) measuring the
embedded fiber depth can be problematic due to the meniscus that forms between the
fiber and matrix at the surface. The meniscus may also be responsible for affecting the
interfacial stresses on the fiber, and if the meniscus fails prematurely, it can lead to
premature debonding between the fiber and matrix. In addition to the physical limitations
of this interfacial adhesion test, it has been shown that the mechanical properties in the
microdrop of matrix will vary depending on size, thus further affecting the results.
Results are often highly scattered due to the many parameters and variables involved
[10]. Narkis, Chen and Pipes[11] have also noted in their research the problems of short
embedment length, large date scatter, and a non-uniform shear stress distribution along

the interface with this method.

Single-fiber fragmentation is a test that can yield large amounts of data that can be
studied statistically. The test represents what happens to a fiber when loaded in situ in a
composite material. The failures can actualy be observed with polarized light when
transparent matrices are used. There are fewer parameters involved in the anaysis of
interfacial properties in this test than in the fiber pull-out procedure, making it more
robust. One of the biggest limitations to single-fiber fragmentation is that the matrix
must have a strain limit at least three times greater than that of the fiber. The matrix
should also have sufficient toughness to avoid fracture when a fiber break occurs within
the specimen. Another deficiency of this method is that the state of stress at the interface
is very complicated due to the many cracks formed as a result of fiber breaks. This

complicated state of stress is oversimplified in the effort to determine interfacial shear
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strength. Other effects, such as Poisson effects, can result in misleading interfacial shear
strength numbers. The contraction of the matrix due to Poisson effects increases
transverse normal forces on the fiber, resulting in incorrectly higher numbers for strength
[10]. Narkiset a.[11] adds that the method depends on fiber tensile strength and that the
results are scattered due to the wide distribution of fiber fragment lengths obtained.

The microindentation technique’'s main advantage is the ability to make in situ
measurements of interfacial shear strength, thus allowing the researcher to evaluate a
composite in its post-processed form. This technique is fast and automated, making it
simple to obtain multiple data points rather quickly. However, as the fiber is loaded and
failed it is not possible to observe the failure mode or location of failure, which can be a
major disadvantage when evaluating various fiber/matrix systems. There is aso the
possibility of creating damage to the interface through the surface polishing procedure
that could cause mideading results. As with al of these interfacial tests, there is some
doubt that the assumptions made to calculate the interfacial shear strength are completely
valid [10]. Another disadvantage in this method is that the loading mechanism can cause
splitting or crushing of the fiber, limiting the types of fibers tested [11].

2.3 Microindentation

The microindentation method, described briefly in the previous section, is a very
important tool because it measures interfacial shear strength values on actual composites.
This gives the researcher the ability to evaluate the effects of processing and environment
on the interfacial adhesion. The authors who have explored microindentation have done
so with various types of hardware and analysis methods. There is much agreement
among the authors on the difficulties of the experiment, but there is yet to be a standard
procedure for this technique.

Mandell et al. [14] developed the microindentation test as an improvement over
other interfacial test methods that did not investigate realistic composites. The lack of
knowledge on interfacial shear strength often prevented consideration of this property in

many studies, such as tensile strength models. The vision for microindentation was to
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provide the ability to monitor the effects of fatigue and environment on interfacial
degradation and possibly use the technique for failure analysis or monitoring of partsin

service.

The procedure described by Mandell et al. [14] has been generally followed in
subsequent investigations of the microindentation technique. The samples were prepared
utilizing standard metallographic polishing techniques, where the composites are potted
in a polyester resin with the fibers perpendicular to the surface. The potted specimens
were polished with alumina (down to 0.05 mm particle size) with rayon bonded cotton
cloth or diamond compound on silk cloth. The samples were secured in the testing
apparatus under the microscope. Single fibers were selected one at a time for testing
under the indenter. After a fiber was selected, the turntable was rotated under the
indenter head, where a compressive force was applied to the fiber and held for five
seconds. The indenter head was a ground diamond tip (6 nm radius for carbon fibers and
13 mm radius for glass fibers). The load was increased incrementaly with a visua
inspection of the fiber after each load step. The test was stopped and load recorded when
the presence of debonding was observed, indicated by a black circle around the fiber. A
test was discarded if loading did not occur in the center of the specimen. The resolution

of the turntable was about 1 mm, and the load accuracy was about 0.1 g (@0.1 mN).

The debond load was converted into interfacial shear strength through an
axisymmetric finite element analysis. The conversion was based on model results where
T/Ds = 0.4 (Trm is the matrix thickness to the nearest neighbor fiber and Dy is the fiber
diameter). Results for other local volume fractions were shifted based on Equation 2-1
and converted to the debond load through Equation 2-2 [14].
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The experimental results are reported in Table 2-1 and compared to another test
for interfacial shear strength based on critical length. The large difference between the
two conjures up questions on the validity of the microindentation test and its anaysis.
Sources of experimenta error were mostly linked to limitations of the current apparatus
and test procedure, including loading increments of 0.5g and the inability to measure the

fiber diameters accurately [14].

Table 2-1. Experimental Results[14]

Material Critical | Microindentation | Microindentation
Length t pEB Coefficient of
t peB Variation
MPa MPa %
Graphite/Epoxy 67 44 13.3
T300/5208 Graphite/Epoxy - 88 7.6
S-Glass/Epoxy #1 - 69 10.5
S-Glass/Epoxy #2 - 68 5.4
E-Glass/Epoxy - 57 -
E-Glass/Epoxy (single strand) 79 56 6.4
E-Glass/Polyester (single strand) 28 23 8.2

The authors Desaeger and Verpoest [15] accomplished microindentation using a
nanoindenter, improving upon the test appartus used by Mandell et al. [14]. The goa of
their work was to analyze the microindentation technique and remark on applications,
advantages and disadvantages, and the validity of the results. They believed the
microindentation method to be superior to single fiber technigues on model composites
because it utilizes a real composite that includes the role of neighboring fibers, thermal
stresses, and polymer morphology issues such as crosslink density and spherulite
dimensions. According to Desaeger and Verpoest [15] the realistic testing conditions of
microindentation outweigh the trouble of calculating the stress-state around the fiber.

The materias tested in this work covered a wide range fiber and matrix

combinations. Both carbon and glass fibers were employed and combined with
thermoplastic and thermosetting matrices. The various properties and fiber/matrix
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combinations are shown in Table 2-2. The samples were prepared by cutting a sample
described as “thick” in the fiber direction and then performing a “perfect” polish on the
sample. “Perfect” polishing was defined as causing no damage and creating very little
additional stresses at the interface, and it was noted that this step is essential in obtaining
agood evaluation of interface properties. Comparisons of results of specimens under two
different polishing conditions show a 40% reduction in interfacial shear strength when
great care is not taken. The tests were performed on a nanoindenter obtained from
NANO-instruments, an instrument very similar to the microindentation instruments
mentioned previously. The nanoindenter is outfitted with an optical microscope, where
fibers are selected for indentation and recorded in the computer for testing. The forceis
applied through a pyramidal diamond tip to the positions selected by the user through the
optical microscope. The accuracy of the load applied is 1 N with a resolution in
vertical displacement of +1 nm. The x-y table that carries the specimen from the
microscope to the indenter has an accuracy of 2 mm depending upon temperature,

humidity, and external vibration [15].

Table2-2. Material Properties[15]

Material 1 2 3 4 5 6 7 8 9
C=Cabon | C/Ep® | C/Ep* | CIEp® | C/BMI® | C/BMI® | C/BMIP | GITP- | G/IPA® | GIPA®
G =Glass polyester

E; (GPa) 234 234 230 317 317 197 70 77 77
D; (mm) 7 7 7 6 6 9 8 10 10
En (GPa) 3.7 3.7 3.1 4.7 4.7 3.6 2.8 3.2 3.2
Nm 0.41 0.41 0.35 0.35 0.35 0.40 0.45 0.35 0.35
Vi (%) 60 60 58 62 62 55 50 30 30
IFSS (MPa)* 92 135 127 70 45

*Reported by authors from additional literature

*Epoxy

PBismaleimide

“Polyamide

A test procedure was outlined by Deseager and Verpoest [15] after trial and error.
The specimen is placed in the machine one night before testing to obtain thermal
equilibrium of the specimen. Severa calibrations are done on the distance from the
microscope to the indenter to make sure the fibers selected are indented accurately.
Fibers are selected that have approximately the same diameter and neighboring fiber
environment, an environment which best represents the global volume fraction. The
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fibers are video recorded before indentation to compare to the post-indentation fibers.
About 80 fibers per material were indented at different loads varying from 1 to 100 mN.
The individua fiber experiments were considered valid if the indent occurred in the
middle of the fiber. An example of the load-displacement curve is shown in Figure 2-1.
Debonding was assumed when an interface crack, optically observed as a black rim
around the fiber, of more than 25% of the fiber circumference was observed. Therewasa
30% experimental success rate, mostly due to a lack of positioning accuracy. Problems
with fiber splitting aso occurred, and only fibers where splitting did not occur were
included in the results. Figure 2-2 shows the effect of fiber splitting on the load-
displacement curve from the nanoindenter. A spherical indenter tip was successfully
used in an attempt to reduce fiber splitting, but the different shape of the tip affected the
results. Each fiber/matrix combination produced a range of debond load values, with the
value for each combination being denoted as the load for which the probability of
debonding was 50%. The calculation of the debond load optically was a necessity
because no curvature was detected in the load-displacement curve, even when full
debonding was observed optically. The authors aso attempted to determine the presence
of debonding by comparing the slopes of the loading and unloading curvesin an effort to
see a change in compliance that would be associated with the separation of fiber and
matrix. This method failed to show that debonding had occurred. Hysteresis loops were
also examined in load cycles on the fiber, but unlike in ceramic composites, no reliable
correlation was seen to the debonding. It is assumed this is a result of non-perfect
elasticity.
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Figure 2-1. Load-Displacement Curvefor Single Fiber using Nanonindenter
(Reprinted with permission from Elsevier Science) [15]
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Figure2-2. Load Displacement Curve showing Fiber Splitting (Reprinted with
permission from Elsevier Science) [15]

The debonding was also observed using a scanning electron microscope. Some of
the carbon/epoxy fiber interfaces tested showed gaps representative of debonding, while
others showed no sign of the debond. It was hypothesized by the authors that part of the
deformed matrix might cover part of the fiber and hide the interface crack. Overdl, the
optical evaluation of debonding, the only method that worked, was deemed difficult and
highly subjective, but results were within 13% of previous results from other

micromechanical experiments.

It is believed that the various detection techniques
provide a debond load based on different critical phenomena, and it is advised that any

chosen technique be compared to that of another for confirmation [15].
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The site of the optically located debonding was also of interest to the authors.
They found that if the fiber is indented off-center the debonding is partial and on the side
closest to the indenter. They also discovered that partial debonding most often occurred
on the side of the fiber nearest the more matrix rich region. It was found that in a test of
fibers in fiber and matrix rich regions that the fibers in the matrix rich region debonded
more rapidly than those in the fiber rich region. This finding contradicts the finite
element predictions of the authors, which state that a decrease in the matrix region
between fibers leads to an increase in the maximum shear stress. It was suggested that
this phenomenon might be related to the thermal stresses in the real composite or the
effect of tip shape, which is not taken into account in the finite element modeling [15].

The conversion of the debond load to interfacial shear strength was computed
using a shear lag analytical approach and compared with a ssimple finite element analysis.
Equation 2-3 shows the result of the shear lag analysis that is used to determine IFSS.

t - anebond
debond zp rz
2E
n= 2p
E;Q+u,)In(==V()

3

2-3
Fisond = Measured Debond Load

r = Fiber Radius

E; = Fiber Modulus

E,, = Matrix Modulus

u,, = Matrix Poisson's Ratio

V, =Loca Fiber Volume Fraction

The fiber radius of the tested fiber has a significant effect on this equation, and the
authors recommend precise measurement of each fiber tested. A mistake of one micron

on a seven micron fiber can cause a 30% change in the calculated value. 1FSS results for
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the various carbon and glass fiber systems are shown in Table 2-3. A finite element
approach was utilized to confirm the results of the shear lag analysis. A simple model
was developed including fiber, matrix, and bulk composite. The correlation between the
finite element model and the shear lag analysis was good, but only if aflat tip is modeled
to compress the entire fiber surface, as is the assumption used in the shear lag analysis
[15].

Table 2-3. Nanoindentation Results

Material 1 2 3 3 4 5 6 7 8 9 9
C = Carbon CIEp |CIEp| C/Ep | C/Ep | C/BMI |C/BMI| C/BMI | G/TP- |[G/IPA| GIPA | GIPA
G =Glass polyester
Fiber | Matrix Badly Well
Zone | Zone Polished | Polished
| Fapiitting (MN) 50 45 40 30 40 40 45 50 - - -

Fdebond (mN)
Pyramidal Tip| 52+5 |38+5| 59+8 | 57+2 | 71+10 | 65+5 5615 20+8 | 4548 | 28+2

Round Tip 1942 32+10
IFSS (MPa)
Pyramidal Tip| 102+10 | 75+9 | 85+11 | 82+3 | 109+15 | 103+7 | 117+10 | 59+24 | 45+8 | 31+3
Round Tip 21+5 36x11

Desaeger and Verpoest [15] concluded that the method of microindentation was
advantageous due to the in situ nature of the testing. They did however find
disadvantages in the subjectivity of determining the debond load and the validity of the
maximum shear strength calculated from the shear lag analysis. They do however state
that while the absolute value of the interfacial shear strengths may not be valid, they can
be used for comparisons of various fiber/matrix systems.

Drzal et a. [16] have produced many excellent results on interfacial adhesion
using the microindentation method. Experimentally, an Interfacial Testing System (ITS),
developed by the Dow Chemical Company, is used to examine the samples. The ITS
system uses a diamond-tipped stylus to push on the single fibers. Composites samples
are cut to about 1/4” x 1/4” x 1/8” and mounted in metallographic specimen holders with
the fibers perpindicular to the surface. Polishing is accomplished utilizing conventional
metallographic techniques. The polished specimen is placed upon the microscope stage,
and fibers are selected individually from a television monitor with the coordinates

recorded electronically. The stage is then moved under the indenter, where the test
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occurs on a selected fiber at a pre-selected rate. Force-displacement data is obtained
during the process and is sometimes used to determine the load at which debond occurs.
Optica methods are also used to determine the debond load by basically using a
microscope to determine the load at which debonding has occurred aong twenty-five
percent of the fiber perimeter. Once the debond load is discovered, an interfacial shear
strength is calculated using Equation 2-4, an empirically based equation called the ITS
eguation that requires the matrix shear modulus, fiber modulus, distance between the
tested fiber and the fiber closest to it, and the diameter of the tested fiber itself. [16]
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The ITS equation was compared with two different shear lag models that are
based on interphase properties rather than the formulation by Mandell et a. [14], which
was based purely on fiber and matrix properties. The shear lag models are shown in
Equations 2-5 and 2-6, where the "i" subscript represents an interfacial property.
Equation 2-5 requires a measurement of the interphase thickness, t;, and ignores the
existence matrix deformation. The second shear lag model, Equation 2-6, takes into
account the matrix deformation and requires measurements of ry, r;, and rp,, which are the
fiber, interphase, and matrix radii in a cylindrical representative volume element [16].
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Finite element modeling was also conducted to evaluate the validity of the ITS
eguation and to perform parametric studies by varying the properties of the constituent
materials and the sample geometry. The non-linear finite element model is depicted
pictorially in Figure 2-3 and consists of an indenter, fiber, an interphase, matrix, bulk
composite, and a foundation representative of the metallographic sample mount. The
first discovery of the model was the conclusion that the effect of the sample foundation is
eliminated at a critical value of thirty-six fiber diameters. It also showed that the effect of
local volume fraction can cause a 35% change in interfacial shear strength by changing
the fiber volume fraction from 10% to 50%. In comparison with the ITS equation and the
two shear lag models, the finite element model agrees well with the ITS equation when
the fiber volume fraction was between 30% and 50%, with the best agreement occurring
at a volume fraction of 36%. The shear lag models did not agree well with the ITS
eguation or finite element model and was found to only be accurate at a volume fraction
of 10% [16].
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Figure 2-3. Finite Element Model Description (Reprinted with permission from
Elsevier Science) [16]
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It was concluded by the authors that the ITS equation was valid for volume
fractions from 30% to 50% and that the debond load should be determined by optical
evauation of the fiber/matrix interface [16]. Relying on this method results were
obtained on several fiber/matrix systems, including carbon fiber/vinyl ester matrix
composites. Results from microindentation tests on composites composed of Panex33
carbon fibers coated with a 5 wt% epoxy-403 with a Derakane 411-C50 vinyl ester
matrix show a 30% improvement in interfacial shear strength over an untreated fiber.
The interfacial shear strength for the untreated fiber was 37.5 MPa while the epoxy
treated fiber had a higher value at 48.4 MPa [17]. It was also concluded by the authors
that the load-displacement curve could not be used to provide the location where

debonding occurs.

The work by Chateauminois et al. [18, 19, 20] attempts to address some of the
difficulties encoutered by Drzal et a. [16,17], particularly the inability to detect fiber
debonding from the load-displacement curve. Glass/epoxy composites were evaluated
using a Vicker's indenter in this study. The goal of the work was to treat the load-
deflection curve in order to reveal the debond load without the need for optical
verification of debonding. The pursuit of interfacial shear strength by this group of
authors is to measure the durability of the composite because it is their belief that long-
term performance of a material is controlled by the extent of micromechanical damage at
the interface. The microindentation test was chosen over the single-fiber tests because
the effects from neighboring fibers, residual thermal stresses, and differences in polymer
morphology lead to significant differences between "real" and model composites. As
mentioned previously, the microindentation test has its own disadvantages, including the
detection of debonding and evaluation of interfacial shear stresses in the complex, non-

axisymmetric fiber environment, problems addressed by the authors [18].
The procedure for their microindentation tests begins with sample preparation.

The unidirectional glass/epoxy composite samples were cut to 10 mm x 10 mm x 3 mm
with a diamond saw. The specimens were polished with grinding papers and diamond
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pastes of 6 to 1 nm on cotton cloths. The goa of the polishing techniques was to
minimize the polishing stresses that could result in interfacial damage. The researchers
observed no such damage with this polishing technique by using a scanning electron
microscope to search for premature debonding, indicated by black circles around the fiber
[18].

The prepared samples were mounted on an indenter outfitted with an optical
microscope. The specimen is moved from the microscope to indenter on a moving table
with alinear stepping motor of +0.1 mm resolustion. An 80% success rate was achieved
at hitting the fiber selected in the microscope for indentation. Fibers were selected that
had nearly the same fiber diameter with a similar neighboring environment. Indentation
speeds from 0.05 to 1 nm/s were attempted, but no speed effect was discovered, and a
rate of 0.2 mm/s was selected for the test procedure. The normal load and penetration
depth were continuously recorded during the indentation process. The indenter had a
maximum displacement of 200 mm with aresolution of £0.05 mm and a maximum load of

600 mN with aresolution of +1 mN [18].

The specimens were optically evaluated after testing, and full or partial debonding
was detected depending upon the fiber environment. The load-displacement curve
showed no change in curvature, even when full debonding was optically observed. An
example of the load-displacement curve is shown in Figure 2-4. The load-displacement
curve was then treated to produce a reduced indentation curve that shows a change in
curvature at the point of debonding. The reduced indentation curve is created by
extracting the two components of the load-displacement curve: (1) the elasto-plastic
indentation of the fiber surface, and (2) the displacement due to fiber compression into
the epoxy and the deflection of the matrix [18]. The theory is shown pictorialy in Figure
2-5. The goadl of extracting the fiber plastic deformation is to simulate loading the fiber
with aflat punch, aloading geometry more easily modeled analytically.

The plastic deformation of the glass fiber is determined by indenting a piece of
bulk E-glass material (for glass fiber composites). The elasto-plastic indentation loading
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in glass follows the empirical relationship in Equation 2-7, where K and m are constants
related to the indenter geometry and behavior, and ue and P are the displacement and

load respectively.
Ugp =KP™ 2-7
The unloading portion of the curve isfitted by the empirical relationship in Equation 2-8.
Uy, =a + bP +gP? 2-8

K, m, a, b, and g are obtained by fitting the Equations 2-7 and 2-8 to the experimental E-
glass indentation curve. The resulting curve is subtracted from the fiber/matrix
microindentation curve, shown in Figure 2-4, to give the displacement of the fiber

surface.
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Figure 2-4. Load-Displacement from a Single Fiber using Microindentation
(Reprinted with permission from Elsevier Science) [18]

27



The curve created is called the reduced indentation curve. The physical interpretation of
this analysis is shown in Figure 2-4 as illustrated by the authors. The resulting curve,

represented by (b) in Figure 2-5, is shown in Figure 2-1.
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Figure 2-5. Illustration of Displacement Componentsin Microindentation
(Reprinted with permission from Elsevier Science) [19]

0.2 -
0.16

0.12

P (N)

.08

0.04

I S S - i i p]

Q 0.2 0.4 0.6 0.8

Figure 2-6. Reduced Indentation Curve, Experimental and Fit (Reprinted with
permission from Elsevier Science) [19]

The characteristic curvature of the reduced indentation curve in Figure 2-6 is
believed to be aresult of fiber debonding or matrix/interphase yielding. The authors have
uniquely extracted the debond load by fitting lines to the loading and unloading of these
reduced indentation curves [19]. The curve is fitted and the interfacial shear strength is
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determined by a ssimple shear lag analysis. The analysis is derived from a force balance
on the fiber, Hooke's Law, and applied boundary conditions. The boundary conditions
are shown in Equations 2-9 and 2-10, where sy is the stress applied to a fiber of radius a

with an indenter load P and s (¥ ) is the far-field normal stress in the fiber.

S, =iz 2-9
pa
S(¥)=0 2-10

The differential equations are assembled by the result of the force balance, Equation 2-
11, and aform of Hooke's Law, Equation 2-12.

S 2-11
a

ds _
dx

du_ . 2-12
dx

I'I'I|m

f

The shear stresst is related to the matrix deflection and a global stiffness constant, k, in
Equation 2-13. The globa stiffness constant takes into account the properties and
environment surrounding the tested fiber. The value can be expressed analytically in
terms of the matrix shear modulus, Gy, the fiber radius, and the average distance to the
nearest fiber, Ry, by Equation 2-14.

t =kw 2-13
k :L 2-14
0
aloggReqi
ag

29



The initial portion of the reduced indentation curve is defined as elastic deformation
without debonding, which means that the matrix displacement is equa to the fiber
displacement, w = u, at the interface. By combining Equations 2-11, 2-12, and 2-13, a
second order differential equation, Equation 2-15, is formed and solved by the boundary
conditions in Equations 2-9 and 2-10 for the initial indentation loading to arrive at
Equations 2-16, 2-17, and 2-18 for displacement, normal fiber stress, and interfacial shear

stress respectively.
2
d g -n*u=0
X
2-15
2k
n=
aE,
u(x) = So g 2-16
n f
s(X)=s,e™ 2-17
t(x) = %e‘ & 218

Debonding occurs when the interfacial shear stress at x = 0 becomes equal to the
interfacial shear strength, t 4, which can be correlated to the normal stress at debonding by
Equation 2-19. It isassumed that the debond occurs at a distance h below the surface and
rapidly propagates to the free surface. This accounts for the fact that in redlity the
interfacial shear stress has a maximum away from the free surface and is equal to zero at
the free surface. The shear lag analysis does not satisfy this boundary condition. It is
assumed that t = t4 in the debonded region in an attempt to estimate the frictional shear

force.

30



s, =2a 2-19
an

With a constant norma fiber stress in the debonded region, a new second order
differential equation is formed, Equation 2-20, with two new boundary conditions,
Equations 2-21 and 2-22.

2
U 2y g oexeh 2-20
dx* aE;
uthy="1e 221
Kk
EMpy=-2a 2-22
dx an

By solving the differential equation, the fiber displacement is determined in the debonded
region. The original differential equation for a bonded system is again utilized to solve
for the displacement outside the debonded region. The fiber displacements in the bonded
and debonded areas are represented by Equations 2-23 and 2-24.

2
u(x) = Ly XZ-S—0X+ By Ly

OE£x£Eh 2-23
aE, E, 4,E aEnN’

u(x) =t?de' "l x>h 2-24

The unloading condition on the reduced indentation curve is based on a purely elastic
recovery until the stress reaches a critical stress, called ss. This critical stress level is
when diding isinitiated. The derivation for the unloading condition is shown in detail in
Zidi et a. [19].
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The shear lag analysis derived above for the loading and unloading case is applied
to the reduced indentation curve by Equations 2-25, 2-26, 2-27, and 2-28. These
eguations represent the displacement of the fiber surface in terms of the applied surface
normal stress, material properties, empirical parameters, the debond stress, and the
diding stress. Equation 2-25 is used to identify an empirically determined n value by
fitting the initial linear region of the loading portion of the indentation curve. The
debond load is then determined through a least squares fit of the entire loading curve.
The unloading portion is fitted by the remaining two equations. The resulting curve fit is
shown in Figure 2-6 on top of an experimental reduced indentation curve. The interfacial
shear strength is then determined by rearranging Equation 2-19.

S
uoanOf S,ESs, 2-25
) .
0
=045, D s,>s, 2.26
2nEfeSd (%]
2
U, = L ?mﬁx+sd+2(so-smax)+ s.Es,£s,, 2-27
2nEfeSd (%]
2 2 A
- 0
U, = 1 ?max_sd_w+ SOESS 2-28
2nEfeSd 25d 9

Using this analysis technigque, the results from indentations on thirty glass/epoxy
fibers were evaluated successfully. The results, shown in Table 2-4, show a lower
standard deviation than previously seen in microindentation. The authors believe that the
improvement of results is due to taking into account an experimental value for n, the
factor that accounts for the properties surrounding the fiber. The experimental values for
n are validated by calculating Ry, the distance to neighboring fibers, based on known
matrix properties. The resulting values of Ry closely match the distances to the nearest
fiber in the experiments. It is adso believed by the authors that the analysis is an
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improvement of over previous work because the debond load is determined by fitting the
entire indentation curve, therefore eliminating some of the subjectivity of determining

when debonding actually begins[19].

Table 2-4. Microindentation Resultsusing Shear Lag Analysis M ethod [19]

M ean Standard Deviation
Fiber Diameter, a (mm) 24.1 1.4
n (mm™) 16.15 1.11
Req (M) 26.01 5.57
t4 (MPa) 73 5

In later work, Zidi et a. [20] discovered that the curve fitting procedure that
worked very well on some composites did not work as well for others, particularly a
glass/polyester system. In order to improve their anaysis to account for this problem,
they improved upon the assumptions in their original work. The basic model assumed a
constant shear stress in the debonded region equal to the interfacial shear strength. It was
considered more realistic to consider a transition from the bonded to dliding state with a
change in interfacial shear stress. The debond stress was multiplied by a factor a to
create a new term tgy, where a is less than one. tq replaces tq in Equation 2-20, which
was solved in the same manner as before. The solution was fitted simultaneously by the
debond load and a to the experimental loading data by an iterative least-squares fitting

technique. The resulting fit is shown in Figure 2-1.
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Figure 2-7. Reduced Indentation Curve with Weak Interface (Reprinted with
permission from Elsevier Science) [20]

Although this modeled fitted the experimental data well, it created a kink in the
loading curve that is considered physically impossible. Therefore, a progressive
interfacial debonding mechanism was sought. A generalized interface law was created,
related to the fiber displacement as shown in Equation 2-29, where u, is the fiber
displacement at the end of the debonded area (x = h) and b is a parameter used to describe
the interfacial response by varying it between O and ¥. Equation 2-30 is the new
differential equation that must be solved to fit the post-debonding loading curve with the
boundary conditions displayed in Equations 2-31 and 2-32. The resulting curve fit is
shown with experimental datain Figure 2-8. It was concluded that the flexibility of these
new interface laws allow a researcher to determine the fiber debond loads for various
fiber/matrix systems that have various modes of interfacia failure, from perfectly plastic
to brittle.

t=ty¢c—= 2-29



..b
d’u 2, a0 _

dy’ aE, &u g 2-30
wherey =x- h
gy =2 2-31
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Figure 2-8. Reduced Indentation Curve with Progressive Debonding (Reprinted
with permission from Elsevier Science) [20]
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2.4 Tensile Strength Modeling

The modeling of the tensile strength including interfacial properties was attempted
in the model created by Gao and Reifsnider [21,22] for use with polymer matrix
composites. The prediction utilizes the probability analysis of Batdorf [23] and assumes
damage due to loading consists solely of breaks in the fibers. The breaks of fibers occur
in single isolated fibers, pairs of fiber breaks, and in general i adjacent fiber breaks. The
breaks in the fiber cause a stress concentration that acts over the ineffective length of the
fiber, which is assumed to follow a two-parameter Weibull distribution. It is in this
ineffective length that shear stresses develop at the fiber/matrix interface that transfers the
additional load in the matrix at the fiber break back into the fiber. The statistics
presented by Batdorf [23] determines the distribution of adjacent fiber breaks. If the
shear strength or yield strength of this interface is overcome in this region, fiber
debonding or matrix/interphase yielding occurs. The stress concentrations and
ineffective lengths for each number of adjacent fractures was determine by Gao and
Reifsnider [21] using a shear lag model. In this model, the region of broken composite is
surrounded by concentric cylinders of matrix, fiber, additional matrix, and bulk
composite. The crack in the broken composite spans from matrix zone to matrix zone
resulting in a region of yielded matrix. The length of the yielded (or debonded) zone
affects the ineffective length, which is defined as the distance required for the stress on
adjacent fibers to return to 5% of its far-field vaue. Results from this model for
normalized strength versus interface/matrix yielding are shown in Figure 2-9. It is
interesting to note that the yield or debond stress at the interface can be too large and
result in decreased strength values.
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Figure 2-9. Predicted Normalized Strength versus Interface/Matrix Yeild Stress
(Reprinted with permission from the Journal of Composites, Technology &
Research, Vol. 14, No. 4. Copyright ASTM) [21]

A model by Subramanian, Reifsnider, and Stinchcomb [24] modified the earlier ideas of
Gao and Reifsnider [21]. The new modeled stressed the ideas of using interfacial shear
strength and interfacial efficiency. Again, the model computed the stress concentrations
and ineffective lengths based on the shear lag approach. The ineffective lengths utilized
Batdorf's statistical tensile strength model [23].

2.5 Summary

The work of previous authors in the field of microindentation show that there is a
need for further study. A standard test methodology and evaluation procedure have not
been outlined for this useful test for interfacial shear strength. By combining the
information presented here, a technique for microindentation can be utilized to evaluate
the effect of fiber sizings, investigate enviro-mechanical damage to the interface, and

relate interfacial changes to bulk composite properties, particularly tensile strength.
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Chapter 30bjectives

3.1 Project Objectives

The objectives of thiswork are as follows:

Evaluate the microindentation technique and improve upon the many disadvantages
and shortcomings of the technique as outlined in previous works: The goal is to provide
a technique that is ssimple to use, expedient, and outputs useful interfacial shear strength
numbers. Valid results will alow for inclusion in micromechanical modeling rather than
just comparisons to other materials based on interfacial shear strength alone. The focus of
improvements will be on creating a simple method for detecting interfacial debonding,
creating a less complex loading Situation on the fiber surface, and improving the
experimental success rate. A sophisticated, highly accurate nanoindenter outfitted with a
new blunt indenter tip will be used in the attempt to make these improvements and develop

the desired microindentation technique.

Study the interfacial stresses present during the microindentation test and comment
on the validity of various existing models used to calculate the maximum interfacial
shear stress at the fiber/matrix debond load: Shear lag and finite element approaches
have dominated the analysis of this problem. The simplicity of the shear lag model makes it
very advantageous for determining the interfacial shear strength and even the debond load as
shown by Zidi et al. [19]. Attempts will be made to improve the validity of the shear lag
model by inclusion of Poisson effects and radial forces from thermal/moisture contraction or
expansion. An axisymmetric finite element model will be created for comparison with the
shear lag model and to evaluate the effects of moisture expansion on the stress-state at the

fiber/matrix interface.
Determine the interfacial shear strengths of the PHE, PVP, and G' sized materials

and compare them to each other and their respective tensile strengths: Results will be

compared to those obtained from the single-fiber microbond test for the same materials.

38



Tensile strength predictions based on these interfacial shear strengths will be obtained
utilizing the model by Gao and Reifsnider [21].

Examine the effects of hygrothermal aging on interfacial shear strength: PHE, PVP,
and G' composites will be hygrothermally aged at various lengths of time and evaluated for
changes in interfacial shear strength. Residual tensile strength tests will be conducted on
samples aged for an equivalent time period to see if a relationship exists between the two
properties. Samples will be tested wet and dry (water removed after aging) to evaluate the
effects of moisture in the sample on interfacial shear strength, tensile strength, and the
microindentation technique itself. The tensile strength model will be employed for tensile
strength predictions to compare to the residual strength results.

Examine the effects of mechanical fatigue on interfacial shear strength: A

preliminary investigation will be conducted on the effect of fatigue cycles on interfacial
shear strength and its relationship to residual tensile strength.
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Chapter 4Materials and Experimental Procedure

4.1 Materials

The materials examined in this study are pultruded, unidirectional, fiber-
reinforced polymer composites. The composites are comprised of Hexcel AS-4 carbon
fibers sized with three fiber sizings and impregnated with a Dow Derakaned vinyl ester
matrix. The matrix resin is a modified Derakaned 411-35 LI, which is a pultrudable
resin, and contains approximately 42 wt% vinyl ester, 42 wt% styrene monomer, 15 wt%
fillers such as clay, 0.5 wt% release agents, and 0.5 wt% of a proprietary initiator
package. The matrix resin for the three types of composites came from a single batch.

Hexcel AS4 12 K unsized carbon fiber was sized with two thermoplastics, a
carboxyl modified poly(hydroxyether) of bishphenol A (PHE) and poly(vinylpyrrolidone)
(PVP), a Virginia Tech. Samples were aso tested that included Hexcel AS-4D G' sized
36K fiber, which is a fiber sized with a Hexcel commercial sizing for vinyl ester
matrices. The AS-4 and AS-4D fibers do vary dlightly in properties due to the higher
draw ratio and improved crystal orientation in the AS-4D fibers. This results in a 4%
higher modulus and a 10% increase in strength for the AS-4D fiber, but these results are

accounted for in the comparisons

The poly(hydroxyether) is a material caled Phenoxya that was obtained from
Phenoxy Associates in Rock Hill, SC. The poly(hydroxyether) was carboxyl modified to
enable its dispersion in water [6]. The PHE was applied in particle form from a liquid
dispersion. The poly(vinylpyrrolidone) sizing material was obtained from BASF as K-90
PVP.

The materials were pultruded at the Strongwell Corporation in Bristol, VA on a
pilot scale pultruder. The final pultruded composites had a cross-section of 12.7 mm X
2.0 mm. The Composite properties from characterization work [25] are reported in Table
4-1.
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Table4-1. Basic Propertiesfor the Pultruded Composites and Components

Property G' PHE/L SP PVP
Fiber Volume Fraction 60.8 % 57.7% 55.8%
Tensile Strength [25] 1673 £ 39 MPa 2035 + 35 MPa 1964 + 71 MPa
Tensile Modulus [25] 120.3 GPa 132.2 GPa 121.7 GPa
Fiber Diameter [26] 6.7 mMm 7.1 mm 7.1 mm
Fiber Modulus [26] 241 GPa 228 GPa 228 GPa
Fiber Strength [26] 4550 MPa 4150 MPa 4150 MPa
Matrix Modulus* [27] 3.4 GPa 3.4 GPa 3.4 GPa
Matrix Strength* [27] 76 MPa 76 MPa 76 MPa
Sizing Strength - 55 MPa 62 MPa
Sizing Strain-to-Failure - 40-100% 0.9%

*Based on pure resin as produced by Dow Chemical Company
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4.2 Experimental

4.2.1 Hygrothermal Aging

Samples of the pultruded unidirectional carbon composites were exposed to
moisture in awater bath. The composites aged had G', PVP, and PHE fiber sizings. The
samples were cut to 15.24 mm in length and had a constant cross section of 12.7 mm
wide by 2.0 mm thick. This length is ideal for tensile testing of these composites and
helps eliminate the effects of end diffusion on the saturation behavior of the composite.
Aging was conducted in 65°C tap water in a self-contained Nalgene container. The 65°C
temperature accelerates the moisture adsorption into the material. Weight measurements
were made on a Mettler Toledo Balance to track the uptake of moisture in the sample.
Samples were removed at various levels of moisture and also at different saturation times.
The first moisture study involved all three composites and required removal at 24, 96,
and 240 hours. Samples were removed for testing with nanoindentation and were kept
wet. The second moisture study involved the PVP and PHE composites and required
removal at 288 and 576 hours. Twelve samples were removed for each composite at both
removal times. five samples for wet tensile testing, five for dry tensile testing, one for
wet nanoindentation, and one for dry nanoindentation. The "dry" samples were dried in a

vacuum oven at 60-65 °C for 29 hours at 30 mm Hg.

4.2.2 Mechanical Fatigue

Mechanical fatigue testing was completed on the composites containing G' and
PHE sizings. The testing was completed on an MTS servo-hydraulic test frame utilizing
an MTS 407 controller. Samples were cut to 15.24 mm in length with 3.81 mm end tabs
adhered to specimen ends to prevent grip faillures during the fatigue testing. The end tabs
are a high pressure laminated glass-epoxy composite adhered with a two-part epoxy
(3M's DP40) and cured overnight. The specimens were tested in tensile-tensile fatigue
(R=0.1) to 75% life at 50% of their respective ultimate tensile strengths. This was 4,536
cycles at a maximum load of 20.5 kN and 85,061 cycles at a maximum load of 24.6 kN
for the G' and PHE composites respectively. Three samples were tested for each
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material, two for residual strength and one for nanoindentation. Residual strengths were
obtained on the same MTS servo-hydraulic test frame by following the tensile test

procedure.

4.2.3 Tensile Testing

The tensile testing was completed on the same MTS servo-hydraulic machine
used for mechanical fatigue testing. Samples were prepared by adhering high pressure
laminated glass-epoxy composite tabs to the sample ends in order to produce an even
load distribution and prevent grip failures. The end tabs were adhered to a sanded or grit-
blasted composite surface and bonded with M-Bond 200 strain gage adhesive. The
specimens were gripped at a grip pressure of 800 psi and were loaded at a ramp rate of
100 Ibs/sec until failure [28].

4.2.4 Specimen Polishing and Preparation

In order to accurately apply the microindentation technique, the surface of the
specimen must be polished in such away to create a very flat surface, meaning very little
relief between the fiber and matrix. The samples were cut to about one-half to three-
guarters of an inch in length and placed in standard 1.25" diameter metallographic
mounts. Careful attention was paid to the alignment of the sample so that the
longitudinal, or fiber, direction was perpendicular to the surface to be polished. The
specimens were mounted in a two-part epoxy supplied by Buehler and cured overnight.
In an effort to obtain the best possible polish of the surface, the epoxy was mixed
extensively until homogeneous and with little creation of air bubbles.

Polishing was completed on a Buehler® Ecomet® 3 polisher with a Automet® 2
automatic head. The procedure, suggested by Buehler® for polymer composites [29] and
shown in Table 4-2, involves a series of silicon carbide sandpaper from 320 to 800 grit
and a specia polishing pad requiring diamond pastes and suspensions. Excess epoxy is
removed prior to polishing with a lower grit sandpaper to make sure the sample is
exposed on the surface. CARBIMENT®, TEXMET®, METADI®, and MASTERPREP"
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are brand names for products sold by Buehler®. CARBIMET® is a silicon carbide
sandpaper, TEXMET® 1000 is an adhesively backed polishing pad, METADI® Paste is a
diamond paste, and MASTERPREP" is a 0.05 nm alumina suspension. The relative
rotations mentioned in Table 4-2 are with respect to the rotation of the automatic head
versus the polisher. "Contra' represents opposite rotations, and "Comp" represents
concurrent rotations. Polishing quality was maintained by using each piece of sandpaper
or each polishing pad only one time. Completed polished samples were cleaned with an

Aquasonic ultrasonic cleaner.

Table4-2. Buehler® Polishing Procedure [29]

Surface Lubricant | Abrasive Time Forceper | Speed | Relative
Extender | Type/Size | (min:sec) | Specimen | (RPM) | Rotation
CARBIMET® Water SiC 00:30 5 |bs. 250 Contra
320 grit
CARBIMET® Water SiC 00:30 5 |bs. 250 Contra
400 grit
CARBIMET® Water SC 00:30 5 Ibs. 250 Contra
600 grit
CARBIMET® Water SC 00:30 5 Ibs. 250 Contra
800 grit
TEXMET® | METADI | METADI™ 04:00 6 Ibs. 120 Comp
1000 Fluid Paste - 3nm
TEXMET® METADI .~ | MASTER- 03:00 10 Ibs. 120 Comp
1000 Fluid PREP

4.2.5 Nanoindentation

The indentation experiments were completed on the NANO |1 indenter located at
the Oak Ridge National Laboratory in Oak Ridge, TN. The NANO Il indenter was
manufactured by MTS Nanoinstruments and is shown in Figure 4-1. A schematic of the
indenter is shown in Figure 4-2. The indenter operates in load-control with the load
applied by the electro-magnetic coil shown in Figure 4-2 with a resolution of +75nN.
Displacements are measured to +0.04 nm with non-contact capacitance transducers that
are placed near the center of the loading column. When enabled, continuous stiffness
measurements are made using a lock-in amplifier that records the ratio of the
displacement and force voltage signals and their phase difference [30]. The indenter tip,
shown above the sample in the schematic, can be changed based on experimental needs.

The most common tip type for the nanoindenter is the Berkovich, a three-sided pyramidal



diamond tip, but spherical and blunt tips are available. In this experimental procedure, a
blunt four micron diameter conical diamond tip is utilized to push on the fibers in the
composite. An impression of this tip, manufactured by Synton, Inc. in Switzerland, is
shown in Figure 4-3. The impression was made in epoxy and imaged with a scanning
electron microscope (SEM). The x-y-z table where the sample is secured has a resolution
of £0.2 microns and is positioned optically. It isimportant to have high resolution on the
X-y-z table because positioning of the fiber under the indenter tip is crucial to the success
of the microindentation technique. The chosen fibers are selected under a microscope,
recorded by the computer, and positioned under the indenter for loading. Multiple fibers
may be selected for indenting during any experimental run, but error in positioning builds
up over time making it difficult to hit the intended fiber target.

Figure4-1. Photograph of NANO I1 Indenter at ORNL
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Temperature in the laboratory is maintained at 74.0 + 0.2°F and all samples are
equilibrated to that temperature overnight in the indenter chamber to prevent thermal drift
during the sensitive nanoindentation procedure. Specimens are mounted in holders
specificaly designed for 1.25" metalographic mounts, and several samples can be
mounted at one time on the x-y-z table for evaluation. The procedure for testing the
specimens involves a significant amount of computer and data acquisition setup. The
first step is to determine the control system for the experiment. Two standard methods
were used, ssimple load control and load control with the continuous stiffness option. For
the continuous stiffness option, the indenter is set to apply a 2 nm peak-to-peak
oscillation at a frequency of 45 Hz. In order to maintain the 2 nm oscillation, the load
amplitude is adjusted within a control loop as the overall |oad-displacement procedure is

carried out. Both control options were used for these experiments.

The fibers were selected optically, with a maximum of fifteen fibers at one time.
Fibers were selected that appeared to be in good condition, had no previous debonding,
and were not touching surrounding fibers. Attempts were made to choose fibers that
were hexagonally packed with surrounding fibers, and from the same general region in
each composite. Because of the hygrothermal aging, indents were made about 300 nm
from the surface in the area depicted in Figure 4-4 and Figure 4-5. The loading
procedure was then chosen for the entire set of fibers (although multiple procedures can
be run during one test). The procedure developed loads the fiber at 0.5 mN/s/mN to a
maximum load of 70 mN. A 70 mN load was sufficiently large enough to cause fiber
debonding from the matrix for the fiber/matrix system under evaluation. The load was
then held at the maximum load, and then unloaded at the current rate to 90% the
maximum load. The load on the fiber is held again to calculate the thermal drift rate
before completely unloading the fiber.
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Figure 4-5. Indentation Region shown in Microscope | mage

A typical result obtained from this procedure is shown in Figure 4-6 and Figure
4-7. The results are for the loading of a G' sized fiber with the presence of debonding
indicated by the curvature of the load-displacement curve in Figure 4-6. Figure 4-7
shows the change in stiffness on this fiber during the loading cycle through the use of the
continuous stiffness option on the nanoindenter. The same change in slope, representing

fiber debonding, can be seen in the stiffness-load curve.
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4.3 Analysis Procedure

4.3.1 Data Reduction

The interfacial debond loads are extracted from the indentation load-deflection
curves via the shear lag formulation of Zidi et al. [19]. The linear part of the curve is
fitted to Equation 4-1. The variables up and s are the surface displacement of the fiber
and the applied stress to the fiber respectively, both obtained from the |oad-deflection
curve. The compression modulus of the fiber, E, for this work has been assumed
equivalent to the tensile modulus. The value n is determined by linearly fitting the curve
and incorporates the effect of the matrix properties and the mean distance of surrounding
fibers.

The nonlinear portion of the curve is fitted with Equation 4-2, which takes into account
that a debonded region exists, and that the shear stress due to friction in that region is
equal to the interfacial shear strength. The debonding stress, sq, represents the normal
stress at which interfacial debonding occurs, but note that the nonlinear region in the
curve is not necessarily related to debonding but could also be a sign of matrix or
interfacial yielding [19].
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The current analysis does not take in to account the possible effects of plasticity. The
interfacial shear stressis then obtained by Equation 4-3. All quantities are now known to
solve Equation 4-3 with a equal to the fiber radius. The average fiber radii for the fibers
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were used in these calculations, but a more accurate result can be obtained by actual
measurements of each individual fiber indented.
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The result of the curve fit is shown in Figure 4-8 plotted with the experimental data
points obtained from nanoindentation.
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Figure 4-8. Curve Fitsto Experimental L oad-Deflection Curve through the
Analysisof Zidi et al. [19]
4.3.2 Statistical Analysis

Weibull statistics are employed to define the variability of the interfacial shear
strength due to its acceptance in the fiber-reinforced polymer composites community for
describing the probability of failure for these material systems [31,32]. The cumulative

51



probability distribution function describing the distribution of measured values is given
by Equation 4-4.

F(x)=1- e ) 4-4

The two parameters used to fit the data are a and b. The vaue of a (the shape
parameter) determines the breadth of the distribution while b (the location parameter)
defines the value most closely representing the center of the distribution. The normal
mean, normal standard deviation, Weibull mean, Weibull standard deviation, and Weibull
distribution are calculated for each set of fiber indents, excluding indents where fiber
splitting or crushing occurs. An example Weibull distribution curve for the G' sized

composite system is shown in Figure 4-9.
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Chapter 5Results and Discussion

5.1 Evaluation of the Nanoindentation Technique

5.1.1 Sample Polishing

The importance of sample preparation, polishing in particular, was mentioned
severa times in Chapter 2 as key to the success of microindentation. Desaeger and
Verpoest [15] showed a 40% difference in debonding loads by simply changing the
polishing procedure. The two important goals in polishing are to introduce very little
interfacial stresses, causing premature interfacial cracking (denoted by black circles
around the fibers), and produce a very flat surface with very little relief between the fiber
and matrix. It is more likely for a fiber to split or crush if the fiber is raised above the
surface. Standard metallographic techniques scrub the matrix away from the very hard
carbon fibers, but the procedure outlined in Chapter 4 is designed to eliminate this
problem. Scanning electron microscope (SEM) images of the carbon/vinyl ester polished
surface are shown in Figure 5-1 and Figure 5-2.

Figure5-1. SEM Image of Polished Carbon/Vinyl Ester Surface (Large Field)
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Figure5-2. SEM Image of Polished As-Received Carbon/Vinyl Ester Surface
(Narrow Field)

The magjority of fibers show no premature interfacial debonding and appear to be level to
the matrix surface. The black circles around some of the fibers could be the result of
polishing but are more likely the result of residual stresses and other processing
irregularities.

5.1.2 Resolution of the Nanoindenter

The nanoindenter used in these experiments is very sophisticated with high
resolutions on load, displacement, and positioning. Positioning of the indenter is very
important to the success of the interfacial test because the carbon fibers are only six to
eight microns in diameter. Table 5-1 shows the resolution of the nanoindenter used in
this study compared with the accuracy of the instruments discussed in the works of
previous authors. The NANO II indenter is superior in the measurement of normal load
and displacement to the other instruments. The x-y table on the NANO Il isaso only 0.1
micron less accurate than the best x-y table in Table 5-1, making it ideal for fiber



selection and accurate positioning. Overal, the instrument used in this study has the
capability of producing more reliable results from the microindentation technique than

from previous research.

Table5-1. Resolutions of Instruments used for Microindentation

I nstrument Resear cher L oad Normal X-Y
Displacement Table
= nN * nm *mm
NANO I Present Study 75 0.04 0.2
Microindenter Mandell et al. [14] 100 N/A 1
Nanoindenter Deseager et d. [15] 1,000 1 2
Microindenter | Chateauminoiset a. [18] | 1,000,000 50 0.1

5.1.3 Selection of Indenter Tip

Initially, a Berkovich diamond, pyramidal tipped indenter was used to make the
interfacial measurements with the nanoindenter. The resulting load-displacement curves
did not show any conclusive evidence of debonding. In fact, a the loads where
debonding is present, the stiffness of the system increases as shown in Figure 5-3 rather
than decreasing as expected. Fiber splitting was a mgor problem, resulting in a poor
success rate of accomplishing the load cycle. There was also concern that the plastic
deformation of the fiber surface was causing a complex stress state at the interface near
the surface, the place where debonding is assumed to occur at the maximum shear stress.
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Figure 5-3. Nanoindentation L oad-Displacement Curvefor G' with Berkovich
Indenter
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The blunt tipped indenter is a conical diamond ground flat to about four microns
in diameter. The flat tip eliminates the large stress concentration caused by the pyramidal
tip, and from visual observations, it appears to cause little to no plastic deformation of the
fiber surface. The flat shape loads the fiber in the manner sought after by Kharrat et al.
[18] and Zidi et a. [19]. The preceding authors achieved similar results by subtracting
the indentation curve of bulk fiber materiad from the microindentation curve
accomplished using a pyramidal shaped indenter, but the use of the blunt indenter
eliminates this step and possible source of error. The one concern with the blunt indenter
is the difficulty in loading the fiber flush, which is dependent mostly upon mounting the
specimen flat in the instrument relative to the surface on the indenter tip. A contact zone
is observed at the beginning of each fiber test where the blunt indenter is coming into full

contact with the fiber.

5.1.4 Continuous Stiffness M easurements

The continuous stiffness mode on the nanoindenter works very much like a
dynamic mechanical analyzer, or DMA. The indenter head is oscillated at a peak-to-peak
distance of one to five nanometers at 45 Hz. The results include a continuous stiffness
measurement and a measurement of the phase angle. It was hypothesized that these
measurements would show the debonding of the fiber from the matrix as a reduction in
stiffness, but unfortunately, the progressive nature of debonding only shows a gradual
reduction in stiffness. This same behavior was observed in the load-deflection curves.
Figure 5-3 shows the correlation between the displacement-load curve and the stiffness-
load curve and how those curves correlate to the physical processes taking place in the
composite. In the diagram the contact zone (1) is followed by fiber compression (2),
which is purely elastic deformation of the fiber/matrix/interphase system. The maximum
shear stress, which occurs within afiber diameter of the surface, causes a debond to occur
(3) just below the polished surface. The debond then propagates in both directions (3),
causng a gradua reduction in system stiffness as the support of the matrix and
surrounding fibers is lost. At some point in time, the debonding stops and elastic
compression (4) is once again observed. The unstable, unsupported fiber then buckles or
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crushes under the applied load (5). These five processes can be observed in both the
displacement-load curve and the stiffness-load curve.
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Figure 5-4. Description of Fiber/Matrix Behavior during Indentation Test

5.1.5 Verification of Debonding

Tests were run on single fibers at increasing loads to determine the onset of
debonding by visual observation. The goal was to confirm that the change in slope of the
load-displacement curve related to debonding on the surface, indicated by a full or partial
black ring around the fiber. The tests reveaded that repeated loading of the same fiber at
increasing load levels caused a progressive reduction in the stiffness of the system. The
reduction in stiffness can be related to either fiber/matrix debonding or matrix/interphase
yielding. Debonding around the fiber was discovered through evaluation with the optical
microscope, but not until very high loads at levels above the expected debond loads. The

57



progressive reduction in stiffness in the G' composite is shown in Figure 5-5 and Figure
5-6. The stiffness remains constant when loaded to 30 mN and 35 mN, but then begins to
diminish at 40, 45 and 50 mN. The G’ fibers evaluated typically debond between 30-35
mN of applied load, which is confirmed by this experiment. After debonding when
loaded to 35 mN, the next indent on the same fiber shows the reduced stiffness that is
incurred. The same phenomenon was observed on all fibers loaded at increasing
increments. The progression of debonding on afiber is shown in Figure 5-7 from optical
microscope photos. An SEM image of a G' prime fiber loaded to 70 mN is shown in
Figure 5-8 with the distinctive black ring representative of debonding. It can also be
noted from this picture that no surface damage/plastic deformation is caused by the blunt

indenter tip.
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Figure5-5. G' Single Fiber L oad-Displacement Curves, Increasing Maximum L oad
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5.2 Evaluation of Analysis Method

5.2.1 Finite Element Analysis

A finite element analysis was conducted to examine the validity of the shear lag
analysis used to determine interfacial shear strength. The analysis was conducted using
known fiber, matrix, and bulk composite properties. Unknown properties were predicted
or estimated using micromechanical approximations. A schematic of the finite element
geometry constructed using ANSY S is shown in Figure 5-9. The properties used for the
analysis are shown in Table 5-2. A solid axisymmetric 4-node quad element was used for
this analysis, and the mesh was biased to the fiber matrix interface.
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Figure 5-9. Schematic for the Finite Element Analysis
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Table5-2. Propertiesfor the Finite Element Analysis

PVP and L SP G'
1 2 3 1 2 3
Fiber Matrix | Composite Fiber Matrix | Composite

Ex (GPa) 20.0 34 13.3 20.0 34 13.3
E, (GPa) 228.0 - 130.0 241.0 - 130.0
E. (GPa) 20.0 - 13.3 20.0 - 13.3
Nyy 0.25 0.30 0.247 0.25 0.30 0.247
Ny, 0.0219 - 0.0236 0.0219 - 0.0236
Nyz 0.27 - 0.18 0.27 - 0.18
Gyy (GPa) 28.0 - 4.65 28.0 - 4.65
Gy, (GPa) 28.0 - 4.65 28.0 - 4.65
Gz (GPa) 7.9 - 2.325 7.9 - 2.325
a (nm) 3.57 X X 3.37 X X

The geometry from two fiber tests, one on LSP and one on G’, were modeled and
used to compare to the shear lag analysis. The matrix thickness, x, was determined as the
average distance to the surrounding fibers. The LSP fiber selected had an average
distance to the nearest fiber of about 3.4 nm, and the G’ fiber selected had an average
distance to the nearest fiber of about 1.7 nm (assuming average fiber diameters in both
cases). The two fibers evaluated are imaged in Figure 5-10 and Figure 5-11. The shear
stresses at the interface and the downward translation of the fiber were calculated and
compared to the shear lag distributions given by Equation 2-16 and Equation 2-18. The
comparison was made in the linear experimental region at a load value of 30 mN, with
the constant n (representative of the global stiffness value) equal to 17.3 mm™ and 23.7
mm™ for the LSP and G’ fibers respectively. The shear stress distributions are shown in
Figure 5-12, and the displacement distributions are shown in Figure 5-13. There is a
101% difference in the maximum interfacial shear stress for the LSP composite between
the finite element result and the experimenta shear lag result, but there is only a 64%
difference for the G composite. The finite element result for maximum fiber trandation
is 30% lower than measured for the L SP composite and 17% lower for the G’ composite.
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Figure5-10. SEM image of G’ Fiber Evaluated using FEA

Figure5-11. Optical Microscope Image of L SP Fiber Evaluated using FEA
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The improved validity between shear lag and finite element for the G’ composite
is not surprising and is not unique for these particular fiber tests. Overdl, the finite
element model represents a stiffer system than what has been seen experimentaly. The
average global stiffness constant k, which takes into account matrix properties and the
effects of surrounding fibers, was 224.3 MPa/mm for the G’ fibers tested and 146.9
MPa/mm for the LSP fibers tested. This increase in the global stiffness constant is not
purely a result of the G' composite having a higher volume fraction. The local volume
fractions in the regions tested for the LSP and G’ composites were nearly the same, i.e.
the distances to the nearest fibers were about the same on average. The difference in
global stiffness is a result of the different fiber sizings applied the material. The PHE
sizing applied to the LSP is known to be more compliant than that of the G, therefore
resulting in a more compliant stiffness measurement. It is for this reason, the finite
element agreement is better with the G' composite, whose interphase properties are more
like those of the matrix. Ho and Drzal [16] discussed the importance of including an
interphase region in the finite element model in order to obtain accurate results due to the
significant effects. This feat is difficult to accomplish, however, with limited knowledge
of the interphase properties, especially on the LSP and PVP thermoplastic sized
composites where diffusion occurs into the matrix and a gradient of properties is created
[25]. The gradient of properties extending out from the fiber into the matrix region is
shown in Figure 5-14. These results were obtained by indentation with an atomic force
microscope from a bi-layer blend of PHE and vinyl ester.
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Figure 5-14. Indentation across a Bi-Layer Blend of PHE and Vinyl Ester [25]

The finite element model can be adjusted by matrix thickness to account for the
lack of the interphase in the model. Increasing the matrix thickness leads to higher
deformation and a decrease in interfacial shear strength, both approaching the shear lag
analysis results. The effect of matrix thickness on the finite element fiber trandation
results for the G materia is shown Figure 5-15. The measured average value of 1.65
micronsisincreased to 3, 4, and 5 microns. At amatrix thickness of 5 microns, the finite
element result for maximum displacement matches the measured fiber trandation from
the microindentation test. The interfacial shear stress does not, however, match the shear
lag result at the same matrix thickness as shown in Figure 5-16 with a 21.7% difference
in maximum interfacial shear strength. Overall, there is a 4.1 MPa change in maximum

interfacial shear strength per 1 mm of matrix thickness.
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Since fiber diameter was not measured accurately in the experimenta study, the
fiber diameter was varied from six to eight microns to see the effect on fiber trandation
and interfacial shear stress. The increase in fiber diameter causes a decrease in fiber
trandation (Figure 5-17), but Figure 5-18 shows that the same increase causes a
significant decrease in interfacial shear stress. Thereisa 13.7 MPa decrease in interfacial
shear strength per 1 mm increase in fiber diameter. It appears that adjustments made to
the fiber diameter and the matrix thickness can lead to a result closely resembling the
shear lag analysis. The finite element result better resembles the shear lag result when
using an 8 nm fiber diameter and a 5 nm matrix thickness. The maximum trandation is
within 12.8% and the maximum interfacial shear stress iswithin 9.8%. The sengitivity of
the finite element analysis to these properties make its validity questionable when
comparing it to an experimental situation. The shear lag analysis has inherent problems
due to the assumptions made in its derivation, but it is apparent that finite element

analysis hasits limitations as well.
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5.2.2 Inclusion of Poisson Effectsin Shear Lag Analysi s

The shear lag analysis by Zidi et a. [19] is a very smple analytica tool for
extracting interfacial shear strength plus it takes into account the effect of the real
surroundings of the fiber, including matrix/interphase properties and the role of
surrounding fibers. The analysis does not, however, include the effects of transverse
radial stresses that increase and change during loading. The Poisson effect is one of the
causes of these radial stresses because as the fiber is loaded the diameter expands in
relation to the normal force applied, thus causing compressive radial stresses to develop
along the fiber. These radial forces affect the normal strain in the fiber, and thus could
have an impact on the value n, which is obtained by fitting the linear portion of the
indentation load-displacement curve. The value of n isimportant in obtaining an accurate
interfacial shear strength value.
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Gao et al. [33] performed a rod-cylinder analysis on a fiber being pulled from the
matrix and included the Poisson effects for calculations in the debonded zone. The
attempt in this study is to utilize the term that is derived in Gao et al. [33] to add radial
stresses to the analysis by Zidi et a. [19] in the bonded region to determine its affect on
interfacial stresses and the value of n. The stress-strain relationship adopted from Gao et
a. [33] isshown in Equation 5-1. The term is based on the Poisson ratios, elastic moduli,

and volume fractions for the fiber and matrix.

du_s, 2

dx E, E

where:

. au,s,-qu.s .,

q = Se-Qu 5.1
a(l-u,)+1+u +29
Em

a=—">=
Ef
Vf

Q—Vm

The matrix normal stress is set to zero because one of the initial shear lag assumptions is
that the matrix carries no normal load and only shear. Differentiating Equation 5-1 with
respect to x, and after a change in sign conventions, the resulting equation is shown in

Equation 5-2.
® au ds o]
2 - -
dLZJ:_de+2uf8 " odx - 5-2
dx dx E, ga @-ug)+1+u, +29 -
)

Collecting terms together yields Equation 5-4.
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_ 2au;
a(d-u,)+l+u, +29

After applying the force balance from Equation 2-11 and conditions from Equation 2-13
and Equation 2-14, the resulting differential equation, Equation 5-5, only differs from the
original differential equation for the bonded region, Equation 2-15, by a factor of 1-K. A
typical value of K for the composites evaluated in this work is 0.000432 (60% volume
fraction).

d?u 5
— - (1- K)n®u=0 55
Ve @- K)

After the application of boundary conditions, Equation 2-9 and Equation 2-10, the
resulting equations for fiber trandation and interfacial shear stress are shown in Equation
5-6 and Equation 5-7.

u(x)= g MK 5-6

__So
E,n1- K

t(x)= arBO—l'Ke' /1 K 5-7
2

The resulting curve is shown in Figure 5-19 in comparison to the original result that does
not include the Poisson effects. It can be seen from the figure that the Poisson expansion
of the fiber causes only a 0.02% increase in maximum interfacial shear stresses and fiber
trandation. The solution was carried out on a 60% volume fraction material using the
properties of vinyl ester and AS-4 fibers and at a 30 mN indenter load. The radia
stresses created due to the Poisson effect are not high enough to cause any change in the
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shear lag results. The inclusion of the K parameter requires knowledge of matrix
properties that are not known in as-processed composite, eliminating the ssmplicity of the
empirical shear lag fitting method. Therefore, in this work the Poisson effect is not

included in the analytical analysis of the nanoindentation test.

Figure5-19. Fiber Poisson’s Expansion Affect on Interfacial Shear Stressand Fiber
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5.3 Comparison of Fiber Sizings

5.3.1 Effect of Fiber Sizings on Interfacial Shear Strength

This study was conducted to compare the use of thermoplastic sizings to the
industrial standard sizing, G'. Thermoplastic sizings are different in nature and diffuse
into the surrounding matrix, making a gradient of properties. It is also believed that these
thermoplastic sizings increase fiber/matrix adhesion. The results from the
nanoindentation test, analyzed by the method outlined in Chapter 4, are shown in Figure
5-20. The plot shows that the standard industrial sizing performed better with regard to
interfacial shear strength, followed closely by the LSP materia and then the PVP
material. The G' sizing also produced more consistent results, which can be seen by its
superior Weibull modulus. The normal and Weibull means and standard deviations are
shown in Table 5-3, aong with the Welbull parameters a and b. It was previously
believed that increased interfacial adhesion was the reason for improvement in static
mechanical and enviro-mechanical properties for the thermoplastic sized materials, but
these results seem to discredit that theory. The results could also suggest, however, that
the test does not interrogate the interface in a meaningful way relative to the influence on

composite strength.
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Figure 5-20. Weibull Cumulative Distribution Curvesfor the IFSS of Different
Fiber Sizings
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Table5-3. Normal and Weibull Resultsfor Interfacial Shear Strength

Sizing Normal Normal Weibull Weibull a b
Mean Standard M ean Standard
Deviation Deviation
LSP (22 fibers) | 33.7 MPa 3.38 MPa 33.7MPa| 3.65MPa | 11.2 | 353
PVP (19 fibers) | 29.5 MPa 3.68 MPa 295MPa| 4.11 MPa 86 | 31.2
G' (13 fibers) 34.6 MPa 1.71 MPa 346 MPa| 1.92MPa | 224 | 354

5.3.2 Comparison to Microbond Technique

Increased interfacial adhesion was considered part of the reason for bulk
composite property improvements because of the results obtained from microbond tests, a
test for interfacial adhesion similar to fiber pull-out. The microbond results show that the
G' sizing makes very little improvement in interfacia shear strength over an unsized
fiber, but the PVP and especially the PHE sizings produced excellent results. Table 5-4
shows the microbond data as compared with the nanoindentation results. There are two
sets of microbond results because the test is very sensitive to the vice used to hold the
droplet of material during the pull-out process, and the vice was changed between the two
series of tests. The new microbond data is somewhat suspect because the normalized
PHE result of 84.8 MPa is 50% higher than the reported tensile strength for this sizing
material. The original microbond data shows a 31% increase in interfacial shear strength
of PHE over PVP with the same trend shown in the nanoindentation results but with an
increase of only 14%. Complete agreement would not be expected because the
microbond test is completed on a single fiber in a matrix that does not include the fillers
and additives used in the pultrusion process, have the same residual stresses, or include
the effects of neighboring fibers.

Table 5-4. Comparison of Nanoindentation and Microbond Resultsfor IFSS

Sizing Material Nanoindentation | Microbond [6] New Microbond [34]
Unsized (MPa) N/A 28+ 8 535+ 2.6

G (MPa) 34.6+1.7 33.0° 63.0+ 5.4

PVP (MPa) 295+ 37 33.8+6.5 64.5°
PHE/LSP (MPa) 33.7+34 A44+73 84.8°

@Normalized to microbond data based on the unsized fiber result

® Normalized to the new microbond data based on the unsized fiber result
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5.3.3 Tensile Strength Predictions

One of the main goals of this work is to predict bulk composite properties from
micromechanical measurements. Many tensile strength models do not take into account
the role of the fiber/matrix interphase region, but this region, formed by applied fiber
sizings, can affect the tensile strength value and failure mode. Figure 5-21 shows failed
L SP and PVP specimens, demonstrating the difference the fiber sizing causes. The LSP
material shows a much more composite failure, while the PVP material shows a more
brush-like or bundle strength type faillure. This type of falure indicates more of an
interfacial failure. Tensile strength predictions were made using the model by Gao and
Reifsnider [21] and utilizing the MRLifel2a software [22]. The inputs for the model
included fiber properties, matrix properties, and interfacial shear strength, al of which
are shown in Table 5-5. Using typical properties for the composites tested, a plot was
made showing the effect of interfacial shear strength on predicted tensile strength. It can
bee seen in Figure 5-22 that small changes in interfacial shear strength will not
significantly effect bulk composite tensile strength as predicted by this model.

PVP LSP

Figure 5-21. Comparison of Composite Tensile Failure for Two Different Fiber
Sizings, PVP and PHE
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Table5-5. Tensle Strength Model Input Parameters

LSP PVP G'
Fiber Properties
El1 228 GPa 228 GPa 241 GPa
E22 20 GPa 20 GPa 20 GPa
G12 28 GPa 28 GPa 28 GPa
nl2 0.25 0.25 0.25
n23 0.27 0.27 0.27
Xt 4.2 GPa 4.2 GPa 4.6 GPa
Xc 4.2 GPa 4.2 GPa 4.6 GPa
X0 5.2 GPa 5.2 GPa 5.2 GPa
m 10.65 10.65 10.65
Lo 1.0 mm 1.0 mm 1.0 mm
Diameter 7.1 mm 7.1 mm 6.7 Mm
Matrix Properties
El1 3.4 GPa 3.4 GPa 3.4 GPa
E22 3.4 GPa 3.4 GPa 3.4 GPa
G12 1.3 GPa 1.3 GPa 1.3 GPa
nl2 0.30 0.30 0.30
n23 0.30 0.30 0.30
Xt 76 MPa 76 MPa 76 MPa
Xc 110 MPa 110 MPa 110 MPa
IFSS 33.7 MPa 29.5 MPa 34.6 MPa
Composite Properties
Volume Fraction 57.7% 55.8% 60.8%
Gage Length 76.2 mm 76.2 mm 76.2 mm
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Figure5-22. Predicted Tensle Strength versus|nterfacial Shear Strength [35]
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The results for the three sizing materials were obtained using the interfacial shear
strengths from the nanoindentation and microbond tests for comparison in Figure 5-23.
The predicted values for the LSP and PVP composites are within 1% to 5% of the
experimental values, however, the model overpredicts the G' strength by 24% to 29%.
This is most likely due to the processing difficulties encountered with this fiber. The
results indicate that athough the nanoindentation test is performed on an as-processed
material, not al aspects of processing are taken into account. Fibers that are in good
condition and bonded to the matrix are chosen for the testing, which eliminates broken
fibers and partially debonded fibers from analysis. The nanoindentation test also requires
the testing of fibers not in contact with other fibers, which could aso have an impact on
the result. Overall, the model by Gao and Reifsnider [21] does well in predicting the
tensile strengths of these particular unidirectional composites, but it does incorporate the
effects of processing and is not heavily influenced by differences in interfacial shear
strength.
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Figure 5-23. Comparison of Experimental and Predicted Tensile Strength Values
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5.4 Effects of Hygrothermal Aging on IFSS and Composite Strength

5.4.1 Effect of Hygrothermal Aging on Interfacial Shear Strength

The diffusion of moisture into a composite is known to cause damage resulting in
a decrease in properties. The G', PVP, and LSP composites all demonstrated reductions
in tensile strength after saturation with water [9]. Until this point, the behavior of the
interface during moisture diffusion has been unknown, but with the use of
nanoindentation and the microindentation technique, the effect of hygrothermal aging on
the fiber/matrix interface is explored. The 65°C moisture uptake curves for the 152.4 mm
LSP and PVP tensile specimens are shown in Figure 5-24. Neat PVP is known to be
hydrophilic and attract water to the interface, while the LSP is more hydrophobic. The
hydrophilicity of PVP seems to be reduced, however, when complexed with matrix resin.
The difference in this characteristic can be seen by the different levels of moisture
diffusion in Figure 5-24. Samples were removed at 24, 96, 240, 288, and 576 hours for
testing with nanoindentation. Additional samples were removed at 288 and 576 hours for

tensile strength evaluation.
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Figure 5-24. Moisture Uptake Curvesfor Compositesin 65°C Water Bath
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Specimens were kept wet to evaluate the effect of moisture in the sample. The
resulting Welbull cumulative distribution curves are shown in Figure 5-25, Figure 5-26,
and Figure 5-27. The LSP composite had an interfacial shear strength that increased up
to 15% after 96 hours of moisture exposure. The trend then reversed, losing 10% of its
original interfacial shear strength after 576 hours of exposure. It is believed that the
increase in interfacial adhesion is due to either matrix swelling or chemical changes
resulting from the moisture and temperature. Degradation of the interface began after 96
hours of exposure, overcoming the preliminary improvement in strength. The PVP
composite showed the same improvement in interfacial shear strength with a 22%
increase after 96 hours of exposure. The PVP interfacial shear strength then remained
constant at additional aging times with the exception of the 288 hour results, which show
a reduced increase. The low Weibull modulus for the 288 hour data suggests that this
data may not be accurate due to either poor indenter or sample positioning. The
increased interfacial adhesion observed in the PVP composite is possibly a result of
matrix/interphase swelling or chemical changes. G' composites were only evaluated at 24
and 240 hours of moisture exposure and showed very quick reduction in interfacial shear

strength, suggesting poor resistance to hygrothermal aging.
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Figure 5-25. Weibull Cumulative Distribution Curvesfor LSP Aged in 65°C at for
Different Aging Times
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Figure 5-26. Weibull Cumulative Distribution Curvesfor PVP Aged in 65°C at for
Different Aging Times
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Figure 5-27. Weibull Cumulative Distribution Curvesfor G’ Aged in 65°C at for
Different Aging Times

In order to eliminate the effect of matrix/interphase swelling on the indentation
results, samples removed at 288 and 576 hours were dried at 65°C in a vacuum oven for
evauation with nanoindentation. As shown in Figure 5-28, the LSP composite
experienced very little change in interfacial adhesion after 288 hours of aging in both the
wet and dry specimens. The wet specimen did however have a broader distribution of
strength values as evident by a lower Weibull modulus. After 576 hours, Figure 5-29, the
L SP composite began to show a noticeable decrease in interfacial shear strength. The
wet curve maintained its lower Welbull modulus while the dry curve retained a higher

mean value.
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Figure 5-28. Weibull Cumulative Distribution Curvesfor L SP Aged 288 hoursin a
65°C Water Bath, Tested Wet and Dry
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Figure 5-29. Weibull Cumulative Distribution Curvesfor L SP Aged 576 hoursin a
65°C Water Bath, Tested Wet and Dry
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PVP samples were also evaluated wet and dry after 288 and 576 hours of
hygrothermal aging. The increase in interfacial adhesion observed by both the wet and
dry specimens after 288 hours of exposure is shown in Figure 5-30. The wet curve again
was very broad due to a low Weibull modulus. After 576 hours of aging, a further
increase in interfacial adhesion occurred in both the wet and dry specimens as seen in
Figure 5-31. Experimentally, this eliminates the idea that matrix/interphase swelling is
the cause of the increase in interfacial shear strength in the PV P specimens.
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Figure 5-30. Weibull Cumulative Distribution Curvesfor PVP Aged 288 hoursin a
65°C Water Bath, Tested Wet and Dry
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Figure 5-31. Weibull Cumulative Distribution Curvesfor PVP Aged 576 hoursin a
65° C Water Bath, Tested Wet and Dry

5.4.2 Evaluation of Matrix Swelling using a Finite Element Analysis

A finite element analysis was conducted to determine the true effect of matrix
swelling on interfacial shear strength. The G' material was modeled in this study because
it was proven previoudly that the G’ material produced better results in the finite element
analysis. The properties from Table 5-2 were used with the addition of a parameter, b,
relating the weight percent of moisture to strain in the material. The value of b for the
vinyl ester material is 0.25 wit%?'. Assuming a moisture uptake of 0.8 wt% in the
composite, the matrix absorbs 2.55 wt% with the assumption the carbon fibers do not
absorb any water. The matrix expansion is modeled in ANSY S by setting the coefficient
of thermal expansion, a, to b and loading the materia with a change in temperature of
0.0255 (aDT ® bDM, where a = b and DT = DM). The material was also loaded with
the indenter at 30 mN. Two cases were evaluated: (1) a matrix thickness of 1.65 microns

and (2) amatrix thickness of 5 microns.
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As expected, matrix swelling causes an increase in radial stresses, the magnitude
of which is governed by the matrix thickness. The increases in radial stresses occur
within a fiber radius of the surface as seen in Figure 5-32. The effect of these stresses on
interfacial shear stress and fiber trandation is shown in Figure 5-33 and Figure 5-34.
There are only minor effects at a matrix thickness of 1.65 microns, but at a matrix
thickness of 5 microns, the results are significant. In this case, the maximum fiber
trandation is decreased 10.6% and the maximum interfacial shear stress is increased
39.9%. Experimentally, the decrease in maximum fiber translation would increase the
global stiffness constant in the shear lag analysis.
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Figure5-32. Increasein Radial Stresseson the Fiber dueto Matrix Swelling
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In Figure 5-35 and Figure 5-36, finite element results are compared for two
materials with equal global stiffness constants. The first material is loaded with 0.8 wt%
moisture with a 5 micron matrix thickness, and the second material has no moisture with
a 3 micron matrix thickness. Because of their similarities in fiber trandation, these two
fibers would appear identical experimentally under the initial loading when the global
stiffness constant is obtained. The interfacia stresses, however, are drastically different
with the moisture loaded sample having a maximum interfacial shear stress 17.6% higher
than the no moisture sample. If the interfacial shear strengths are the same for the wet
and dry materia, then the higher interfacial stresses would result in a reduced debond
load. Since the global stiffness constants are equal in this case, the moisture loaded
interfacial shear strength, calculated by Equation 2-18, would be lower than the actudl
value. Therefore, it is expected that the wet samples will measure a lower interfacial
shear strength than the dry ones. It is also expected that since there is a distribution of
inter-fiber distances evaluated and moisture affects those different distances at different
magnitudes, a broader distribution of interfacial shear strength values will be obtained.
The experimental wet and dry data supports these conclusions as shown in Figure 5-28,
Figure 5-29, Figure 5-30, and Figure 5-31.
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5.4.3 Comparison of [FSSto Tensile Strength in Hygrothermally Aged Samples

Tensile strengths were measured on the LSP and PVP materials aged 288 and 576
hours, both wet and dry. The purpose of this study isto compare the effects on interfacial
shear strength to effects on tensile strength. The LSP material results are reported in
Figure 5-37. The 288 hour wet and dry tensile strengths were respectively 5.4% and
4.3% less than the control sample. The interfacial shear strengths followed this same
pattern with the dry strength higher than the wet strength. The same correlation
continued at 576 hours of aging, where wet and dry tensile strengths dropped 7.4% and
4.5% respectively. There appears to be a strong connection between interfacial shear
strength and tensile strength in the LSP material. The PVP materia (Figure 5-38),
however, shows a different trend. The dry tensile and interfacial shear strengths are again
higher than the wet ones, but as the tensile strength goes down, the interfacial shear
strength isincreasing. For example, the 576 hour wet tensile strength drops 10.2%, while
the interfacial shear strength increases 25.4%. These results demonstrate that interfacial
adhesion alone does not control the strength of the material. A decrease in fracture
toughness of the material in accordance with the increase in interfacia adhesion can
cause transverse cracks to spread away from a fiber break, thus reducing composite
tensile strength. From the evaluation of wet and dry specimens, there appears to be
reversible and irreversible reductions in strength. The reversible part is related to matrix
plasticization, which is not present in the dry samples, and the irreversible portion is
related changes in interfacial properties, such as interphase toughness.
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Figure 5-38. Comparison of PVP IFSSto Tensile Strength at Different Aging Times
in a65°C Water Bath
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5.4.4 Tensile Strength Predictions

Tensile Strength predictions were made for the LSP and PVP materials at 288 and
576 hours of hygrothermal aging. Both wet and dry specimens were modeled, but the
modulus was not changed for the wet composites to account for matrix plasticization due
to moisture. The predictions were made using the model by Gao and Reifsnider [21],
utilizing the MRLifel2™ software [22]. The fiber, matrix, and composite model inputs
are reported in Table 5-5 and the interfacial shear strength values are reported in Table
5-6. The results, shown in Figure 5-39 and Figure 5-40, demonstrate that these small
changes in interfacial shear strength have little impact on the predicted tensile strength.
Although these predictions are all within 7% of the measured tensile strength values, they
do not follow the same trends. The clearest example of thisis in the PVP material where
the predicted tensile strength increases with the measured interfacial shear strength values
while the measured tensile strength values decrease considerably. There is certainly
another mechanism, such as interphase toughness, affecting composite strength with
regard to moisture that is not included in the tensile strength model or measured by the

nanoindentation test.

Table5-6. Interfacial Shear Strength Valuesfor Hygrothermally Aged Specimens

Exposure Time LSP PVP
(hours) (MPa) (MPa)
0 33.7 29.5
288 wet 32.4 31.5
288 dry 34.0 31.2
576 wet 30.5 35.1
576 dry 32.3 32.4
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5.5 Effect of M echanical Fatigue on IFSS and Composite Strength

A preliminary investigation was conducted to determine the effect of mechanical
fatigue cycles on interfacial shear strength and bulk composite tensile strength. The
specimens were subjected to tensile-tensile fatigue to 75% life at 50% their respective
ultimate tensile strengths. The analysis was conducted on the G' and LSP materials. The
G' material showed a 27% reduction in interfacial shear strength and a 16% reduction in
tensile strength. The LSP materia's interfacial shear strength dropped 9% with no
reportable reduction in tensile strength. Weibull analysis results for both these materials
is shown in Figure 5-41. Although these are preliminary results, it is evident that the
degradation of the G' fiber/matrix interphase is at least partly responsible for the
reduction in residua strength.
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Figure 5-41. Weibull Cumulative Density Curvesfor LSP and G' Composites.
Control versus Mechanically Fatigued
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Chapter 6 Conclusions

6.1 Conclusions

6.1.1 Evaluation of Technique and Analysis Methods

The blunt tipped nanoindenter proved to provide the stress-state and resolution
necessary to perform reliable microindentation tests. The instrument produced results
quickly and with ease. The debond load was extracted from the load-displacement curve
readily with the use of the shear lag curve fitting technique, eliminating the need for optical
evauation. As seen from the progressive nature of debonding, it is important to rely on
methods other than optical ones for determining the debond load. The conversion of the
debond load to the interfacial shear strength is questionable using the same shear lag
technique due to the assumptions involved. The finite element analysis revealed the faults of
the shear lag analysis, including its inability to handle radial stresses on the fiber and the
assumption that the shear stress does not go to zero at the free surface. In fact, the stress-
state is so complicated at the end of the fiber the finite element analysis is suspect as well.
The heavy dependence on fiber diameter (13.7 MPa Dt per 1 mm change fiber
diameter), location of the indenter on thefiber, interfiber spacing (4.1 MPa Dt per 1 mm
change in matrix thickness), and interphase properties make it extremely difficult to
compare the finite element solution to any experimental results. Therefore, the goa of
determining actua interfacial shear strength values on as-processed composites was not
fulfilled, but as with most microindentation results, the results are good for comparison.

6.1.2 Comparison of Fiber Sizings

The study of the G', LSP and PVP materials showed that the G' and LSP fibers
outperform the PVP fiber in interfacial adhesion by 13%. The LSP and G' results were
statistically equivalent. Results from the microbond test do not agree completely with the
nanoindentation test but do show the same increase between the LSP and PVP fibers.
Tensile strength results, expected to be highly dependent on interfacial shear strength, also do
not follow the same trends in interfacial shear strength, especially with the G' composite. It
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is expected that the poor tensile strength result in comparison with its interfacial shear
strength result is a product of poor processing. Tensile strength predictions were within 5%
of the LSP and PV P materias but only within 29% of the G' composite, again a result of poor
processing. Despite the success in predicting the tensile strengths for the LSP and PVP
materials, the interfacial shear strength played a minor role and has little impact on the
results.

6.1.3 Effects of Hygrothermal Aging on |FSS and Composite Strength

Hygrothermal aging on the composites revealed interesting information about
interfacial adhesion and the effectiveness of the shear lag evaluation method on samples with
matrix swelling. Interfacial shear strengths initially increased in the LSP material before
decreasing to below the original unaged value. It is believed that the combination of
moisture and temperature causes improved interfacial adhesion numbers before degradation
begins. It was not proved that tensile strengths increased at low levels of hygrothermal
aging, but tensile strength values did decrease in accordance with the decrease in interfacial
shear strength at longer aging times. The PVP material aso experienced an increase in
interfacial adhesion at short aging times, but in this case, the increase was maintained at
longer aging times. Again, it is believed that the increase in interfacial shear strength is the
result of changes in the material due to moisture and temperature, but in this case no
degradation of the interphase occurred. These results do contradict, however, the dramatic
tensile strength reductions observed in the PVP material aged at long times. It is possible
that the mechanism responsible for improvement in interfacial adhesion causes a reduction in
fracture toughness that leads to transverse cracking and rapid debond propagation on the
fibers that do debond. A finite element analysis of the system, along with experimental data,
showed that matrix swelling causes an observed decrease in interfacia shear strength,
therefore, eliminating matrix swelling as the cause for improved interfacial adhesion. From
the evaluation of wet and dry specimens, there appearsto bereversibleand irreversible
reductions in strength. Thereversible part is related to matrix plasticization, which is
not present in the dry samples, and the irreversible portion is related changes in
interfacial properties, such as interphase toughness. Interfacial shear strength plays a

minor role in composite strength at the values studied; a statement confirmed by the
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tensile strength model, which shows only small changes in strength as a result of the

observed changesin interfacial shear strength.

6.1.4 Summary

This work demonstrated the effective use of the nanoindenter to obtain excellent
microindentation results where the debond load could be extracted directly from the
experimental |oad-deflection curve with only the knowledge of the fiber properties. The
results showed that although the LSP material outperforms the PVP and G' materials in bulk
composite properties, it is equivaent in interfacial shear strength to G' and experiences
hygrothermal degradation in interfacia adhesion that the PVP does not. The relationship
between tensile strength and interfacial adhesion proved to be small as predicted in the
tensile strength model, but processing defects and other failure processes showed their strong
influences over tensile strength. Interfacial adhesion is important in composite materials, but
in the case of G, LSP and PVP materials other factors such as processing and interphase

toughness dominated performance.

6.2 Recommendations for Future Work

A full and complete investigation into the mechanics of the microindentation test
needs to be completed in order to satisfactorily obtain true interfacial shear strength values.
Experiments run under controlled conditions, such as on model composites, should be
included in this work. The true interfacial adhesion value would provide another building
block in the improvement of tensile strength models. New models must take into account the
effects of processing and fracture processes in order to accurately predict tensile strength

values.

Additional testing at longer times of hygrothermal aging would provide better insight
into the degradation behavior of the interphase. It would also be interesting to evaluate the
interfacial adhesion based on location in the composite. The work presented here tested
fibers near the surface but did not track the degradation into the thickness of the composite.
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A more comprehensive look at the relationship between mechanical fatigue and interfacial
adhesion should be explored as well. In mechanical fatigue, the changes in chemistry
associated with moisture and temperature are avoided, thus providing a simpler look at how
interphase degradation affects residual strength.

Finally, glass fiber-reinforced polymer composites should be studied due to their
importance in low-cost composite structures. Glass fibers are known to experience
significant reductions in interfacial adhesion do to moisture exposure. It would be useful to
researchers to probe these composites under various environmental conditions in an effort to
improve them for practical use without the expense and labor involved in a full-scale testing

program.
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