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EXECUTIVE SUMMARY

The objective of this projéct was to characterize the properties of the resin and the fiber-
resin interface in electron beam cured materials by evaluating several structural and processing
parameters. The Oak Ridge National Laboratory (ORNL) has recently determined that the
interlaminar shear strength properties of electron beam cured composites were 19 - 28% lower
than for autoclave cured composites. Low interlaminar shear strength is widely acknowledged as
the key barrier to the successful acceptance and implementation of electron beam cured
composites in industry.

In this project we found that simple resin modification and process improvements are
unlikely to substantially improve the interlaminar shear strength properties of electron beam
cured composites. However, sizings and coatings were shown to improve these properties and
there appears to be significant potential for further improvement. In this work we determined
that the application of epoxy-based, electron beam compatible sizings or coatings onto surface-
treated, unsized carbon fibers improved the composite interlaminar shear strength by as much as
55% compared to composites fabricated from surface-treated, unsized carbon fibers and 11%
compared to composites made from surface-treated, GP sized carbon fibers.

This work has identified many promising pathways for increasing the interlaminar shear
strength of electron beam cured composites. As a result of these promising developments we
have recently submitted a U.S. Department of Energy-Energy Research (DOE-ER) sponsored
Laboratory Technical Research-Cooperative Research and Development Agreement (LTR-
CRADA) proposal entitled, “Interfacial Properties of Electron Beam Cured Composites”, to
continue this work. If funded, ORNL will lead a 3-year, $2.6 million effort involving eight
industrial partners, NASA-Langley, and the U.S. Air Force. The principal objective of this
CRADA is to significantly improve the interfacial properties of carbon-fiber-reinforced
composites beyond the current state-of-the art electron beam cured composites for use in several
DOE, DoD, and industrial applications. In addition, several papers from this Laboratory
Director's Research and Development (LDRD) project will be submitted to the Society for the

Advancement of Materials and Process Engineering for oral presentations and publications.
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1. OBJECTIVE

The objective of this LDRD project was to characterize the properties of the matrix and
the fiber-matrix interface in electron beam cured materials by evaluating several structural and
processing parameters. ’

The recently completed DOE sponsored CRADA on “Electron Beam Curing of Polymer
Matrix Composites” determined that the interlaminar shear strength is about 19 — 28% lower in
electron beam cured composites versus thermally cured composites. Low interlaminar shear
strength is wider acknowledged as a key barrier to the industrial acceptance and implementation
of electron beam cured composites. Furiding from the LDRD program was provided at the
direction of ORNL Associate Director R. G. Gilliland to characterize the technical issues and
assess technical and programmatic resources required to overcome these challenges.

There are significant advantages to be gained in electron beam processing of composite
materials if the fiber-matrix interphase properties, particularly fiber-matrix adhesion, can be
improved to the level attainable in thermally processed composite materials. There are strong
indications that the interactions that take place between a carbon fiber surface and a polymeric
matrix under electron beam curing conditions may influence the chemistry and dynamics of
interphase formation to produce a lower level of adhesion than is achievable in thermally cured
systems. This unfavorable interaction may be the cause for the mechanical properties of the
resulting composites to be lower than some thermally cured composites.

The primary objective of this project is to evaluate several structural and processing
variables which may aﬁ'ect.the properties of the fiber-matrix interface. These variables include:
Initiator concentration; cure dose; dose per pass; carbon fiber type; carbon fiber surface
treatment; carbon fiber sizings; as well as various epoxy coatings; and various epoxy coatiﬁg
thicknesses applied onto carbon fibers. It is hoped that by studying how the structure and

processing paraméters affect the fiber-matrix properties of electron beam cured composites one

can improve the interfacial propertfes.
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2. TECHNICAL BACKGROUND

Electron beam curing is a nonthermal curing method that uses radiation from an energetic
electron beam to effect polymerization and crosslinking reactions in radiation sensitive polymers.
The advantages over conventional curing methods are lower cost and improved performance
resulting from significantly shorter and simpler cure cycles; reduced energy consumption; lower
residual thermal stresses; reduced volatile toxic by-products; simpler, less expensive tooling; and
improved resin stability.

For the past three years, ORNL’s Engineering Technology Division (ETD) has led a
CRADA to better understand and utilize electron beam curing for polymer matrix composite
materials. The primary objective was to develop new and/or modify existing electron beam
curable resin systems for use in aerospace composite structures. ETD developed new electron
beam curable epoxy resins with properties far surpassing the previous benchmarks and
established ORNL as a world leader in electron beam curable materials development. The
developers of these resin systems were recognized with a 1997 R&D 100 Award. Patent
applications on these materials have been filed and issued, and three licenses have been granted.
Licensees’ marketing forecasts projected hundreds of millions of dollars in sales by the year
2000.

There is much yet to be learned about electron beam curable composites, specifically
identifying the primary mechanisms or structures that produce the observed engineering
properties. At this time, the most pressing need is to understand the properties that are dominated
by the fiber-matrix interface. The determination of chemical/morphological structures at the
fiber-matrix interface, with correlation to engineering properties and processing parameters, is
expected to yield new insight into the nature of these materials. Generating this information will
be the first step in removing a major barrier to industrial acceptance of these materials, and may
stimulate the invention of new or improved electron beam curable composites.

ORNL research on electroh beam cured carbon fiber/epoxy composites has documented
that interface dependent properties such as composite shear strength are about 19 - 28% lower

1,2,34,5.6,

than those of thermally cured composites of similar formulations 7. Similar observations

have been made in composite systems involving carbon fibers and vinyl ester matrices cured

through a free radical mechanism®. In addition, it has been shown in earlier work that




nonconventional curing methods such as microwave processing can produce unexpected changes
in fiber-matrix adhesion because of preferential energy absorption by the carbon fiber’. The
result of these interactions can be a reduction in adhesion or a change in the locus of failure from
interfacial to matrix dominated.

Epoxy resins used in producing composites are all of the general chemical structure
shown in Figure 1, although the number of epoxy groups may exceed two. The R group of the
general structure shown in Figure 1 is usually composed of multiple repeating units of the
fundamental resin building block. Figure 2 demonstrates the use of repeating units in the
diglycidyl ether of bisphenol A (DGEBPA) derived epoxy resin. Within this and similar resins,

the epoxides are the reactive functionality which allows for cross-linking and resin curing.

O
H.. /7» 7N H
,C—C—R—C—C
AN P4 ~>
H H H
Figure 1. General epoxy resin structure.

o] CHa OH CHs o
2 0FO- OO~
CHs CH3
n
Figure 2. Diglycidyl ether of bisphenol A epoxy. Unlabeled atoms are carbon; all hydrogen
atoms are suppressed, except on -OH and CH, groups.

Traditional thermal curing of epoxy resins normally proceeds via one of three chemical
reaction schemes. These include the amine/epoxide reaction, anhydride/epoxide reaction and
Lewis acid-catalyzed epoxide homopolymerization. The amine and anhydride reactions utilize
chemical entities (hardeners or cross-linking agents) that will react with epoxides to chemically
link the resin components. Additional chemical structures, resident within the amine or
anhydride, are introduced into the structure of the cured epoxy. The stoichiometry of the amine
(or anhydride) and epoxy resin reaction is dictated by the number of reactive functional groups
within each component. In the Lewis acid-catalyzed epoxide homopolymerization, the epoxide

groups react to chemically link resin components, thus leading to cured matenal. The

polymerization is induced by the addition of small (non-stoichiometric) amounts of catalysts.




ORNL has recently demonstrated that diaryliodonium and triarylsulfonium salts (cationic
initiators) will promote rapid and efficient electron beam induced curing of epoxy resins’.
Electron beam curable cationic epoxy resin systems do not require a chemical hardener, as do
thermally curable epoxies. The exact mechanism of the electron beam induced curing is not
known, although a mechanism has been proposed. The proposed mechanism'®, shown in Figure
- 3, is initiated by the ionization of the epoxide by impinging electrons (reaction A). The radical
cation deprotonates (reaction B) and the resulting radical isomerizes (reaction C) to a resonance
stabilized structure. The isomerization in reaction C is accompanied by the relief of
approximately 112 kJ mol™” of strain ehergy in the epoxide. The radical can reduce the initiator
(reaction D), resulting in a carbocation which can induce polymerization of the epoxide (reaction
E). The initiator, diphenyliodonium hexafluoroantimonate in Figure 3, is also proposed to be
reduced by solvated electrons generated from the electron beam irradiation (reaction F),
eventually leading to a strong protic acid which also polymerizes the epoxide (reaction G).

There is a strong possibility that a chemical interaction is occurring between the carbon
fiber surface and the reacting resin under electron beam processing conditions. Successful
commercial surface chemical treatments of the carbon fiber etch away the native fiber surface
until a structurally sound surface is available. At the same time, the surface concentration of
polar chemical groups is increased and the surface microtopography is altered''. Surface analysis
of intermediate modulus carbon fibers by X-ray Photoelectron Spectroscopy (XPS) has shown
that the chemical species added are primarily oxygen (carboxylic acid, carbonyl and phenol) and
nitrogen (amino) containing species'’. Trace elemental ions such as sodium, potassium, sulfur
and silicon are also found on the surface but usually in concentrations of 1% or less”. In some
cases alkali elemental ions (e.g. sodium) in high concentrations ~3% have been shown to be
detrimental to composite interfacial durability in high temperature oxygen and high moisture

environments'*.
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Figure 3. Proposed electron beam induced epoxy homo-polymerization mechanism in the
presence of diphenyliodonium hexafluoroantimonate.

During thermal curing, chemical bonding has been found to take place between the epoxy
and amine groups of the resin system and the oxygen and nitrogen species present on the fiber
surface. The amine group is more reactive than the epoxy. It has been shown that as little as 3%
chemical bonding accounts for a 25% increase in interfacial shear strength. The chemical groups
increase the thermodynamic surface free energy and hence increase the thermodynamic
wettability. Topographical variations with a depth of 5-15 nm and a periodicity of 100 nm are
produced on the surface as a result of surface treatment. The increase in surface topography can
account for a 25% increase in interfacial shear strength independent of the enhancement as a
result of chemical bonding".

It is quite probable that there are interactions between the reactive species generated
during eléctron beam curing that have a deleterious effect on the typical physical and chemical

interactions that take place at the fiber-matrix interface. For example, in microwave processing'®




it has been shown that microwave radiation is selectively absorbed by conductive carbon fibers
causing reaction and cure to take place at the fiber-matrix interface before curing in the bulk
resin'’. The microwave environment actually causes the carbon fiber surface to exceed the local
matrix temperature by as much as 100°C. This has resulted in a 25% increase in adhesion. In the
case of carbon fibers and a free radical polymerized vinyl ester matrix, it has been shown that the
carbon fiber surface strongly adsorbs the free radical initiators (e.g. cobalt naphthanate). This
causes a depletion of these initiators in the matrix within 50 nm of the carbon fiber surface
resulting in a lower crosslinked network and hence lower modulus in the interphase. Previous
work has shown that the adhesion is dependent on the shear modulus of the matrix'® in the fiber-
matrix interphase region so that this type of phenomena can result in lower fiber-matrix
adhesion®,

It is conceivable that some or all of these mechanisms could be operating at the carbon
fiber/epoxy interface under electron beam processing conditions, causing the observed reduction
in adhesion. Active nitrogen is a base in the Lewis sense and all the initiators are acids in the
Lewis sense. Hence active nitrogen might neutralize the initiators. Similarly, strong anions (Cl,
Br , OH) or anionic surfactants will have the same effect on the initiators used in the electron
beam curing of epoxy resins. Protons in acids like HPF; might be replaced by alkaline materials
since these materials are higher in the emf series®. Conventional commercial carbon fiber surface
treatments are the result of electrolytic anodization of the carbon fiber surface in solutions
containing ammonium bicarbonate which produce concentrations of amino type nitrogens on the
carbon fiber surface to 5-6%. Alkali ions also have been shown to be present on the carbon fiber
surface to the 1-2% level as well*.

Most carbon fibers are sold after being surface-treated and then coated with a fiber sizing.
The application of a thin layer of matrix compatible sizing (~100 nm) to the fiber surface has
been shown to have little effect unless the sizing interaction with the matrix creates an interphase
with significantly different properties than the bulk matrix***. Based on fundamental studies
with epoxies where the mechanical properties of the interphase were systematically varied while
the surface topography and chemistry remained constant, a higher interphase modulus has been

shown to be responsible for higher levels of adhesion while a lower modulus interphase lowers

the adhesion levels®. If the sizing composition is fundamentally the same as the matrix, little




difference will be noted. However, the use of a sizing and/or a coupling agent specifically
engineered to mitigate deleterious electron beam processing effects would be a logical solution
for improving fiber-matrix adhesion under electron beam processing. Indeed, a difunctional
coupling agent has been developed for use with carbon fibers and acrylic matrix composites
which relies on the chemical coupling of the isocyanate end group to the carbon fiber surface
with the surface hydroxyl group of the fiber and chemical reaction to the acrylic matrix through
the unsaturation in the other difunctional coupling agent end group®.

Fundamental information about these molecular level events which are taking place at the
fiber-matrix interphase is not available. It is important to be able to identify and elucidate these

mechanisms if the proper interphase is to be designed for the carbon fiber/epoxy composite

systems.




3. RESEARCH TASKS

The fiber-matrix interface characterization studies elucidating the structure, processing,
and property relationships of electron beam cured cationic epoxy neat resin systems and carbon
fiber reinforced composites were conducted by evaluating several structural and electron beam
processing parameters. The structural and processing variables which were evaluated in this

project include:

1. Inmitiator Concentration: The initiator concentrations for the electron beam curable and

thermally curable cationic epoxy resin formulations were 1.0, 1.5, 2.0, 2.5, and 3.0 phr;

2. Total Electron Beam Cure Dose: The total electron beam cure doses for curing the cationic

epoxy resin formulations were 80, 100, 120, 140, and 160 kGy;

3. Electron Beam Dose Per Pass: The electron beam dose per pass was varied among 5, 10,

or 20 kGy/pass for curing the electron beam curable cationic epoxy resin formulations;

4. Carbon Fiber Type: The types of carbon fibers that were evaluated for the electron beam
cured composites included AU4, AS4, IM6, and IM7;

5. Carbon Fiber Surface Treatment: The carbon fiber surface treatments that were evaluated

ranged from those having no surface treatment to those that underwent significant electrolytic

oxidation;

6. Carbon Fiber Sizings: The carbon fiber sizings which were used included unsized carbon

fiber, GP sized carbon fiber, and C sized carbon fiber;

7. Epoxy Coatings on Surface-treated and Unsized Carbon Fibers: The types of epoxy
coating materials that were coated onto surface-treated and unsized carbon fibers ranged

from high melting point solid epoxy resins to low viscosity epoxies and;

8. Epoxy Coating Thickness on Carbon Fibers: The thickness of the epoxy coating materials

that were coated onto the surface-treated and unsized carbon were varied by using different
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concentrations of epoxy resin solutions ranging from 1% to 10% epoxy (epoxy coating
ging ep €p

formulations were dissolved in acetone or methyl ethyl ketone).

The effects of these structural and processing parameters on the mechanical and thermal
properties of electron beam cured materials were investigated by using sevéral characterization
methods including: dynamic mechanical analysis for evaluating changes in glass transition
temperature (T,) and moduli; Iosipescu shear testing for evaluating changes in the shear strength,
shear strain, and shear modulus; fiber-matrix interfacial shear strength testing to determine the
degree of bonding that exists between carbon fibers and the matrix and; composite interlaminar
shear strength testing in which, the carbon fibers were previously coated with one of several

different epoxy resin formulations.

3.1. Task 1 - Dynamic Mechanical Analysis Results on Electron Beam Cured and Thermal
Cured Cationic Epoxy Neat Resin Systems

3.1.1. Experimental

Several neat resin plaques having nominal dimensions of 5 in. by 8 in. by 0.125 in. were
produced by dissolving a specific amount (1.0, 1.5, 2.0, 2.5, and 3.0 phr) of cationic initiator (4-
octyloxyphenyl) phenyliodonium hexafluoroantimonate (OPPI), into Dow Tactix 123 epoxy
resin, pouring said composition into FEP spray released 6 in. x 9 in. metal molds, followed by
electron beam curing at a dose per pass of 5 kGy or 20 kGy to a total electron beam dose of 80,
100, or 140 kGy (see Table 1).

Subsequent to electron beam or thermal cure, the plaques were removed from their molds
and machined into Dynamic Mechanical Analysis (DMA) specimens. The DMA tests were used
to determine the T, and flexural modulus values for the electron beam cured and thermally cured
specimens. The thermally cured neat resin samples were produced by using the above described
materials and molds. These plaques were cured using a conventional thermal cure procedure

which included 250°F for 1 hour, then 350°F for 3 hours.
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Table 1. Neat Resin Plaques for DMA Specimens. Effects of Initiator Conc., Dose, and

Dose/Pass on Resin and Fiber/Matrix Interfacial Properties.

Material: Dow Tactix 123 Epoxy/OPPI Initiator

Dose per Pass: 5 kGy Dose per pass: 20 kGv Thermal |
OPPI1 Dose Dose Dose Dose Dose Dose 250°F, 1hr.
Initiator kGy kGy kGy kGy kGy kGy 350°F, 3hr.
Conc. (Phr) 80 100 140 80 100 140
1 X X X X X X X
1.5 X X X X X X X
2 X X X X X X X
2.5 X . X X X X X X
3 X X X X X X X

3.1.2. Results

The resultant DMA curves for the electron beam cured and thermally cured cationic

epoxy neat resin specimens are shown in Figures 4-7. Conclusions resulting from comparing

and contrasting the various different electron beam and thermally cured specimens relative to

their DMA results include:

1. For the electron beam cured specimens the Tgs, as determined by the peak in the loss

modulus values (or by the peak tan delta values), generally increase as the initiator

concentration decreases from 3 phr to 1 phr. The peak tan delta T, values range from about

185°C for an initiator concentration of 3 phr to 210°C for an initiator concentration of 1 phr.

However, even though the T,s are greater for the electron beam cured materials having an

initiator concentration of 1 or 1.5, these materials are not as completely cured as those above

an initiator concentration of 1.5 phr because of the presence of beta transitions (which

generally signify incomplete curing of the polymer) which appear around 100°-150°C in the

tan delta curves. Therefore, concentrations above 1.5 phr should be used for achieving a full

cure of the material.
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2. For the thermally cured specimens the Tgs determined by the peak in the loss modulus values
(or by the peak tan delta values) generally increase as the initiator concentration decreases
from 3 phr to 1 phr. The peak tan delta T, values range from about 165°C for an initiator
concentration of 3 phr to 195°C for an initiator concentration of 1.5 phr. However, the
presence of a beta transition in the tan delta curve for the 1 phr initiator concentration
material signifies incomplete cure for this polymer and therefore it is not the ideal initiator

concentration for fully curing the polymer.

3. The Tgs determined by the peak in the loss modulus values (or by the peak tan delta values)
are generally higher by about 20°C, for a given initiator concentration, for the electron beam

cured specimens compared to the thermal cured specimens.

4. The presence of beta transitions (which can signify incomplete cure of the polymer) in the
electron beam cured materials generally disappear above an initiator concentration of 1.5 phr,

a total dose of 80 kGy, and a dose/pass of 5 kGy.

5. There appears to be more efficient electron beam curing taking place at higher doses per pass
(20 kGy vs. 5 kGy). This difference, though, becomes less noticeable at higher initiator

concentrations and higher total cure doses.

3.2. Task 2 - Iosipescu Shear Results on Electron Beam Cured Cationic Epoxy Neat Resin
Systems

3.2.1. Experimental

Previous work on thermally cured composites has shown that the fiber-matrix adhesion
properties can be improved by increasing the shear modulus of the matrix in the fiber-matrix
interphase region.

As for the DMA testing discussed earlier, three variables were selected for evaluating the
effects on the shear properties of :electron beam cured resins including: 1). varying the epoxy

resin formulation initiator concentration from 1 to 3 phr; 2). varying the total electron beam cure

dose from 80 to 100 to 140 kGy and; 3). varying the electron beam dose/pass from 5 kGy/pass to
20 kGy/pass.
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Several electron beam cured neat resin plaques were prepared in the same fashion as the
DMA specimens discussed eé.rlier. After cure, the plaques were removed from their molds and
machined into Iosipescu shear specimens. The specimens were then measured and strain gaged
(EA-06-062TV-350 - Measurements Group, Inc.), and tested in accordance with ASTM D5379, -
“Shear Properties of Composite Materials by the V-Notched Beam Method”, for determining

shear strength, shear modulus, and strain-to-failure properties.

3.2.2. Results

Tosipescu shear results on the electron beam cured neat resin samples are tabulated and
plotted in Table 2 and Figures 8-10. As seen in Figure 8, the shear modulus values were, in most
cases, invariant with respect to the formulation and electron beam processing variables that were
evaluated (initiator concentration, total electron beam dose delivered, and the electron beam dose
per pass). Therefore, simple resin modifications and process improvements are unlikely to
substantially improve the interlaminar shear strength properties of electron beam cured
composites. On the other hand, the data for the maximum shear strain and the shear strength
shown in Figures 9 and 10 indicates a fair amount of scatter within data sets and appears to be
somewhat dependant on the material formulation and on the electron beam processing
conditions. The data indicates that both the shear strain and shear strength values are at a
maximum for neat resin specimens having an initiator concentration of 1 phr and cured at 100
kGy at either 5 or 20 kGy/pass and for specimens having an initiator concentration of 3 phr and
cured at 80 kGy at either 5 or 20 kGy/pass. These values reached a maximum of 61000
microstrain and about 8200 psi shear strength. The strain and strength data for the other sets of

specimens was generally below about 20000 microstrain and about 4000 psi, respectively.

3.3. Task 3 - Interfacial Shear Strength Results on Electron Beam Cured Composites (Via
Interfacial Testing System Method)

3.3.1. Experimental

Characterizing the structure-processing-property relationships at the fiber-matrix

interface in electron beam cured composites was conducted by evaluating the interfacial shear

strength (IFSS) of electron beam cured, carbon fiber reinforced composites using the Interfacial
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Table 2. Neat Resin Iosipescu Results. _
Note: The Electron Beam Cured Resins, Tactix 123/OPP], were processed on the
AECL 10 MeV, 1 kW Electron Beam Accelerator.
Shear Modulus, Maximum Shear Maximum Shear

nc./Tl. D D r | Strain (ue) S th (psi)
1/80/5/1 0.2164 14230 - 3023
1/80/5/2 0.228 6604 1385
1/80/5/3 0.2005 16452 3085
1/80/20/1 0.2024 30710 5493
1/80/20/2 0.1752 29617 5008
1/80/20/3 0.1676 10646 3394
1/100/5/1 0.1948 30083 5340
1/100/5/2 0.2584 24675 5046
1/100/5/3 p.2357 38469 6862
1/100/20/1 0.1956 47131 7370
1/100/20/2 0.1909 33334 5663
1/100/20/3 0.1927 6714 1342
1/140/20/1 0.1818 19135 3228
1/140/20/2 0.198 11069 2057
1/140/20/3 0.1979 13733 2578
1/140/5/1 0.1906 3464 764
11140/5/2 0.1995 19052 3607
1/140/5/3 0.2008 12759 2431
3/80/5/1 0.4176 27424 8196
3/80/5/2 0.2306 38434 6968
3/80/5/3 0.1549 21852 3681
3/80/20/1 0.153 60974 7520
3/80/20/2 . 0.1701 43083 6588
3/80/20/3 0.2148 38466 6336
3/100/5/1 0.2213 11169 2380
3/100/5/2 0.1955 20831 3834
3/100/5/3 0.1751 19093 3345
3/100/20/1 0.1789 21864 3710
3/100/20/2 : 0.1908 19777 3667
3/100/20/3 0.2011 23521 4006
3/140/5/1 0.1921 12755 2351
3/140/5/2 ’ 0.1999 19409 3684
3/140/20/1 0.1835 31523 5170
3/140/20/2 0.1988 15234 2731

3/140/20/3 0.1745 12910 2324
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Testing System Measurement (ITS) Method'®. The ITS method, which uses microindentation
provides valuable information on the degree of bonding that exists between the carbon fibers and
the electron beam cured epoxy matrix. The ITS measurements were performed at Michigan
State University under the direction of Dr. Larry Drzal.

Several kinds of Hercules carbon fibers were used in the ITS evaluation studies

including:
1. AU4 - As processed carbon fiber without any surface treatment;

2. AS4 - Same carbon fiber as AU4 with electrolytic oxidation to remove the original surface

and to add surface chemical groups;

3. AS4C - Same carbon fiber as AU4 but with electrolytic oxidation to remove the original
surface and to add surface chemical groups. The fiber has also been coated (sized) with a
thin layer of Dow D.ER. 330 epoxy resin having a coating thickness of about 1000-2000
angstroms (100-200 nm). Nominal size content is 0.3% for 12K and 1.0% for 3K and 6K
fibers.

4. IM6-0% - IM6 carbon fibers undergo a higher degree of elongation during processing and
generally have a slightly higher modulus and tensile strength compared to AU or AS fibers.
The IM6-0% is the as processed fiber without any surface treatment and is similar to AU4 in

its surface condition;

5. IM6-100% - Is the same IM6 carbon fiber with electrolytic oxidation to remove the original

surface and to add surface chemical groups (is similar to AS4);

6. IM6-600% - Is the same IM6 carbon fiber with electrolytic oxidation to remove the original
surface and to add surface chemical groups but to six times the level of the IM6 - 100% fiber.

This has the effect of increasing the surface chemical groups as well as the fiber surface

roughness.
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Specimens for testing on the ITS were cast in bars 3 in. long by 0.5 in. wide. Sections of
carbon fiber tow (AU-4, AS-4, IM6-100% and IM6-600%) were cut to length and placed in the
rectangular shaped cavities of a silicone mold. Tactix 123 with variable amounts of OPPI from
1 to 5 phr was poured around the fibers to fill the mold cavity and exposed to 100 kGy (10 passes
of 10 kGy each). The composite samples were cut into 0.5 in. segments using a water-cooled
diamond saw. Four segments from the center were mounted in phenolic ring-forms with a room-
temperature processed epoxy and allowed to harden overnight. A Struers Abramin Polisher was
used in the grinding and pre-polish stages with Silicon Carbide papers under the conditions

shown in Table 3.

Table 3. Sample Polishing Schedule.

Grit Time (min:sec)
320 0:45
600 2:00
1200 3:00
2400 4:00
4000 4:00

Final polish used a rotéting lap with a low-nap cloth and 1 micron Al,Os; in water. The
specimens were polished for 1 minute, rinsed and polished again for 1 minute. Specimens with 3
phr and 5 phr OPPI produced acceptable finishes, the specimen with 1 phr OPPI exhibited an
unacceptable amount of matrix removal. The specimen with 1 phr OPPI was reworked at 4000
grit and polished with the Al,O; for 45 seconds, this produced a finish acceptable for testing.

Thermal Post Treatment of 1 phr OPPI Sample. After testing on the ITS, the sample
mount containing the AS-4 in Tactix 123 with 1 phr OPPI was sectioned to remove the carbon
fiber/epoxy composite sections. The sample was then thermally treated in a forced convection
oven at 225°C for 30 minutes (5°C ramp rate). The carbon fiber/epoxy composite sections were

remounted and polished using the same schedule in Table 3 and two 1 minute cycles on the

rotating lap polisher which produced an acceptable finish.
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ITS Procedure. Testing was carried out using the following microindentation (ITS)

settings:
Tip: 5 micron diameter diamond indentor
Step Rate: 9.1 steps/second
Debond Criteria: 90° to 120°
Sample Size: 10 fibers tested

The procedure consists of mounting the ring containing the carbon fiber/electron beam
processed epoxy composites sections on an x-y stage of the ITS microscope. The sample is
examined for fibers that are surrounded by nearest neighbors between 0.5 and 2 microns from the
selected fiber edge. The indentor is placed in contact with the fiber and the stage is moved in the
z direction perpendicular to the fiber end. The load is monitored continuously and periodically
the fiber is unloaded and the sample examined under the microscope for evidence of debonding.
When a debond of between 90 and 120 degrees is detected, the load is recorded as the debond
load which is used for calculating the interfacial shear stress. This ITS test has advantages over
the single fiber fragmentation tests since the matrix is not loaded in tension and will not fail
under these loading conditions. However, events taking place below the surface can not be

observed and the debonding at the surface is used as the indicator of interfacial failure.

3.3.2. Results

Measured values for the shear modulus of the matrix and literature values of the tensile
modulus of the fiber were used for the computations to reduce the debond load to interfacial
shear strength. DMA scans (Figures 11-14) of neat rectanéular bars of Tactix 123 containing 1
phr, 3 phr or 5 phr OPPI processed under 100kGy were conducted in order to determine the
matrix mechanical properties. Values for the storage modulus (E’) were obtained for
temperatures between 42°C and 45°C from the DMA scans. Table 4 is a listing of the shear
moduli of the Tactix 123 with various amounts of OPPI calculated using a Poison’s Ratio of
0.35. It should be noted that while the Tactix 123 with 3 phr and 5 phr gave similar results for
the shear modulus, the Tactix 123 with 1 phr produced a material with significantly higher
modulus (65%). Modulated differential scanning calorimetry (DSC) scans (Figures 15-19) on
these specimens showed that the Tactix 123 with 1 phr OPPI was not fully processed after 100

kGy exposure. When this sample was given a 225°C postcure, the shear modulus decreased to

slightly less (16%) than the value obtained with the Tactix containing either 3 phr or 5 phr.




25

(—-

[]

tan_delta

[Do] dwa

...

"1ddO 14d 1/€Z1 Xpov L, uo joid VINA ‘11 2an3iy

0°0G6¢ 0002 0°0G4 0'004 005 00
NIOF — L} T ¥ — L L) 1 L} — — NOP
3 ~
o 7] QOF —
[ o
)]
i St
0L I
) )
] D,
i -}
- (0!
j ]
oLt : |
0 00k

(—).3

(—)3




(—r-

26

tan deita

[]

0'0s¢

-0l

o
=

‘1ddO 2uyd /€71 x1aR ], uo Joid VINQ "7 24n3diy
(0.l dway

T

T T 1 {

1 IIII]IIJ

'llllll L




27

(—-

tan delta

[]

0'0sc

-0b

o
=4

o0l

"1ddO 14d §/€7] X308, U0 Y014 VINQ €] ndiyg

2. dway

00

1

ITII

3.

IJILI L

1.

bt 1 1

Ol

[ed]
(—)3

[ed]
(—).3




0'0s¢

28
()

tan delta

[]

"(una | 7) 14O yd S/€T1 xR, U0 joId VINA P 24nSig
[0.] dwa




‘1ddO 2d /g7 Xyat ], uo joid HSA ‘S| 201y

0022 3U0gnNQ O1 bA [eJauag (9.) @Jnieysdual
0Ge 00c2 0G7 0071 06 0
1 | i | " 1 1 | X OO
20
[«
o
—- V0
90
39HNd SN '0S0  juswwo)
L0 p1 BB-UEP-21 83eqQ uny Jo0Gc 01l NIW/J0! :poOujapn
VIliud :J0jedady Q m D Bw 0009 1  :@zig
100 TXILOVL D 81t4 Idd0 %V ECT x1t3oey

;3rdweg

MOT 4 1e3H

(B/M)




(ung 7)) 1ddO 44d [/€21 xude Y, uo joid DSA 91 dandig
aJdnijeuyaduwa|

00cc 3Iu0dng 2J1 'pPA [BU3USBYH

30

0Ge

L

002

(3,
omﬁ

omﬂ

0% 0

6E ‘Gl BB-uEP-27

:a3eqg uny

viltiud :Jojedad

c00 " TXILavl O

8l

Js0

: m.o
———  394Nd &N ‘350 :3juawwo)
NNd ONZ 0,052 0L NIW/J01 :POU3IBW
_ Bw 0009 71 8215

1dd0 %} €27 xt3jdey :a(dues

MOT4 1E3H

(B6/M)



31

(AOW) 1ddO 1ud 1/¢z) xpaE), U0 Joi g JSA “L1dandry

0082 1SUl VI VI TA IOSUW (Do) x8dnjeuadws |
- 0ot 0Ge 00e oG ¢ 001 0G 0
vl 0O- L 1 1 1 L 1 . | N | X ONOI
-Tvo.o; Q. dHARY
i —G1 "0~
¢l 0--
. 4H
INO Oi w i
D = o
© N A3
< + q‘m 4
X < i .
% -00° Q0 I 010
o iy
n , t
m. O._w O.Jln‘l n "
M —_
x 200 m
M 1 —_ ~G0 0-
Q i Z
e
~ 00 .. , L
80 0--
- —00°0
900
90 0- 500

NIW3Jy "3S0W ‘juswwo)
¢l ‘60 B86-uer-gy 8jeqg uny Jo0G2 01 NIW/Jo.V OOW :POUIBW

TIHd ONV 3IMIW :Jo3jedadp Mu mw hu . 6w 0000 g az1g
100 %TXILOVL D 19[4 mo-aoz:%xﬂ XI1Jvl :arduwes




32

1ddQ H4d ¢/€T) X ], uo Joig HSA "§1 2By

GG ‘01 86-uer-pl :aleqg ung

TIHd J03e43dQ Mu mw mg
P00 %EXTLIVLE ©3 8T1td

00ce ISUL Vi VITLA JSUW (D,) x3aunyedadws |

. 0Ge 00c 047 001 0% 0

21 0- ; ! . i ) _ _ _ . -

/||/
-Gl 0-
D
®
<
H -
Q)
of
-+
n
o — 01 O-
(]
=
X
m -
~
°
—-G0 0~
v0 0- 00

Jo0&c 01 NIW/Jor (QOW ‘POUIBW

Bw 0008 8 8Z1g

1dd0%E ECIXI1Ovl :8rdues




33

‘1ddO 14d §/ETT XIILL, U0 10[d DS “61 2anSiyg

(Do) x9dnijeuadwa]

00cec 1Sul vi YV LA JSONW
06¢ 00c 047 001 0G 0
v,ﬂo.l 1 i i i : ] L i 1 ONCl
i | |
27 0= H A3y
150" 0~ -1 0-
z 2
& 01 0-- =l
<
. 8>w32°2 .
T <
i . T
- o
M . , o
— 80 0-—-1-00"0 L 07 O-
p M
M bt
= o
_ ] * ,
= ! N B
=
2 90 0- =
Q.
1500 —~ G0 0-
70O 0~
20 0- 000

Ev 21 8b-uer-gi :33eQ uny
QIHd :4y03edadQ
100 %GXT10vlL ) 8114

Jo0Gc 01 NIW/3.v QOW :POUIaN

Mu mw ﬁg Bw Qoo €7 aztg
1dd0%S €21XI11IJv1

a1duesg

¥MOT4 1E3H

(/M)




34

Table 4. Shear Moduli of Electron Beam Processed Epoxy.

phr OPPI Shear Modulus (psi)
1 phr 177,000
1 phr + 225°C postcure 90,000
3 phr 105,000
5 phr 109,000

The carbon fiber moduli were obtained from Hercules product data for the A4 and IM-6 series of
fibers (32,000,000 and 40,000,000 psi, respectively).

The results of the ITS measurements of adhesion between carbon fiber and electron beam
processed Tactix 123 containing various amounts of OPPI initiator are listed in Table 5 and

plotted in Figures 20 and 21.

Table 5. Carbon Fiber/Tactix 123 Adhesion ---ITS Results.

Carbon Fiber Parts per Average IFSS Standard Deviation
Hundred OPPI  (psi) , (psi)

IM-6 (0%) 3 phr 1000 200
IM-6 (100%) 3 phr 3100 400
IM-6 (600%) 3 phr 3000 400

AU-4 3 phr 2600 500

AS-4 3 phr 4100 500

AS-4 5 phr 4600 600

AS-4 1 phr 6500 800

AS-4 1 phr + 225°C 4000 300
postcure

Figure 20 clearly shows the variation in interfacial shear strength (adhesion) that results
from the specific interactions taking place between each of the carbon fiber surfaces and the
Tactix 123 with 3 phr OPPI processed under 100kGy conditions. The IM6-0% carbon fiber
shows the lowest value of adhesion to this matrix. In comparison the IM6-100% and IM6-600%

carbon fibers have substantially greater (~200%) adhesion to the same matrix. Likewise, the

AU4 carbon fiber exhibits a low value of adhesion but after surface treatment the AS4 carbon
fiber adhesion to the Tactix 123 with 3 phr OPPI again increases substantially (~60%). It is also

worth noting that the AS4 carbon fiber has greater interfacial shear strength than the IM6-100%

carbon fiber by about 30%. Similar results are seen in direct comparisons of AS4 and IM6-100%

with the thermally processed epoxy Epon 828/meta-phenylene diamine (mPDA) system.
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Electron Beam vs. Thermal Cure

M IM6-0%
IM6-100%
IM6-600%
AU+4

AS4

IFSS (psi)

Tactix 123/3phrOPPI Epon 828/mPDA

Figure 20. Interfacial Shear Strength (IFSS) of A4 and IMé6 Carbon Fibers in Tactix 123
with 3phr OPPI Processed at 10kGy/100kGy or in Epon 828 with 14.5 phr mPDA
processed at 75°C/125°C.

AS4/100 kGy

+ 225C postcure
O0IM6-100%/100 kGy
Bl + 225C postcure

IFSS (psi)

1.0 phr 3.0 phr 5.0 phr

Percent OPPI

Figure 21. IFSS of AS4 and IM6 Carbon Fiber to Tactix 123 with Varying Amounts of OPPI
Processed at 10kGy/100kGy.
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The IFSS for thermally processed systems is 200% to 300% greater than for the electron beam
cured systems for the same fibers.

Figure 21 is a plot of the interfacial shear strength (adhesion) between AS4 and IM6-
100% carbon fiber and the Tactix 123 epoxy resin that has been formulated with different
amounts of OPPI initiator. Note that in all cases the AS4 shows greater interfacial shear strength
than the IM6-100% carbon fiber. Within experimental scatter, adding additional initiator over
the normal amount, i.e. 5 phr vs. 3 phr, does not appear to affect the interfacial shear strength for
either the AS4 or IM6-100% fiber. However, when less than the normal amount, i.e. 1 phr vs. 3
phr, is used, the interfacial shear strength (adhesion) for both AS4 and IM6-100% carbon fibers
are substantially greater by about 60% for AS4 and 40% for IM6-100%. Recall that the shear
modulus of the 100kGy electron beam processed Tactix 123 with 1 phr of OPPI was about 65%
greater than the 3 phr or 5 phr systems as well. After postcuring the 1 phr Tactix composite, the
interfacial shear strength drops down to a level equivalent to the 3 phr Tactix system for both
AS4 and IM6-100% fibers and this corresponds to a decrease in modulus of the same magnitude.

Although the comparison between electron beam processed Tactix 123 and thermally
processed, amine cured epoxy, gives a direct comparison with conventionally processed epoxy, it
is not exactly the same since there is a high probability that the amine curing agent can
chemically interact with the carbon fiber surface. Therefore, it was decided to generate a 2" set
of “reference” carbon fiber/epoxy fiber specimens. In this case, the Tactix 123 system with 3
phr of OPPI were prepared, thermally processed, and their interfacial strengths measured via ITS
testing. Sections of tow were placed in DMA silicone mold cavities, which were then filled with
the epoxy resin. The resin was prepared by heating a measured quantity of epoxy to 50°C, then
adding sufficient OPPI to yield a concentration of 3 phr. The resin was reheated and mixed well
to dissolve the OPPI. The resin was degassed before filling the mold cavities and poured slowly
into one end of the cavity to infiltrated the tow. The thermal cure schedule included heating to
170°C for 3 hours with a temperature ramp of 10°C per min. The model composite specimens
were cut, potted and polished following the protocol and schedules previously established. The

polished sections displayed acceptable fiber distribution and a low void content. Ten fibers were

tested for each condition. The shear modulus of the Tactix123 with 3 phr OPPI was calculated to
be 157 ksi. The thermally processed T123 with 3 phr OPPI has a flexural modulus of 424 ksi
(2.92 Gpa) at 0.1% strain, and the Poisson’s ratio was assumed to be 0.35. The ITS values
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obtained for these specimens are tabulated in Table 6 and plotted in Figure 22 along with the
previous ITS data shown in Figure 20.

Table 6. ITS Results for Carbon Fibers in
Thermally Processed Tactix123 with 3phr OPPI.

Condition Average IFSS Standard Deviation
' (psi) (psi)
IM-6 (0%) 3000 : 500
IM-6 (100%) 5400 700
IM-6 (600%) 5600 800
AU-4 4500 700
AS-4 6900 600

Electron Beam vs. Thermal Cure

@ IM6-0%
IM6-100%
0IM6-600%
AU-4

AS-4

IFSS (psi)

%

h

Tactix 123/3phrOPPI  Epon828/mPDA

Figure 22. IFSS of A4 and IM6 Carben Fibers in: i) Tactix 123 with 3phr OPPI Processed
at 10kGy/100kGy; ii) Tactix 123 with 3 phr OPPI Processed at 170°C; and iii) Epon 828
with 14.5 phr mPDA Processed at 75°C/125°C.

It is clear that the electron beam processed samples have lower interfacial shear strength

than the thermally processed samples with the same Tactix 123 with 3 phr OPP1. Furthermore,

the thermally processed amine cured epoxy still has a significantly higher level of interfacial
shear strength.
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A second group of electron beam cured carbon fiber epoxy specimens were prepared.
The specimens consisted of tows of AS4 and AS4C carbon fibers in polypropylene sample tubes
that had been filled with Tactix 123 containing varying concentrations of OPPI initiator. The
tubes were placed in an oven at 140°F for 30 minutes and 95°F for 12 hours, then electron beam
curing was performed at a dose per pass of either 5 kGy or 20 kGy to an electron beam total dose
of 100, 120, or 160 kGy. The tows were located next to the inner surface of the sample tubes,
allowing the most aligned section of the tow to be located visually to be used for testing. The
tubes were oriented to place the tow perpendicular to the direction of cutting and were then
sectioned using a water-cooled diamond cut-off saw. Samples were polished using thel same
sample polishing procedure described earlier. Mechanical properties of the matrix were taken
from the DMA data shown in Table 7.

Table 7. Flexural Moduli of Tactix 123 Cured with 3 phr OPPI
at varying Passes and Doses, Strain 0.1%.

Pass Dose Flexural Modulus
(kGy) (kGy) (ksi)
5 80 435
5 100 455
5 140 453
20 80 345
20 100 418
20 140 421

Nine conditions were tested, eight of which had the concentration of OPPI fixed at 3 phr,
a dose per pass of 5 or 20 kGy and a total electron beam cure dose of 100, 120 or 160 kGy. Since
the dose values at which the DMA and ITS specimens were processed did not completely
overlap, the DMA values of the modulus at 100 and 140 kGy were averaged and used in
calculating the ITS results for dosqs of 100, 120 and 160 kGy. Assuming a Poisson’s Ratio of

0.35, the calculated shear moduli are listed below in Table 8.
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Table 8. Calculated Shear Moduli of Tactix 123 Cured with 3 phr OPPI
at varying Passes and Doses, Strain 0.1%.

Pass Dose Shear Modulus
(kGy) (kGy) (ksi)

5 100, 120, 160 168

20 100, 120, 160 155

For the one sample not covered by these values, (1 phr OPPIL, Pass: 5, Dose: 100), the
supplied flexural modulus (0.1% strain) was 480 ksi (3.31 Gpa). Converted, this yields a shear
modulus of 178 ksi. Ten fibers were tested at each condition. It was noted that the polished
cross-section of the sample tubes was discolored in all cases where the carbon fibers touched or

~came near the wall of the tube. The effect ranged from a change to a milky/cloudy appearaﬁce to
an opaque white containing fractures; in contrast, the portion of the tubes not near carbon fibers
remained clear.

Table 9 contains the results of the ITS measurements for AS4 fibers at various total doses
and dose rates. It is apparent that the interfacial shear strength between the AS4 carbon fiber and
the electron beam cured Tactix 123 with 3 phr OPPI is sensitive to both the dose per pass as well

as the total dose.

Table 9. ITS Results for AS<4 Carbon Fibers in Tactix 123
Cured with 3phr OPPI at varying Passes and Doses.

Fiber phr Pass Dose Average IFSS Standard

OPPI  (kGy) (kGy) (psi) Deviation (psi)
AS-4 3 5 100 5200 900
AS-4 3 5 120 5700 500
AS-4 3 5 160 5100 800
AS-4 3 10 100 4100 500
AS4 3 20 100 3000 500
AS-4 3 20 120 4400 800
AS-4 3 20 160 5000 400
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Figure 23 contains the same data of Table 9 plotted as a function of both dose per pass
and total dose. Reducing the dose per pass while keeping the total dose fixed at 100 kGy
increases the IFSS from 3000 to 5200 psi. Increasing the dose per pass to 20 kGy reduces the
IFSS. The same observation can be made at 120 kGy total dose. At a total dose of 160 kGy, the
adhesion appears to be insensitive to dose per pass. This difference can not be explained by a
change in matrix modulus since, independent experiments have shown that the matrix modulus

. does not change significantly once the total dose rate is greater than 100 kGy. However, since

DMA results have demonstrated that composites do not completely cure until about 150 kGy, the

tweaking of these process variables (dose and dose per pass) to effect an increase in the

interfacial properties is not a viable option for electron beam processing.

8000
7000

,2 AS4 @ SkGy/pass
g O AS4 @10kGy/pass
2 AS4 @20kGy/pass

100 kGy 120kGy 160 kGy
Total Total Total

Figure 23. IFSS of AS4 Carbon Fiber to Tactix 123 with 3 phr OPPI Processed at Various
Rates and Total Dose
AS4 carbon fiber with an epoxy compatible sizing was also evaluated under electron
beam conditions. This carbon ﬁbe1i is designated as AS4C. ITS composite samples using Tactix
123 with 3 phr as well as 1 phr were processed at a total dose of 100 kGy but at dose per pass of
5 and 20 kGy. Table 10 contains these results. The IFSS values for these epoxy sized fibers

were significantly greater (at least 20%) than for the same carbon fiber without the epoxy sizing
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and under the same total dose and dose per pass. Figure 24 is a replot of the data in Figure 23
but with the AS4C results added.

Table 10. ITS Results for AS4C Carbon fibers in Tactix 123
Cured with 3phr OPPI at varying Passes and Deses.

Fiber phr Pass Dose Average IFSS Standard
OPPI _ (kGy) (kGy) (psi) Deviation (psi)
AS4C 1 5 100 - 6500 600
AS4C 3 5 100 6600 500
AS4C 3 20 100 6800 1000

AS4 @ 5kGy/pass
7 [0AS4 @ 10kGy/pass
7 AS4 @ 20kGy/pass
@ B AS4C @ 5kGy/pass
AS4C @ 20kGy/pass

100 kGy 120kGy 160 kGy
Total Total Total

Flgure 24. TFSS of AS4 and AS4C Carbon Fiber to Tactix 123 with 3 phr OPPI Processed
at Various Rates and Total Dose.
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3.4. Task 4 - Effects of Epoxy Coated Carbon Fibers on the Interlaminar Shear Strength of
Carbon Fiber Reinforced Composites

3.4.1. Experimental

Due to the favorable ITS findings, we undertook an investigation to evaluate the effects
of epoxy coated carbon fibers on the interlaminar shear strength of electron beam cured, filament
wound composites. The carbon fiber coating trials were conducted on conventional surface-

treated, unsized, IM7-12K carbon fibers at Adherent Technologies Inc. in Albuquerque, New

Mexico using their fiber coating line and tube furnace.

Four epoxy resins (having different melting points and epoxide equivalent weights) and
one cationic initiator were selected for coating the carbon fibers. The epoxy coating resin
materials and the intiator that was used included: Shell Epon 1001F Epoxy; Shell Epon 1007F
Epoxy;' Dow D.E.N. 439 Epoxy; Shell Epon 826 Epoxy; and Sartomer CD1012 Initiator. These
epoxy resin systems were dissolved in either acetone or MEK and were chosen based on their
excellent resin solubility and fiber wettability characteristics and their fast evaporation rates.
Several concentrations of the epoxy resins and the initiator were evaluated in our trials which
resulted in a variety of coating thicknesses onto the fibers. Calculations for a few coating
thicknesses and coating weights for IM7 and AS4 carbon fibers are tabulated in Table 11. The
procedure for coating the carbon fibers included unspooling the carbon fiber tow using a
tensioned roller, dipping the fibers into a resin bath, evaporating the solvent from the fiber tow
by passing them through the heated tube furnace, then respooling the fiber onto a cardboard tube.

The IM7 coated carbon fibers were then used for filament winding a series of 6 in.
diameter, 0.125 in. thick, 4-5 in. wide composite cylinders. The electron beam curable filament
winding resin used for the majority of these cylinders was ERL-2258 with 3 phr OPPI initiator.
In addition to the above cylinders, two control cylinders were also fabricated in this effort,
including one which used conventionally surface-treated, uncoated, and unsized IM7 carbon
fiber, and one fabricated with conventionally surface-treated, uncoated, and GP Sized IM7
carbon fiber. Both control cylinders were made using ERL-2258 with 3 phr OPPI initiator as the

filament winding resin.
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Table 11. IM7 and AS4 Carbon Fiber Coating Calculations.

IM7_diameter (cm) 5.00E-04 _ |AS4 diameter (cm) 8.00E-04
IM7 radius (cm) 2.50E-04 1AS4 radius {cm) 0.0004

Di 3.141593  ipi 3.141593
M7 volume (c’) = pi*r®*h 1.9635E-07 {as4 volume (cm’) = pir**h 5.0265E-07
IM7 densitv (a/cm’) 177 AS4 densitv (a/em®) 1.79

IM7 wt. (g) = IM7 density * IM7 vol. 3.4754E-07 |AS4 wt. (q) = AS4 density * AS4 vol. 8.9975E-07
For Coating Thickness of 1000A For Coating Thickness of 1000A (100nm,

(100nm. 0.1micron, or 1e-05¢cm) 0.1micron, or 1e-05¢cm)

IM7 dia. + coating dia. (cm) 5.20E-04 |AS4 dia. + coating dia. (cm) 8.20E-04
IM7C radius (cm) 2.60E-04 1AS4C radius (cm) 0.00041

pi 3.141593  |pi 3.141593
IMZC volume (em® = pi*c**h 2.1237E-07 |AS4C volume (cm® = pi*™*h 5.281E-07
Coating vol(cm™ = IM7C vol - IM7 vol  |1.6022E-08 |coating vol (cm™ = ASAC vol - AS4 vol  |2.5447E-08
| Coating densitv (a/cm® 1.2 Coating densitv (g/cm®) 12

Coating wt. (g) = coating vol.*coating 1.9227E-08 |Coating wt. (g) = coating vol.*coating den. |3.0536E-08
den.

% coating wt. = coating wt./IM7 wt. *100 |5.53220339 {% coating wt. = coating wt./AS4 wt. *100 3.39385475
For Coating Thickness of 2000A (200 For Coating Thickness of 2000A (200

nm. 0.2micron, or 2e-05cm) nm, 0.2micron, or 2e-05cm)

IM7 dia. + coating dia. (cm) 5.40E-04 _|AS4 dia. + coating dia. {cm) 8.40E-04
IM7C radius (cm) 0.00027 AS4C radius (cm) 0.00042

pi 3.141593  |pi 3.141593
IMZC volume (cm’) = pi*r**h 2.2902E-07 |AS4C volume (cm®) = pi*r®*h 5.5418E-07
Coating vol_(cm>) = IM7C vol - IM7 vol._| 3.2673E-08|Coating vol. (cm’) = AS4C vol. - AS4 vol 5.1522E-08
Coating density (a/em®) 1.2 Coating densitv (a/cm™ 1.2

Coating wt. (g) = coating vol.*coating 3.9207E-08 [Coating wt. (g) = coating vol.*coating den. }6.1827E-08
den.

% coating wt. = coating wt./IM7 wt. *100 |11.2813559 |% coating wt. = coating wt./AS4 wt. *100  |6.87150838
For Coating Thickness of 1500A (150 For Coating Thickness of 1500A (150

nm, 0.15micron, or 15e-06cm) nm. 0.15micron, or 15e-06cm)

IM7 dia. + coating dia. (cm) 5.30E-04  |AS4 dia. + coating dia. (cm) 8.30E-04
IM7C radius (cm) 0.000265  |ASAC radius (cm) 0.000415
pi 3.141593  |pi 3.141593
IM7C volume (em®) = pi***h 2.2062E-07 |AS4C volume (cm™ = pi*r™h 5.4106E-07
Coating vol. (cm® = IM7C vol_- IM7 vol. |2.4269E-08 |Coating vol. (cm® = ASAC vol - AS4 vol |3.8406E-08
| Coating densitv (a/cm®) 12 Coating density (a/cm>) 1.2

Coating wt. (g) = coating vol.*coating 2.9123E-08 [Coating wt. (g) = coating vol.*coating den. |4.6087E-08
den.

% coating wt. = coating wt./IM7 wt. *100 |8.37966102 |% coating wt. = coating wt./AS4 wt. *100 5.1222067
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Another technology which has shown great promise in increasing the interfacial shear
properties of composites was also evaluated. The Utility Development Corporation has recently
demonstrated that the interlaminar shear strength of thermally cured composites can be increased
by >25% by using epoxy resins which have been formulated with ceramic whiskers. This
technology was combined with our electron beam curable epoxy resin technology and its
effectiveness was evaluated by determining their composite interlaminar shear properties.
Identically sized cylinders as described above using IM7 GP-sized carbon fibers were used to
filament wind cylinders composed of a resin system consisting of 85% Tactix 123 with 3 phr
OPPI initiator and 15% of the ceramic whiskers. This particular resin system was blended by the
Utility Development Corporation using their dispersion technology. Wet filament winding of
this formulation was very difficult. Due to the extreme abrasiveness of the ceramic particles we
experienced a large number of fiber breaks during processing. Although we were able to
fabricate a cylinder using this resin system, we do not consider this a viable material for future
use in filament winding. On the other hand, formulations incorporating these types of ceramic
particles may be workable for producing hot melt, unidirectional prepreg. A control cylinder
using Tactix 123 with 3 phr OPPI initiator as the filament winding resin was also produced in
order to compare and contrast with the ceramic whisker formulation.

After fabrication of the filament wound cylinders, they were shipped to Acsion Industries
in Pinawa, Manitoba Canada and electron beam cured on a 10 MeV, 1 kW electron beam
accelerator. During the electron beam curing cycle, which involved 9 passes at about 17 kGy per
pass for a total dose of 150 kGy, the cylinders were individually rotated and conveyed fore and
aft in a direction that was perpendicular to the length of the scan horn. Subsequent to cure, the
cylinders were shipped back to Oak Ridge and carefully machined into short-beam-shear

specimens and tested in interlaminar shear per ASTM D 2344.

3.4.2. Results

Table 12 details the material and process parameters that were used to yield the

interlaminar shear strength properties of several different electron beam cured, IM7 filament
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wound composites. The ILSS data comparing the surface-treated-unsized (EB2F) specimens
versus the surface-treated-conventional GP sized (EB4A) specimens versus the surface-treated-
EB4D coated composite specimens averaged 8708, 12118, and 13457 psi, respectively. For the
EB4D (Epon 1001F with 3 phr CD1012) coated composite specimens, these values translate into
a 55% improvement in ILSS relative to the surface-treated, unsized specimens (EB2F), and an
11% improvement in ILSS relative to the surface-treated-conventional GP sized (EB4A)
specimens. This improvement is very encouraging since the epoxy coatings which were used to
coat the IM7 carbon fibers were performed on surface-treated, unsized fibers which were several
months old. It is theorized that, with age, the functional groups formed as a result of the original
fiber surface treatment on the unsized fibers lose a large percentage of their surface functionality.
As a result of this aging process one would suspect that these fibers would not have bonded
nearly as well as fibers that are coated immediately after the fiber surface treatment process. On
future work this hypothesis will be evaluated and determined whether it is possible to improve
the ILSS beyond the level of our initial promising attempts in this project. Figures 25-28 are
scanning electron micrographs (SEM) of surface-treated and unsized IM7 carbon fibers that were
coated with one of the epoxy coating materials evaluated in this study. These particular fibers
were coated out of an acetone solution containing about 10% by. weight Epon 1001F.
Subsequent to coating the fiber, the acetone was evaporated off the fiber using a furnace
temperature of 120°C.

With the exception of one epoxy coating formulation all of the other 22 formulations that
were applied to the aged, surface-treated, and unsized IM7 fibers had ILSS properties
significantly greater than the conventional surface-treated-unsized specimens (EB2F). This
ﬁnding supports the argument for further developing sizing or coating strategies that can
potentially improve the fiber-matrix interphase properties and adhesion.

In Figure 29 there does not appear to be a relationship between the epoxy concentration
of a given epoxy coating resin, in this case Epon 1001F with no initiator, and its effect on the
ILSS of electron beam cured composites. In Figures 30-32 the maximum ILSS for the lower
melting and lower weight per epoxide Epon 1001F coatings is improved by using a greater
amount Qf initiator (3 phr versus 1 phr) and a lowér epoxy coating concentration (1% versus

6%). On the other hand, for compositions involving the higher melting and higher weight per

epoxide Epon 1007F formulations, or the higher melting, epoxy novolac DEN 439 materials, or




Figure 25. SEM of
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epoxy coated IM7 Carbon Fibers (6000X). The coating was applied
onto the fiber out of 2 10% Epon 1001F solution.
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Figure 26. SEM of epoxy coated IM7 Carbon Fiber (15,000K).
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Figure 27. SEM of epoxy coated IM7 Carbon fibers (1000X).
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- Figure 28. SEM of epoxy coated IM7 Carbon Fibers (1000X).
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the low viscosity, difunctional epoxy Epon 826 formulations, the trends for optimizing the ILSS
are favored by using lesser amounts of initiator or no initiator (0 phr or 1 phr versus 3 phr) in
combination with lower epoxy concentrations (1% versus 6%).

Due to the problems that we experienced in wet filament winding with the formulations
incorporating the ceramic particles it was not surprising that the ILSS properties for these

specimens were low. In future work we may reevaluate these materials by attempting to make

unidirectional prepreg and fabricate laminates via hand lay-up.
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4. CONCLUSIONS

. Tg values for electron beam and thermally cured Tactix 123 epoxy resins are optimum for

formulations having initiator concentrations >1.5 phr.

. For a given initiator concentration (1-3 phr) the T, values for electron beam cured Tactix 123

epoxies are generally higher by about 20°C versus thermally cured Tactix 123 epoxies.

. Incomplete cure for Tactix 123 epoxies is indicated at initiator concentrations below 1.5 phr
and doses < 140 kGy. Complete cure for Tactix 123 epoxies is indicated at initiator

concentrations above 1.5 phr initiator, 80 kGy dose, and 5 kGy/pass.

. Data on electron beam cured, Tactix 123 epoxy neat resins indicates that while shear strain
and shear strength are somewhat dependent on initiator concentration and cure dosage, the
shear modulus is not- greatly affected by these parameters. This indicates that the most simple
formulation and process changes are not likely to generate substantial improvement in the

interfacial properties.

. Surface-treated and unsized AS4 carbon fibers have higher adhesion to the electron beam
processed epoxy (Taxtix 123 with OPPI) than surface-treated and unsized IM6 carbon fibers.
Based on results from other published studies, a similar relationship would hold true for IM7

carbon fibers versus AS4.

. The differences in adhesion with fiber surface treatment (i.e. untreated versus surface-
treated) for electron beam processed composites are similar to those observed for thermally
processed epoxy composites. Surface-treated fibers produce higher adhesion than untreated

fibers.

. The adhesion of the electron beam processed epoxy (Tactix 123 with 3 phr OPPI) to the same
carbon fibers was generally lower than measured for similar epoxies processed thermally and

much lower than epoxies cured with aromatic amines.

. Significantly higher adhesion (~60%) was measured for surface-treated and unsized AS4

carbon fibers and the Tactix 123 epoxy with 1 phr OPPI versus Tactix 123 epoxy with 3 phr
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OPPI. This was a result of the resin being incompletely processed with this lower amount of
initiator. Postcuring at 225°C completed the cure and reduced the modulus and the adhesion

to the same level as obtained with Tactix 123 having 3 phr and 5 phr OPPI.

The observation that adhesion of carbon fiber to Tactix 123 with 1 phr OPPI can be 60%
greater than that attained for other formulations and the lower amount of epoxy chemisorbed
to the carbon fiber surface under electron beam conditions indicates that sizing strategies can

potentially be developed to improve the fiber-matrix interphase properties and adhesion.

Preliminary interfacial shear strength measurements of electron beam cured Tactix 123 with
3 phr OPPI combined with a surface-treated and epoxy sized AS4C fiber (from Hercules)
gave superior results compared to surface-treated and unsized AS4 fiber. IFSS values were
at least 25% greater for the AS4C fiber versus the AS4 fiber. This value of IFSS was still

60% of the value attainable in a thermally processed, amine cured epoxy.

One epoxy based coating applied onto aged, surface-treated and unsized IM7 carbon fibers
improved the composite ILSS of electron beam cured composites by 11% versus composites
made with surface-treated and GP sized IM7 carbon fibers (GP size is the current IM7 fiber
sizing material applied by Hercules).

Several epoxy-based coatings that were applied to aged, surface-treated, and unsized IM7
fibers exhibited up to 55% greater ILSS versus composites made with surface-treated and

unsized IM7 fibers.

. We believe that the composite ILSS can be improved beyond these initial values by applying

these types of epoxy based coatings or sizings (with or without initiator) to carbon fibers

immediately following the fiber surface treatment.

The results of this effort ﬁnnly suggests that the fiber-resin interface is probably the

source of the deficient shear properties for electron beam-curable cationic epoxy, carbon fiber

reinforced composites.




61

S.  FOLLOW-ON FUNDING

As a result of the promising developments from this LDRD effort, a proposal entitled,
“Interfacial Properties of Electron Beam Cured Composites”, is currently being considered for
funding by the DOE-ER sponsored LTR-CRADA program to continue this work. If the project
is funded, ORNL will lead a 3-year, $2.6 million dollar effort involving eight industrial partners,
NASA-Langley, and the U.S. Air Force. The partners are providing cash contributions to ORNL
equal to over half of DOE’s total contribution ($400K from partners versus $750K from DOE)
and the total partner funding (in-kind plus funds-in) exceeds a 2:1 match to DOE funding. The
principal objective of this proposal is to significantly imprbve the interfacial properties of carbon
fiber reinforced composites beyond current state-of-the-art electron beam cured composites for

use in several DOE, DoD, and industrial applications.
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