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- ABSTRACT
The objective of‘this study is to characterize radiation effects on
engineering properties, dimensional stability, ahd ¢hemistry on state?
of ~the~art composite systems. This investigation used T300/934 grabh~
ite-epoxy composite that was subjected fo 1.0 MeV electron radiation for

a total dose of 1.0 x 1010 rads at a rate of 5.0 x 107 rads/hour. This

- simulates a worst-case exposure equivalent to 30 years in space.

Mechanical testing was perfcrmed on the 4-p]y unidirectional lami-
nates over the temperature range of -250°F (116K) to +250°F (394K). A

complete set of in-plane tensile elastic and sfrength properties were

obtained (E;, Ep, vigs Gy, Ky, Yy, and S). In addition electron micro-~

scopy was used to study and analyze the fracture surfaces of all speci-
mens tested. Resuits indicate that little difference in properties is
noted at room temperature, but signifitant differences are observed at
both low and elevated temperatures. '

Dynamic-mechanical analysis (DMA) showed that the glass-tranéition

temperature of the epoxy matrix was lowered by over 100°F (56K) after

being irradieted. Thermomechanical analysis (TMA) demonstrated that

volatile products are produced upon heating the irradiated material.

These degradation products were analyzed by infrared spectrophotometry

and mass spectrometry, and found to be low molecular we ght material

produced by polymer chain scission and crosslink breakage. ,

In concluéion, electron radiation acts to produce low molecular
weight material in the epoxy resin matrix. These degradgtion‘producfs
plasticize the epoxy at elevated temperatures and embrittle it at low

temperatures. Therefore, composite mechanical properties are. altered.
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I. INTRODUCTION

1.1 Space Applications for Composites

The use of fiber-reinforced composite materials as efficient high
pérfqrmance structural materials has greztly increased ir recent yéérs.
The great advantage of these materials is their superior_strength to
weight and stiffness to weightlfatios» This makes composités ideal for
use-in aph]ications where high strength and light weight are important;”
Therefore, aerospace apnlication has one of the largest potential uses
of composite materials. -

Use of composites in aircraft can provide weight reductions over

metal designs. This saving can be put to work by increasing the range,

payload, maneuverability, and speed of an aircraft or by simply redui nyg
its fuel cdnstptionn Another advantage of tnéée materials is the aLbil-
ity to tailor fiber orientations to meet specific load an stiffness
requirements, thus designing materials for 1ndiVidug1 applications. It
is also possible to fabricate complex parts in one operation, reducing
secondary assembly requirements.

Most emphasis of fiber-reinforced composites has been in air-
craft. However, spacec;dft are high on the list of weigthCriticaT

structures and can benet:it great1y by their use. Nowhere else is

. weight, coupled with hign performance, such a critical requirement.

Advanced fiber-reinforced composites are ideal for use in space applica-
tions.
Currently, NASA's Space Shuttle Orbiter (Fig. 1) usas advanced

composites in several areas -1]. The components include graphite-epoxy

. o
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Fig. 1. NASA's Space Shuttie.
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honeycomb sandwich skins on the orbital maneuvering system and titanium
[-beams and tubes reinforced with boron-epoxy in the aft thrust struc-
ture. The other notable composite applications on the Shuttle are the
pay1oad bay doors. These are the largest graphite-epoxy struétures eVer
built [2]. - The doors are each 18.3 metars (60 feet) long with & trans-
verse arc length of 4.6 meters (15 feet). Door panel skins are graph-
ite-epoxy fabric and tape sheets over a honeycomb core.

Grap-ite-gpoxy is also béing used in the main support truss struc-
ture of NASA'S Space Vclescope {Fig. 2) {3].  This is ‘a primary struc-
ture. The Space Telescope is due to be placed.in orbit in 1986, Pro-
posed large-scale space antennas and communications satellites as well
as large-sca.e space platforms (up to 100 meters in diameter)'wiil use

r » yraphite-epoxy composites [4,5]. Now that the Space Station is becoming
a reality, graphite~epoxy support trusses are being considered in many

of the proposed designs currently under review [61.

1.2 The Space Environment

The success of space exploration and exploitation, using compos{te
materials, fests in their ability to withstand a hostile space environ-
ment. In an almost perfect vicuum, the cold of space coupled with
radiant solar heating effects can lead to & wide range of operating tem-
peratures. Temperature cycling will'occur eveary time the space struc-
ture orbits the earth.

In addition, a space structure will he subjected to ultraviolet,
electron, andiproton irradiation. .U1traviolet is electromagnetic radia-

tion produced by the sun. Electron and proton radiation are present
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from trapped particles in the earth's Van Allen radiation belts. ' Ultra-
Vio1et and proton radiation will only affeét the surface of a spacé-
craft, but electron radiation will be highly penetrating. A summary of
these conditiqns is presented in Tables 1 and 2 [7,8]. The column
headed GEO (Table 1) is a listing of condftions thaf a spacécraft in-
geosynchronous earth orbit would have to wiihstand. The heading LEO

designates low earth orbit conditions.

In order to utilize graphite-epoxy composite material in space, the

effect of the above conditions on its material properties must be
invesfigatedu Composites will be used in future space structures with
life-times of 10-20 years [Y1]. A key materials technology need is the
ability to understand how fiber-reinforced materials will behave under
such harsh conditiens for long periods of time. The two most seQere
péraheters of the space environment are its temperature extremes coupled
with the highly penetrating electron radiation. Therefore, these two

conditions will be the primary thrust of this study. .

1.3 Objective of Present Study

It is the objective of this study to characterize radiation effects
on engineering properties, dimensional stability, and chemistry of
state-of -the-art composite systems.

The material chosen féf this study is T300/934 graphite*epoxy ‘
fiber-reinforced composite material. This composite Systan is one of
the few designated as "space-approved" by NASA. The designation |
TBUU/934 indicates that the graphite fibers are Thornel (Union Carbide)

T300 fibers in a matrix consisting of Fiberite 934 epoxy resin. These

[ SR S
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Table 1

Parameters of the Space Eaviroament.

LEO

Environmental . 6E0 1
parameter Composite structure Manned habitat
~ Optical a/e - selectible a/e - selectible
properties with € < 0.3 with € > 0.8
-148°F to 176°F -148°F to 104°F
Temperature 173 to 353K 173K to 313K
Environment v, e, pt, ovac., aT UV, VAC., AT
Electrical 8, -1 108 _ 1017 (o -1 ol
conductivity < 107% {ohm “-cm ) 10 10 (ohm cm
Lifetime 10 to 20 years 10 years
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Table 2

Ranges of the Parameters of the Space Eavironmant.

Nominal range
of parameter

Re-scn for interest
in parameter

Pressure: 10711 - 10718

Pa

Vacuum outgassing results in
loss of moisture and solvents
resulting in dimensional and
mechanical property changes

- Wavelength: 0.1 - 0.4 um

Intensity: 1.4 Kw/m2

Degradation of coatings

Erergy: ‘b.lk- 4.0 Mev
Flux: 105 p+/cm2 - sec

Degradation of coatings and
surface plies of composites

Energy: 0.1 - 4.0 MeV
Flux: 108 e‘/cm2 - sec

Surface and bulk damage;
spacecraft charging

Material temperature:
8( L to 420K

"Microcracking, thermal

warping, deterioration of
critical surfaces

()
§ ‘ °..
Envirormental
© parameter
Vacuum
v
Ultraviolet
Protons
/‘\
Electrons
Temperature
cycling
it
e E‘%\i;’z
. 1 BT
. »
it
7 I
. [ ’w
Vi o
o

te
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graphite fibers are produced by carbonizing high modulus organic pre-
cursors (Po1y~Acry!bm‘trHeg PAN) at high»temperatures in an inert
atmosphere [10]. The epoxy resin is a thermosetting polymer binder that
cures at‘350°F. Cured epoxy resins are very higﬁly crosslinked struc-
tures [10]. |

The radiation exposure used in this investigation is 1.0 x 10tY

rads of electron irradiation with energies of 1.0 MeV and a dose rate of

5.0 x 107 rads per hour. This will simulate a "worst-case" exposure of
30 years in space [7]. Great care has been taken to assure that the
test specimens did not overheat during their accelerated irradiation
exposure, Tesfing and characterization covers the temperature range of
-250°F (116K) to +250°F (394K). This range represents the temperature
extremes that may be encountered in a space environment [7].

‘A complete tensile set of engineering constants has been obtained
to fully characterize the in-plane elastic‘énd strength properties of
the graphite-epoxy composite,v These in-plane tensile properties have
beenlco]lected over the above temperature range for both the non-irradi-

ated and irradiated Taminates. -Most importantly, tests have been con-

ducted to understand how electron radiation, in combination with temper- v

ature has affected and changed the composite's properties. In addition,
a mechanism has been proposed to describe the degrading effect of the
ionizing electrons on the graphite~epoxy composite. This approach is

diagramed in greater detail in Fig. 3.

R



Objective: To characterize radiation effects on engineering
properties, dimensional stability, and chemiqtry of
state- of-the-QVt composite systems. :

Material: T300/934, graphite~epoxy composite .
Radiation exposure: 1.0 x 1010 rads, 1.0 MeV electrons,
5 x 10

‘rads/hour, 100°F or less exposure temperature.

Characterization

Mechanical properties Chemical analysis
o Strength and stiffness e Glass transition
versus temperature temperature, Tg
o Dynamic-mechanical e Softening temperature

analysis

@

Degradi tion product
e Thermal cycling analysis

(Micro-cracking)

o 1.) Infrared analysis
e Coefficient of thermal 2. M ‘
expansion . ass spectrometer

]

e S.E.M. analysis of.
fracture surfaces

Fig. 3. Outline of Testing Program for this Study.
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Il _LITERATURE REVIEW AND ANALYTICAL CONSIDERATIONS

A survey of the literature dealing with radiation effects on vari-

ous composite systems was conducted and is presented in section 2.1.

The composite materials used in these studies are listed along with the

testing techniques employed. Special attention was given to noting the
radiation facilities used, and a sﬁmmarybfs g{ven;_ The conclusions
stated are the opinions of the author, unless otherwise stated.

A discussion of the testing methods used in this investigation is
presented in section 2.2. This includes mechanical and dynamic-mechani -
cal chafacterizgfion. Special detail is given in describihg the lU°.and

45° off-axis mechanical tension tests (section 2.2.1). The theory of

dynamic-mechanical analysis (DMA) is also discussed (section 2.2.2).

The final section of the literature review deals with the effect of

residual stresses and fiber waviness on the modulus of elasticity (sec-

© tion 2.3). The role of residual stress is very important in any discus-

sion of mechanical chara.terization. Residual stresses affect the
degree of fiber waviness within a composite which in turn has an effect

on the modulus of elasticity of that composite material.

2.1 Radiation Effects on Composites

A study entftled, "Advanced Composite Design Data fqr Spacécraft'
Strucfura1 Applications" wés preparedAand presented in 1980 by J. F.
Haskins and R. D. Holmes, at General Dynamicfs Convair Diviéibn, fpr the
U.S. Air Force [11,12]. The two composite systems chosen for this study

were T300/934 and GY70/X3U. - They state that the T304/934 systemn was

10
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-selected because it is the most widely used material for high-strength

applications. GY70/X30 is the most widely used material for high-stiff-
ness and thermally stable applications._ Buth of these materials use
350°F~cure epoxies.

Haskins and Holmes reported on specimens cut from 12-ply unidirec-
tional panels for tension tests and 24-ply panels for compression
tests. In addition, lﬁ;ply'[0/45/90/135]2S laminate specimen§ énd’ZO-

ply [0/45/0/135/0]15; laminate specimens, as well as short-beam shear and

‘rail-shear specimens, were produced. Some of these samples were exposed

to various amcunts of electron radiation. Four radiation dose 1e9e1§
weré used for this study (3 x 107 rads, 3 X 108 rads, 3 x 10° rads, and
6 x 108 rads). The authors do not site the energy level or dose rate of
the e]ectrons,'0n1ybthat they were high-energy electrons and that a
cooling plate was required for the specimens during irradiation. After
irradiation, mechanical tests were performed over the temperature range

of -300"F (&9K) to +250°F (394K). The unidirectional and laminate

specimens were subjected to both tension and compression tests. No

unidirectional off-axis tests were performed.

Haskins and Holmes conclude that changes in mechanical properties
due tb electron radiation were small, except at high temperatures. They
attribute the difference, at high temperatures, for both tensile and
shear tests, to lowered g]ass~ﬁransition temperatures in the epoxy resin
(which were also measured). They go on to say that there may be some
indication that the lower radiation levels may even improve mechanical
properties, but were at a loss to explain why. The authors summarize by

stating that the effects of cross-linking, load transfer between fiber

{4
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and resin, and flexibility of ‘the resin were not investigated and fur-
ther studies could provide ways of jmproving properties.

- In 1982, V. T. Mazzio et al., from General Electric, generatedia
study entitled, “Compqsite Data for Spacecraft,"” [13,14] to follow-up
the work done by Haskiné andrH01mgs. This program was also supported by
the U.S, Afr Force. They sfate that the progrém'was designed: to géner;
ate an advanced composite materials data base fo éupport the design and

application of lightweight structures for spacecraft. Five new mater-

" ials were selected for study: C300U/CE339, P75/CE339, C6000/PMR~15,

T300/1700, and Kevlar 49/5209. - T300/934 and GY70/X30 were not selected
because they'héd been studied by Haskins and Hoimeso |
Tensi]ebsamples were-cut from composite panels with the following
orientations: unidirectional, [0/90]5, [0/45/90/13535, [i45]S, and
[0/45/0/135/0]g. Three levels of electron beam radiation were used to
expose the composite specimens to the space environment (3 x 108 rads at
22°C, 3 x 108 rads at 100°C, and 3 x 10° rads at 22°C). The electron
beam was generated with a Van de Graaff accelerator wits a nominal
electron energy of 2.0 MeV., Specimens were exposed to a high dose rate
of 1.0 x 107 rads/hr and a low dose rate of 5.0 x 10% rads/hr. A key
feature of their exposure faci]ify was 1ls test specimen rotating
drum. This “carousel” provided an even radiation exposure while also
allowing for excellent heat dissipation. fechanical data were obtained
from axial and transverse mechanical tests in both tension and compres
sion. In-plane shear (45) specimens {ASTM-D 3518-76) were also tested
[15,16]. Tests were performed over the temperature range of -300°F

(B9K) to +250°F (394K).,



The composite samples received a total dose of up to 5. U x 109 rads. A

13

. Mazzio et al. observed that tensile and compression strengths
increase as é result of 1owband_high dose rate éxposure. They attribute
this result to a post-curing effect of the resin, but do not substanti-
ate their conclusion. It is stated that modulus values appear to véry

as a function of fiber volume fraction. They observe and conclude that,

~ from in-plane shear properties behavior, a flexible epoxy resin system

such as CE399 has potentially a better chance of survival in the space
environment over a long life period. Long exposurses would not,rigidize
the resin systems to the extent of causing‘microcracks'and subsequent
property degradation. ’ - |

A large amount of wofk Has beeh done at North Carolina State UniQ
versity in the area of high energy-electron effects on graphite fiber
composités [17,18,19,20, 21 ,221. hraphite fibers in both an epoxy matrix
and a polyimide matrix were 1|rad1ated with 0.5 MeV electrons. The
compes1te systems investigated were T3Ud/‘?06 and C6C00/PMR-15,

Samples were irradiated using an electron accelerator producing 0.5
MeV electrons. The snecimens were mountéd on a moving canveyor for an
even expo:ure and to prevent samp]e heating induced by the radiation.
dose rate is not stated. Mechanical properties (strength and flexural \\
modulus) were measured by using a three«po1nt f]exure teSL, AST™ method
p-790 [23]. Samp]es used in this test were un|d1r°ct101al (d>1a1 and
traﬁsverse),‘[O/tQS/%]T, and [90/£45/90];. Interlaminar shear'stréngth
test,specimens were “abricated according to ASTM metﬁod D-3846 [241].
These'unidiréctionél samp1es’were, however, pulled in tension_wh{th does

not follow the ASTH standard; ASTH-D-3846-79 recomnends that these

ey
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samples be tested in compression. All tests, both fiexural and inter-
laminar, were run at room temperature.
The North Carolina State group points out that interlaminar shear

strength decreases significantly with radiation dosage, while little

change was cbserved in the flexural strength and modulus. Interlaminar.

shear measurements exhil:it an initial increase in shear strehgth with a
maximum value occurring between 1,0 x 10% and 2.0 x 107 rads. This is

followed by a decrease with further radiation exposure. They conciude

‘that the initial increase in strength with radiation exposure is proba-

bly due to be]axation, by chain cleavage, of interﬂ31 stresses created»
at the interface during composite fabrication. After the internai
stresses are re]ieved; further radiation exposure 1 eads tolbond degrada-
tion near the interface due to chain scisson, and thus the decrease in-
interlaminar shear strength. Flexural strength and modulus, measured by
the three-point bend test, however, do not exhibit any characterist{cs
of this befavior,

It is important to note here that unpublished work pérformed at. the
NASA-Langley Research Center by G. F. Sykes indicates that the intérlam—
inar shear specimen (ASTM-D~3846;79) under tensile load produces a
“peeling" moment at thé spgcimen’s notches. This would adversely affect
thé test by producing é non-pure shear stress state. Interlaminar tests
on composite specimens, run at NASA-Langley in thé compression mode, did
not exhibit significant changes with irradiation.

L. B, Fogdall and P. H., Lindenmeyer are'working with graphite-cpoxy
at Boeing in Seattle, Hashington [25]. The materials being investigatéd'

are C3000/1634A (3bU°F-cure epoxy), C3000/1648A (25U°F-cure epoxy), and

=%
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C3000/PMR~15 (polyimide); They are uéfng 1.0 MeV e]ectrons, generated
with a Van de Graaff accelerator, with a total dose of up to 1.0 x 1910
rads. The composite samples receive 1.U x 108 rads/hr and are cooled
With a baseplate.

Mechanical testing is being performed using a 45°-off axis compres-

sion test and dynamic-mechanical analysis (DMA) -equipment mahufactured

by DuPont. Dynamic-mechanical analysis is the measurement of the mech-
anical properties of materials as they are deformed under periodic |
stress [26,27). DMA measures the changes in the resonant-frequency of
the tesﬁ material over a very large temperature range (-300°F.t0.
+500°F). From this information the material's hodu1us of elasticity,
over that témperature.range, is calculated, as wel' as the g]ass—tbans4
ition temperature of the polymer matrix (from the damping character-
istics of the test material).

Boeing reports that the 4b°-off axis compression test car detect
the influence of electron radiation at the 1.0 x 101¢ red dose Tevel
with a 95% confidence level, Compressive>stﬁength 5 lowered by irrad-
tation. In additiin, DMA measuremc .s show that a 1.0 x 1010 rag dosage

of 1.0 MeV electron radiation has the effect of decreasing the“g1ass—

transition temperature of the epoxy matrix material. No mechanism is

_stated to evalain this phenomenon.

At the>Lockheed Research Labpfdtony in Palc\Aito, California, R. k.
Mauri and F. W. Crossman are working with TS0(PAN)/F2.3 (350°F ~cure
epoxy), 75S(PITCH)/948 (250°F-cure epoxy), and Keviar- 49/E719 [28].

They are producihg 1.5 MeV electrons at the rate of 1,5 x 100 rads/hr.

The composite samples receive a total dose of between 3.0 x 10% te 1.0 x
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1010 rads. Mechanical properties are measured using the flexure
strength test, inplane shear test, and short-beam shear test over the
temperature range of -200°F (143K) to +250°F (394K).

Their results indicate that the 250°F ana 350°F curing graph-
ite/epoxies are not significantly altered except at the highest test
temperature (+250°F), where the 350°F curing epoxy systems experienced a
| degradation of matrik-depéndent properties of up to 20 percent. Mauri
and Crossman attribute this degradation to the reduction in glass-trans-
ition temperature of the matrix because of chain scisson of the epoxy by
the penetrating radiation.

| A study was conducted at the Argonne National Laboratory in

Argonne, Il]fnois, by S. Egusa, M. A. Kirk, R. C. Birtcher, M. Hagiwars,
and S. Kawanishi, on cloth-filled Orgénfc composites [29]. Foﬁr types
of cloth-filled organic composites (filler: glass or carbon fibers;
matrix: opoxy or polyimide resin) were irradiated with 2.0 MeV elec-
trons, at room temperature, and were mechanically examined using the
‘three-point bend test;

They summarize by stating that following irradiation, the modulus
of elasticity of these composites remains practically unchanged, even
after irradiation of up'to 1.5 x 1010 rads. The shear modulus and

ultimate strength, on the other hand, begin to decrease after the

absorbed dose reaches about 2.U X 109 rads for the:glasé/epoxy compositu

and about 5.0 x 10% to 1.0 x 1010 rads for the other composites. They
attribute this change to the decrease in the capacity of load transfer
from the matrix to the fiber due to the radiation-induced debonding at -

the interface.

Ay
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Work done by C. Giori, T. Yamauchi, K. Rajan, and R. Mell, at the

LIT Research Institute in Chicago, I[11inois, is concerned with the

degradation mechanisms for graphite/polysulfone and graphite/epoxy

laminates exposed to high-energy electron radiation [30]. The graph-
ite/polysuifone System used was C6UUU/PL700 and the graphite/epoxy

systems were T300/934 and T300/5208. 12.0 MeV electrons, at the rate of

3.9 x 107 rads/hr, were used to give total doses of 5.0 x 107_rads up to

1.0 x 107 rads. Composite degradation was investigatéd with the aid of

gas-chromatograph (GC) ‘and mass-spectometer (MS) analysis.
Giori et al. state that all the composite materials evaluated have
shown high electron stability up to the dose levels used. iydrogen and

methane have been identified as the main by=-products of irradiation,

along with unexpectedly high levels of carbon monoxide and carbon diox-

ide. They go on to state that gas formation in irradiated polymers
reflects the occurrence of chain scission and crosslinking reactions.

And conclude that, although the primary process of electron irradiation

damage jnvolves ionization, subsequent steps lead tu chain scission and .

crosslinking, with concurrent gas formation.

Summary of Current Literature un Radiation Effects on Composites

Many of the studies noted in the previous section do not use a

large enough total radiation dose to adequately simulate a long space

exposure. The two major works, that performed by Haskins and Holmes and

that performed by Mazzio et al., have a largest total dose of only 3.0 x

109 rads [11,12,13,14]. This is equivalent to less than 10 years in

space.  The largest dose obtained by the North Carolina group translates .

R4



A\

®

e

18

into 15 years exposuré (5.0 x 10Y rads) (17,18,19,20,21,22]. If space

structures are meant to have useful lifes of 1U to 20 years, clearly

this is not enough. If we are to design a structure for use in a space

“environment, data 1s needed past the useful life of that structure, -

Most researchiers used electron eneryies that are equivalent to
those found in the ¥an Allen radiation belts, although 50Me were on the
high side. ln some ¢ases, sanplas were not coﬁtfnuously-irradiated |
uﬁder the ele;ﬁron deam, but nothing is mentioned as. to whether the
ﬁam)erature cycling that must- have been. taking place wéu!d’have any
effect. All investigators ayreed that temperature control dufing irrad=-
jation is very important, and all made attempts to control it.

Accelerated exposure is a controversial subject that almost all the
researchers did not address., However, the study performed by 'azzio et
al. used a high dose rate of 1.9 x 1w’ rads/hr and a low dose rate of
5.0 x 1P rads/hf £13,14]. No differences ware noted. ’ |

Very few of these s .udies made an attempt tdbobtain a complete set -
of inplaﬁe tensile properties. [f design consideraﬁions are tu he made
wi;h the space environment in mind, a complete set of properties must be
available. Many researchers uéed a-large temperature range, -30U°F
(88K) to +250°F (394K), vihen perforﬁing mechaﬁical tests.

.The most disturbing develcpment that can he drawn from this litéraj
ture review is chét many researchefs make conclusions to describe the
degradation_noted, but do not support these conclusions wfth ekperimenw
tal measuraﬁents; Thére“wre, mahy conflicting statements are made about

radiation effects and what can be done to compensate for them,



2.2 Testing Methods

Z.2.1 Mechanical Testiny

All researchers in the field of composi;eé testing generél1j ayree
that lamina properties in the fiber direction {ultimate stress: KT, '
elastic modulus: El,,and Poisson's ratio: VlZ} and transverse to the
fioer direction {ultimate stress: fg, elastic modulus: ,, and Peisson's
ratio: v21) can be measured using unidirectional laininates in the J° ang
9U° orientations {Fig, 4). However, much less agreement is found in
determining shear properties (ultimate shear strength: 3, add shear
modulus: Glz), due to the difficulty of praducing a state of pure shear
in practicalllaboratory test specimens.

One wethod for measuring shear properties was proposed by . C.
Chamis and J. Hs Sinclair-of the NASA-Lewis Héﬁearch Center in Clave-
Yand, Ohio, in 1977 [31]. Their cohbined thegretical and experimental
investigition proposed using the 1U°-off axis tensile-test laminate for
intralaminar-shear characterization of unidirectional‘cqmpositgs. Tne'
theoretical approach included classical lamination theory (CLT), a
combined-stress failure4criterion, and a finite eiement analysis of the
problem. Several lU°-specimens of Mod-I/enoxy, T3UU/epoxy, and
S-glass/epoxy were fitted with strain gaye rosetles to experimentally
verify their findings. They conclude that the procedure is suitable for
shear characterization and recommend tnat it should be considered as a
possible standard test specimen.

Further work by'Pindera and Herakovich -has shown that shear-coupl- .
ing at low fiber orientations leads to less than satisfactory resulﬁs

{33], Thus, the lU°-specimen is suitable for Shear stfength (S) deter~
P
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N
S

R P . . - . e

21

“mination, but the>45°especimen is preferred for determinatiqn'of the

shear modulus (Glz). Therefore, it was decided to use the 10°-laminate
for shear strength and the 45°-l1aminate for shear modulus.
The basic theory of this test utilizes the biaxial stress-state -

that is present when ‘2 10°-off axis laminate is subjected to an axial

oad. The‘indu;ed stress-state has three stress compunents; longitudi-

nal okll(oi), transverse 0222(02); and intrala@inar 0212(012) as

indicated in Fig. b. In order for this specimen to serve as a useful

"means of intralaminar-shear characterization, the stress compon-

ent 0212(012) mus t buAthernly §tr¢ss component that is near its criti-
cal value. Fracture must occur at the 10° orientation when the intra-
laminar sheaf, oy, reaches this critical value. Experimental measure~
ments, made by Chamjs and Sinc]air, have determined'that this is the
case [31]. |

The stresses in a lamina with a fiber orientation of 6 are deter-

‘mined from the following standard stress transformation equation [32].

@, = e, (1)

Where {o}x are the stresses in laminate coordinates and {o}l are the
stresses in lamina coordinates. {T] is the transformation matrix listed

below in which 8 is the fiber orientation within a given lamina [32].

2 ' 2

_ cos”(¢) “sin“(8) ;Zsin(e)ﬁos(e)
[Tj = sinz(e)' B COSZ(U) 251n(6)cos(6) (2)
sin(6)cos(0)  =~sin(0)cos{e) cosz(e)-sinz(e)
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Chamis states that, for a uniaxial load along the x-axis of a lami-

nate, 9y has a measurable value, but o, and Oy

Y Y
that Pindera and Herakovich have shown that %y can only be taken to be

~zero for very large aspect ratios (331, Therefore, from equations (1)

and (2), the following equations can be written,

oy = oxcosz(o) ’ _ l . ~(3a)
o, = a,sin2(0) o | o (3p)
0yp = oxsin(o)cos(e) | ' -~ (3¢)

For a 10°-off axis laminate, 0 is equal to 10° and substituting into

equations (3) gives:

o) =0 0,970 (42
g, f oXO,U3U } (4b)
oy = 0,0.171 | (4c)

1n this ‘investigation, the 1U°-cff axis specinmen was used to mea-
sure shear strength only, due to work done by M. J. Pindera and
Herakovich that indicates that this is not a good tast for the measure-~

ment of shear modulusv[33]g;vTherefore, from equation (4c), an equation

are equal to zero. Note’
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can be written for the ultimate shear strength, S.

S = au]t(10°) 0.17V o _ (5)

Where o 10°) is the ultimate stress of the 10°-laminate.

u]t( .
Pindera and Herakovich go on to state that the 4b7-off axis test is
more suited for the measurement of shear modulus,-Glz. . Shear coupiing
is small in the 45°-laminate, thus permiting its uée'to'measure shear
modulus. In addition, since the 45°-1éminaté:fails in.a mixed mode of
inplane shear and transverse tensién, it is not a.good specimen for
measuring shear strength, In this'inQestigation, the 45°-off axis
laminate wés uﬁed to measure shear modulus, Glz.'

The basis 6f}this test method begins with the génera]ized Hooke's

Taw [32].
(e} = [CMHe) R ()

where o and ¢ are stress and strain, and [C] is the stiffness matrix.

By_fewriting this equation in terms of strain and in lamina coordinates,

the following relationship is obtained:

() = [51ey, o

where [S] is the compliance matrix, which when expanded gives the fol-

lowing relations (in lemina coordinates).
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§iy = A (8a)

. 11 'EI' ]
\Y Ve .

R V)
RTTETTE )
S, = o (8¢)
22 ¥
S = (8d)

where Eqp, Ez, Vigs Vop and 612 are engineering constants in lamina
coordinates.

Hooke's law can also be written in terms of the laminate coordinate

Csystem [32].,

{e}, = f§]{0}x ' {9)
L—- '\“m&sc{vw\&&
Qnmp\\ anwe L

'where'{c}x are the strain components and {o}x are the stress coiponents.,

[S] is the transformed compliance matrix and its first e1ementvis found

to be equal to
3&1 = Sllcosa(e) + (2512 + Sﬁe)sinz(o) cosz(e) + 52251n4(0) (10)

A substitution can now be made from equations (8) and noting that

in laminate coordinates, the relation shown in equation (11) is true.

T =1

S11 7 Ex (11)
1 1 4 1 P 2 .1 .4

T ET Cos (6) + (?“"'" ~Er~§s1n (6)cos™(g) + £ sin (o) (12)
x B 12 & 2
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For a 45°-off axis laminate, 0 is equal to 45° and substituting into

equation (12) gives

2v
1 1-1 12 1 1
— = o - F oo ] (13)
Ee 4E B 6 By
By rearranging
2v -1
-4 1 1 12-

G =L_............-—-< +--—-- -—_] . . (14)

2 TN TECE T E . |

In this equaﬁion,,EX is the axial moduylus of the 45°-specimen and Eis

Eé, and vy are determined from other tests.

2.2.2 Dynamic-Mechanical Analysis

Dynamic—mechanical analysis (DMA) is being used increasingly for
polymer and compoéite materials characterization. Properties measured
by this technique include the dynamic modulus of the - aterial, its
damping chéractehistics, and glass-transition temperature. The glass-
transition temperature of a polymer is defined as the temperature at

which the polymer loses its "crystallinity" and becomes more piastic,

- soft, and pliable.

DMA is the measurement of the mechanical properties of materials as
they are‘deformed under periodic stress [26,27], In a typical ﬁest
arrangement, Fig. 6, é sample is clamped between the arms of a cnmpouﬁd
resonance system in which thé resonant frequency is dependent almost

entirely on the configuration and modulus of ‘the sample [2b]. The
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sample-arm-pivot system is5 oOscillated at Tts resonant frequency by an
electromechanical transducer. The frequency and amplitude of this
oscillation are}detectéd by an LVDT positioned at the oscillated end of
the active arm. The LVDT provides a signal to the electromechanical
transducer, which in turn keeps the~samp1e oscillating at constant
ampiitudea | |

During each cycle, the test specimen is subjected to an alternating
flexural deformatioh. The ability of this test specimen to store and
dissipate enerqy upon deformat.on is monitored by the DMA system. When
the test specimen is deformed and ﬁhen relaxed, a portion of the energy
required to defbrm the sample is dissipated as heat that s feiéased at
a.rate that is charécteristic of thé test material. This dissipation

energy, the ing, is characteristic of the molecular structure and

mechanical properties of the viscoelastic material being tested [27].

By monitoring damping energy as-a function of temperature, the
glass~transition temperature of the polymeric material can bé deter-
mined. Due to molecular chain movement at the g1ass~trénsition tempera-
ﬁure; a huge increase in damping energy will be noted.

The solution for the dyndmic equation of motion for the system
gives the foilowing're]ationshiﬁ between the dynamic modulus of elastic-

ity and DMA frequency [25]:

220 3 R
g = {00 2 K) (L (15)

v
ZW(%-+ Dy~

where
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E = Dynamic modulus of elasticity (Pa)

f = DMA frequency (Hz)

J = Moment of inertia of arm (kg » mz)
K = Spring constant of pivot (N o m/rad)

D = Clamping distance {(m)

W = Sample width (m)

T = Sahp]e thickness (m)

-
i

Sampie leagth- (m)

By monitoring the dynamic modulus as a function of temperature, the

temperature at which the polymer softens can be determined. At this

‘tﬂmperature the modulus decreases greatly.

By comparing outputs of damping and/or modulus versus teaperature
for various polymers, conclusions can be drawn ahout the effect of
molecular structure on DMA data. Fig. 7 is a typica] plot of damping
versus temperature for three polymeric materials [26). The large pea“
at the high température is the glass-transition temperz.ure of the

polymer. If the average molecular weight of the material could be

. decreased, the height of this peak would be increased. In addition, the

peak would shift slightly toward Yower temperatures. It is readily

-observable that differences in the molecular weights of different mater=

ials can be easily compared with the DMA technique. It should also be
noted here that a large distribution of molecular weigh:s would produce
a broader glass-transition teMperature peak than would a tight aistribu-

tion of molecular weights.
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Dynamic~moct iaical -analysis can be used to measure the effect of a

change in crosslink density on the damping characteristics of a poly-

meric material. A plot of'damping versus temperature as a function of

crosslinking is illustrated in Fig. 8 [26]. The giass—transition tem-
perature peak would be shifted toward lower températures as well as be
slightly increased in height if crosslink denéity were decreased.

Again, changes in polymers due to changésrin hoﬁecular arrangement are

easily detected with DMA techniques.

2.3 Effect of Residual-Stresses and Fiber Waviness on Modulus of Elas-

ticity

; :
Composite materials researchers have observed that when a U° graph-

ite-epoxy (or graphite-fiber, resin-mitrix composite) laminate is loaded

in tension, it exhibits nonlinear stress-strain response; the stiffness

increases with increasing stress. In addition, the nonlinear response -

observed is reversible over almost the entire rangé of allowable
stress. Reversibility is no longer possible only atter significant
damage has occqrred within the laminate. Significant damage s usually
evident only when the specimen has obtained ninety percent of its ulti=
mate stress [34]. The increase in modulus of elasticity can be as much
as thirty percent [3b].

Poisson's ratio of transverse strain comﬁafed L0 agialrgtrain also

exhibits nonlinearity in U°-specimens under tension. In this case,

 Poisson's ratio decreases with increasing applied load [34]. The

response is reversible until significant damage has been induced in the

specimen.
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The above observétions and laminate responses are nofed only 1in
specimens tested in the fiber'directioh, Off~axis 1amiﬁates and shear
specimens do not exhibit similar behavior.

Several investigators have performed studies aimed at_citing causes
to explain the nonlinear behavior. The two most cowmon exp]énations
involve the effect of graphite fiber waviness and nonlinear rééponsé of
the graphite fiber itself, |

Curtis, Milne, and Reynolds identified two modes of fiber behavior
which are altered by applied Yoad [35]. Initiélly, tﬁe increase in the
modulus of elastic%ty of carbon fibers is attributed to movement and
subsequent pinning of basal dislocations within the‘crystal1{ne struc-
ture of the fibers. This change fn crystalline orientation with app]ied‘
load is reversible. In the second mode, load applied to the fiber
causes straightening of the cellular structure of the fiber itself.

| Beetz performed a similar study and made the same observations
{36]. He summarizes by stating that the observed fiber stiffening can
be expliined by a strain-induced increase in the fibeé preferred orien~
tation and modeled by either a uniform stress or elastic unwrinkling
model. Conclusions drawn by both Curtis et al. and Beetz point to both

changes in crystalline orientations within the fibers and straightening

 of the fibers themselves.

With this information in mind, analytical and experimental investi-
gations were performed by Mansfield and Purslow, Bazant, Comninou and
Yannas, Bert, VanDremé] and -Kemp, and Pindera and Herakovich to deter-

mine the influence of fiber waviness on composite material properties

- [34, 37, 38, 39, 40, 41]. In these studies, unidirectional lamina with
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varying degrees of fiber waviness were modeled, observed, and character~
izéd. Results reveal that fiber waviness has negligible effect on the
modulus of elasticitx and shear properties when composite matrices are
stiff and brittle; However, in those systems where matrices are dﬁctile
and flexible, significant inf]uence is predicted and measuréd.v Fiber
waviness can significantly increase the modulus of elasticity of a 0°-
laminate provided the matrix of that composite is flexible.

Essentially straight fibers in a ductile matrix producé a greater

composite modulus than wavy fibers in the same matrix. For a composite

material, stiffness in the fiber direction is directly influenced by the

degree of fiber waviness.,

The amount of residual stress present in a composite laminate can
directly influence the degree of fiber waviness within that laminate
[42,43]. Composite laminates are manufactured at high temperatures
(250°F to 350°F) to allow the epoxy resin matrix materiai tn cure. Upon

éooling, the matrix will contract and the fibers will expend slightly,

‘due to differences in thermal expansion. Equilibrium is obtained when

compressive forces in the fibers equal the tensile forces in'the
matrix. This state of equilibrium of internal forces is termed the
residual stress state. Since the thin, slender tibers are in compres-
sioﬁ, they may tend to bucklé slightly. The larger the residual stres-
ses, the laryer the degree of waviness of the fibers.

The amount of residual stress present ir a composite Yaminate will
directly infldence the degree of fiber waviness in that lawinate. This
influence s also affected by the degree of ductility of the matrix

material. Fibers with a high degree of waviress will produce a com-

-
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posite material thatlis less stiff in the fiber direction as compared to

a composite containing straighter fibers. Redicing residual stresses

. within a laminate will result in straighter-fibers and‘therefore higher

values for the mbdu]ds of elasticity of that laminate.



111, METHODS AND MATERIALS

The experiments described here focused on two main objectives:
va) To determine the effects of a spacé environment on the mechani-
cal propefties of a graphite-epoxy composite, and
b} To characterize the chahges»in the epoxy matrix of this compos-
ite due to its exposure.
The material tested in this study:and the radiation facility used
to expose it are described in sections 3.1 and 3.2. Subsequent mechani-
cal testing is discussed in section 3.3. The methods used to character-

ize the epoxy resin matrix are presented in sections 3.4 through 3;8.

3.1 Material
The material chosen to be investigated in this study is T300/934

graphite~epoxy advanced conposite. Panels were produced following the

'manufacturer's curing procedures, Two 18-inch (45.72 centimeters) by

24-inch (60.96 centimeters) panels of 4-ply unidirectiona] material were

cured and used in the mechanical tests. One panel of similar size with

a [0/90]¢ lay-up was used in the thermal-cycling teéts. The laminates
S / .

e e e

were limited to a thickness of 4 plies (0,0242 inches, 0,615 millime=
ters) in order to ensure uniform radiation exposure through the thick-
ness of the éompositea Prior to use, these panels were ultrasonically
C-scanned to ensure integrity. '

Samples of the graphite-epoxy panels were tested for fiber volume,
volatile content, and density; these results are tabulated in Table 3.

These measurenents wera conducted for both the non~irradiated and the
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Table 3

Fiber Volume and Density of T300/934 Gmphite-Epoxy'Cmpositeo ’

_,;\' - "',:

7300/934, Graphite-epoxy

4-ply, unidirectional material

Fiber volume: 68%

[

Voiatile content: < 1%

Density: 1.568 g/cm3

Toames  ato NedTheasisms  Meve .

e
e
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irﬁadiated material and no differences could be detected. Dimensional

measurements were also made before and after radiation exposure, and no

-dimensional changes were discovered. A visual examination of the irrad-

~iated material detected a slight-darkening in color when compared to

non-irradiated material.
Prior to testing, all test specimens were placed in a vacuum drying
oven (1.0 x 10-3 torr, 110°F) for a minimum period of two weeks. A plot

of weight Toss due to moisture for this material is presented in Fig. 9.

3.2 Radiation Facility

A radiation exposure of 1.0 x 1910

rads was used in this investiga-
tion to simulate a "worst case” of 30 years ‘in space [7]. Electrons
with enerygies of 1.0 MeV were used which are characteristic of those’

found in the Van Allen radiation belts surrounding the earth [8]. A

~ dose rate of 5.0 x 107'rads per hour accelerated exposure times to 20U

hours. This translates into actual facwlity use times of 14 to 21 days.

The facility thdat was-used to produce radiétion eXpbéureS,for’this
investigation is the. Space Materials Burability quoratofy located at
<fhe NASA-Lang]ey'Reséarch Center in Hampton, Virgiﬁia (Fig. 10). This
installation uses an electron aéce1erator to produce a'lﬂ-inch {25.4~
centimeter) electron. beam capable of produéing exbosures of fhe,type

described above. A water-cooled backplate is used to keep the composite

" samples from overheating during their radiation exposure. This system

insures that the specimens will not experience temperatures greater than
100°F, and experience has shown that lower temperatures are more proba=~

ble. Using this configuration, a change in temperature (4T) from the
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- front surface to the back surface of the samples, during irradiation, is

not presént [44].

In preparat1on for a radiation exposure, composite samp]es are
f1rst attached to an aluminum plate (Fig. 11). The 10-inch (25.4-centd~
meter) circle inscribed on the p1atL 15 a guide to indicate where the
electron beam will strike the plate. The aluminum plate is then | |
attached to the water-ccgoled backplate of the exposure facility (Fig.
12). As seen in the photograph, a thermocoﬁﬁlé.is‘connected to the

plate to monitor tempehature and a Faraday cup is used to measure elec-

tron dose and dose rate. Thfs entire assembly is positioned in the

vacuum chamber of the facility and exposured to the electron radiation

(Fig. 13).

3.3 Mechanical testing

In order to characterize the inpilane tensile behavior of the graph-
ite/epoxy system being tested in this study, the following properties
have been measured or calculated: Ey, Ep, 512»>vi?; Vo Xy Yy and

S. A 0°-lamindte was used to measure X7 Eys and V12 which are proper-

" ties in the fiber direction. A 90°-laminate was used to measure the

transverse properties YT and Ey. As stated earlfer,'the shear strength;

S, was calculated from the 1U°-off axis specimen and the shear modulus,

'612, from the 45°-off axis specimen. Poisson's rat1o, Vops Was calcula~

ted from the following well known equation [32].

TETC Ve » - (16)

v
21 1
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Fig., 11.

Photograph of Graphite-Epoxy Specimens Attached to
Aluminum Backplate,
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A table of the laminates utilized énd the properties obtained is presen-
ted ianable'd.' |

. Mechanical tests were performed for both the non-irradiated and
irradiated matériél'over the temperature range of =250°% (116K} to
+25U°F'(394K); Table 515 the testing matrix that was used.

Test specimens were cut from the unidirectional panels of 13007934

. graphite-epoxy. The laminate was limited to a thickness of 4 plies in

order to insure uniform radiation exposure through the thickness of the
, 9 .

composite. A length and width of 6 inches {1v.24 centimeters) by U

inches (1.27 centimeters) was chosen to optimize the number of specimens

that could be placed under the 10 inch (2%.4 centimeter) electron beawn,
! p

without overly compromising on the aspect ratio (lenyth ta width) of the

- test specimen. Fiberylass tabs were used for 1oad introduction to
P .

prevent the mechanical grips from biting into the test coupon and damag-
ing the composite. Strain was measured with wide-temperature range

strain-gages (SK-06-125A0-350, Micro-Measursments)., The [UJ4 laminates

‘were fitted with both axial and transverse gages {“or measuremnent of

Poisson's ratio, vlzj, while all others were mounted with axial gage$'
only. A schematic of the test coupon used in this investigation is
presented in Fig. 14, while Fig, 15 is a photograph of an instrumented
specimen, -

A1l tests were perfaormed in an environmental chamber that uses
resistance elements for heéting and liquid nitrogenr.for cooling.,  The
heat from the resistance elements is circulated by an infernal fan., The
Viquid nitrogen evaporates as it enters the chamber~ and g circulated by

a slight overpressure from the nitrogen source. Temperature is moni-
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Tabie 4

Properties Measured from the Laminate Lay-Ups Used.

Laminate

lay-up - Pfopﬂrties measuréd
L], - XT;‘Ei“ V12
.[19°]4 s
Lus°], ;.
[90°], - ny £,
o K
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Table &

Test Matrix.

Test o . _
condition Temperature Laminate lay-up
' 37 0 0 i anQ
[°, [0, [, Lso ]
-250°F
(116K) 3 3 3 3
non- Room
irradiated temperature 3 ‘ 3 3_ 3
+250°F '
(394K) 3 3 3 3
-250°F
(116K) 3 3 3 3
10 Room
1.0 x 10 r;ds temperature 3 3 3 3
+250°F , ,
(394K) 3 3 3 3
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tored throughout the chamber by thermocouples placed at various loca-

“tions within the chamber; including one thermocouple attached difectly

to the test specimen. Tests were con&ucted at three different tempera-
tures:  ~250°F (116K), room temperature (304K}, and +250°F (394K).
Approximately one hour'was required to rea§h>both the low and high test
temperatures. Soak times of fifteen minutes were used to attain stable
conditions. |

The environmental chamber is mounted on an Instron testina
machine, The mechanical yrips, used to pull the composite cbup0n§ in
tension, fit entirely within the chamber. Load was measured by a resis-
tance load cell 1o¢ated outside of the chamber and isolated trom temper-
ature fluntuétions.. During a test, stress and strain data were autoha~
tical\y-AéQ periodically sampled and recorded by a computerized data
acquisition system. ‘After each test had been performed, all test data
were graphed, tabulaced, analyzed, and stored by the computer,

In preparation for -a mechanical teét, the graphité—epoxy sbecimens
are placed in the mechanical test grips (Fig. 16). Thesé grips are held
rigidly in place with C-clamps for alignment purposes. Hhen‘the mechan-
ical grips are positioned in the Instron test machine, a spacing bar
with two C-clamps is used to prevent flexing of the specimen durihg
placement. One C-clamp is removed inmediately before a test is tb 56
conducted (Fig. 17). An overall view of the mechanical measurenent |
facility showing the Instron machine fitted with an environmentdf cham~

ber is shown in Fig. 18, The temperature controls are located on the

'right~hand side of the tensile machine. The data acquisition equipment

is located on the left-hand side.
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Fig. 17. Photograph of Mechanical bGrips Positioned in Tensile
Testing Machine.
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3.4 Dynamic-Mechanical Analysis

Although the dynamic-mechanical analysis (DMA) technigue has been
used for several decades, its recent acceptance has come from the DuPont
981 dynamic-mechanical analyzer [4%,46]. With this instrument, a 1.U-

inch (2.54 centimeter) by 0.5-inch (1.27 centimeter) sample is clamped

" between two arms (Fig. 19}. Une arm is fixed, and the other arm is

moveable (Fig. 20). The test specimen and the arms are displaced and
set ihto oscillation by anvelectromechanica1 transducer through the
moveable arm. By means of a feed—baék loop, the sample is made~to‘
vibrate at its own natural frequency with a constant aﬁplifude. Then,
by compériqg the amount of energy‘required by the moveable arm‘to main-
tain the reépnant frequency of the sample, the tendency of the sample to
convert mechanical énergy inte heat when stressed is measured., This |
defines the inherent stiffness of a material as well as its damping
characterist1c§.

With the Y81 DMA analyzer, changes in the resonant-frequency of the
test material over a very targe selectable temperaﬁure range (-3VU°F to ..
+500°F) can be monitored. An overall view of the dynamic-mechanical

analyzer is snown in Fig. 21. Damping and the dynamic modulus of elas-

ticity (Eq. 15) are recorded as a function of temperatufe. From this

data, the glass-transition température of the polymeric matrix . can be
calculated. In addition, modulus and damping are plotted as a function
of tenperatufe.' \

The DMA technigue is very useful for comparing the temperature.
dependent characteristics of one polymer with another. In this study,

material that has not been irradiated has been characterized in both the
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fiber direction and transverse to the fibers. This was accomplished by
using both a 0° and a 9u° specimen. This data was then compared tc'data
from irradiated material. Radiation induced temperature dependent

changes f the graphite-epoxy composite system can be noted.

3.5 Thermomechanica] Analysis

Thermomechanical anqusisb(TMA) can also be used to measure the
glass~transition temperature of a polymer or-a polymer within a compos~
ite. This test will yield information about the softening points, phaSe
transitions, modulus chénges, and creep properties of the test speci-
men. DuPont manufacturers the 942 thermomechanical analyzér_to make
these measuremehts [47]. With this instrument, a probe is positioned on
the composite sample and loaded with a given load (diagram, Fig. 22 and
_photograph, Fig. 23), A small 0.25-inch_(0.64 centimeter) square sample
is placed under a probe with a steel ball of 0.125-inch (U.3175 centime-
ter) diameter attached to-its end. The stress is applied by means of a
15 gram weight positioned at the top of the probe, 'A record of the
penetration of the probe into the sample, by means éf a moveéb]e»core
linear variable differentiéi transformer (LVDT), is obtained as a func-
tion of temperafure. Peretration into the sample as well as expansion
of the specimen can be recorded with this equipment. .From the plot of
‘the displacement of the probe versus temperature, conclysions can be
drawn about the softening temperatures of the test material.

In this investigation, both nonirradiated and irradiated graphi e~
_epoxy composites were characterized by fhis techdique. From these:data,

radiation-induced temperature dependent changes. zan be noted.

e
- P
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Ceon _ : 3.6 Degradation Product Chemical Analysis
A , _ :
RO Results from the dynamic-mechanical analyzer and thermomechanical

analyzer (to be presented in a later section), indicate that by irradi-

ating a graphite-epoxy composite, degyradation products will be generated

due to chain scissibning and crosslink bréaking. kThése-degradation

;, ‘ products can be identified by using Infrared Analysis and Mass Spectro-
i 3 SCOPY .

v . . .

Once degradation products are identified, and by knowing the chemi--
cal s;ructure of the origina1>material, the parts of‘the epoxy hacromof
lecules which are susceptible to electron radiation can he discovered.

' R o From this informaticon, it may be possible to predict a degradation
e mechanism and possibly explain the observed chénges in mechanical pfo»
E X v | perties of this'graphite-epoxy system,

Degradation products are extracted from the irradiated composite

'matefial,by bbi\ing a sample of the laminate in acetone. The next step
S is to let the acetone evaporate, leaving behind a res1due'con$istingbof
| the radiation-induced degradation products.. This residue can be placed
in an infrared analyzer and/or mass spectrometer to chemica11y identify

its constituents and characterize these irradiation-induced byproducts.

3.7 Thermal Cycling’

In an extremely cold environment, large thermal stresses may
develop within‘a cbmposite laminate due to the mismatch fn the coeffi-
-'i)g' : cient of thérma] axpansion (CTE) of adjacent plies §t>different orienta-
tions [48], If thé-iﬁp!ane normdl stress becomes sufficiently ]arge;

transverse cracks (microcracking) will result.
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Since the graphite~epoxy material used in this study becomes very
brittle at low temperatures and very plastic at high temperatures when
irradiated (from results to be preéénted in a later section), its ther-

mally induced microcrackihg behavior may be altered.  Since the trans-

verse modulus of elasticity is. significantly increaséd when irradiated,

“the inplane normal stresses will be increased and microcracking may

occur, . :

Test specimens, used in this part of the study, were cut from the
[0/90]g panel of T300/934 graphite-epoxy. Samples had a length of 6
inches (15.24 centimeters) and a width of 0.5 inches (1.27) cantime-
ters). Test specfmens were.ultrasonicélly.C~scanned and examined by
opticai micréscopy, prior to use, to insure no midrocracking or delamiQ
natjoh was present. - The edyes of the Iaminétes were polished)to aid in
optical examination. Prior to thermal cycling, all test laminates were
placed in a vacuum drying oven (1.0 x 1073 torr, 110°F) for a minimum
period of two weeks.

The [0/9033 composite }aminates were expesed to e¢th of the follow-

ing conditions, and checked for microcracking.

1) Baseline {as is)

2)k Irradiated (1.0 x 1ty

rads).
3) 500 thermal cycles (#250°F).
4) First irradiated then thermally cycled.

5) First thermally cycled then irrddiated.
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The,thermai cycting eduipmént'used fdr this study was built ét the NASA-

- Langley Research Center and is illustrated in Fig. 24, The apparatus

has a hot chamber,that‘is kept at +250°F (394K) and a cold chamber that

s Kept at -250°F (116K). Specimens: are placed in a sliding tray that

slides from one chamber to the next and back again.. Thermocoup!es
attached to the samples Eegdlate soak times.- k |

~In preparation for thermal @ycling. the prepblishéd composite
speéimens.are»placed in a stainless steel "bag" as éhown in Fig, 25,
Thé.“bag"vié ihen‘ﬂelded shut and a vacuum is pumped within the "bag".

A stainless steel screen "box" keeps the "bag"'from collapsing on the

- composite laminates. The stainless steel “bag", containing the test

specimens,_With the vacuum pulled, is shown in Fig. 26. The “bag" is

then p]aced‘in the sliding tray Qf'the'thermal cycling equipment, Fig.

27,

Once the composite laminates have received their appropriate expos-

ure, the polished edges are inspected with the aid of .an optical micro-

scope for microcracks., The laminates were also inspected with x-ray

equipment.

© 3.8 Fracture Surface‘Ané!ysis‘

A scanning electron microscope (SEM) was used to examine the frac-

ture surfaces of the laminates broken duriny the mechanicel testing

- phase of this study - _MeChahﬁca1’tests vere performed over the tempéra*

bffqre radge;of“—ZsofF (116K) to +250°F (394K) for both the non-irradiated

and irradiated conditions. By greé;ly mqgnifying the fracture sUrfaces

of these laminates, differences in failure modes were observed. Obser-

FY
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vations of the temperature-dependent behavior of the non-irradiated
laminate failures were compared to the irradiated laminate failires.

{Note: these laminates cannot actually be observed at the test tempera-

ture used.)

SEM inspection was made on the matrix-dominated fracture surfaces

“of the [90], laminate. This laminate fails in pure tension. Observa-

tions were also made on the [10], laminate which éhould fail mostly by
shear {311, Inspection of the [U], Taminates was impossible, since
these laminates are almost completely destroyed at failuré. Inspection
of the [45]4 fracture surface was not deemed appropriate since this
laminate fails in a>mixed tension and sheaf mode.

Photagraphs of the fracture suffaces were taken for both fhe non-
irradiated and irradfated‘[90]4 aﬁd [10]; taminates at all three test
temﬁeratures (-250°F (116K), room tenperature, and +250°F (394K)) at
magnifications of 375x and 3,300x. A}l fracture surfaces were coated

with gold-palladium prior to SEM inspection.
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IV, RESULTS

The resu}ts'obtained in.this 1nvest{gation inté the effeﬁts of a
space enviroﬁment on graphite-epoxy composite can be divided into the
fol towing ﬁhree topics: | |

1) The effect of electron radiation on inplane mechanical proper-~

ties of the composite as é function of temperature (sectioﬁ s.1).

2) Characterization of the degrading effect of radiatiohlon the>

epoxy resin matrix material of the composite (section 4.2).

3) ylnspection of the fracture surfaces pfoduced by failure of both

non-irradiated and irradiated graphite-epoxy 1aminates (sectﬁon

4.3).

4.1 Effect of Radiation on Mechanical Properties

The elastic and strength properties ¢f T300/934 graphite~epoxy are -
presented tirst with the non"irradiaced laminate data, and tﬁen secondly
by'adding the irrcdiated data. Figurss 28vthrough 31 ére the stress-
strain curveé (as a function of temporatvre) for non-irradiated
T3UO/934. The data in Figs. 32 ihrough 3% are the stress-strain curves
with the irradiated data addéd. Results for the noh"irrad\ated efastic
properties as'a function of temperature are iltlustrated in Figr. 36
through 42 and with the irradiated data added, Figs. 43 through 49,
Non~irradiated strength data is presented in E*g3’ 50 through 54 and
with the irradiated data added, Figs. b5 through'39. Al test data are

tabulated 1n Tables 6 through 8. Bar charts of temperature-dependent

69
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changes (compared to room tanperatufe) in mechanical properties for both
non-irradiated and irfadiafed Taminates is shown in Figs. 60 and 61, A
bar chart of radiation-induced changes in mechanical propertieskas a
function of temperature is shown in Fig, 62, Polynomial regression

coefficients are listed in Tables 9 through.ll; Individual test results

“are tabulated in the appendix (Tables Al through A4).

4.1.1 Stress-Strain Curves

The data presented in Figs. 28 and 32 show that the stress;strain
behavior is nearly linear for both the non-irradiated and irradiated 0°-
material at all test temperatures. The U°-material does exhibit a
stiffening behavior at high strains, as expected, for all temperatures
[34]. Very little temperature dependence is noted (Fig. 28). Etectron
irregdiation tends to increase slightly the modulus at all test tempera-
tures (Fig. 32).

Axisl stress=strain behavior for the otﬁer laminates is roughly
Tinear at low and room temperatures for bhoth the nonmihradiated and
irradiated cases (Figs, 29~31, 33-35). At -250°F (118K}, the stress-
strain curves are essentially linear. As the ﬁest fmnperature is

increased, the elastic modulus decreases and thie degree of nonlinearity

increases. Significant noniinearity is noted in the bchavior of the

non-irradiated larminates at the elevated temperature (Figs. 29-31).
This behavior is as expected in view of the known influence of tempera-

ture on the response of the epoxy matrix material. - Extreme nonlinearity

is noted for the irradiatced material at +250°F (394K) (Figs. 33-39).

This behavior is largest for the [1U], and {481, laminates.
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Radiation greatly increases tae plasticity of the epox. matrix
material at elevated tempertures, but not sic.ificantly at Towor tgmper-
atures. . Th1s plast1c1ty 1s attributed to the eroxy because it is known

that the fibers ~xh1b1t ]1near pehavior and further because the nonline-

arity is more pronounced in matrix dominated hehay.or with high shear.

Furthermore, graphitc fibers are thought by most researchers to be inert

under radiation because 'of studies pe-foriad on carbon control rods “hat

are used in nuclear reactors.
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. -elevated temperature and roughly unchanged at the low %emperature, as
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4,1.,2 Flastic Propertiés

0°«Lamin3te: Ej,i The experimental” results for the elastic.modu~"
lus, Ej, are plotted as a function of temperature fof the nen-irradiated
materiél in Fig. 36 and for the irradiated materfal.in Fig., 43. For the
non*irradiated material, the modulus is 2 to 3 percent higher at the
compared to. that measured at. room temperature (Fig. 36), For the frra-
diated material, the modulus is only 4 to b‘percéht higher at thé eleva-
ted temperature, and again almost unchanged at the 10Qer.temperature‘

(Fig. 43). There is more scatter in the data for'the irradiated mater-

~ial. Over the entire temperature range, the ircadiated material has a

higher modulus of elasticity than the non-irradiated material (Fiq.

~43). This increase is from 2 to 4 percent.

Since finer properties are indépendent of temperdture (6ver this
range), the temperatufu'dependence observed here is a function of the
changing matrix properties, fiber waviness, and residual stresses [42,
43].  The hiyher modulwvs at the elevated “émperature fs believed to be
due primarily to reduced residual stresses which result in Tover matrix

stresses. Lower stresses in the matrix results in a higher modulus of

“the composite due to the absence of nonlinear watrix behavior and fiber

waviness [Bb-&i]...

Since, in‘a]]‘cases, the modulus of the irradiated material 55
higher than that of the non-irradiated material, it appears that the
irradiated material has tower residual stresses and, cﬁnsequent?y,

straighter fibers than the non-irradiated material. We can conclude
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-herg that electron'irraqiation aéts to reduce residual strésses in the
epoxy matrix resulting in somewhat higincr modulus,

lgj:ggﬁjgggg, Results for the axial mnduius of the [10]4 taminate

are shown in Figs 37, The modulus of this laminate exhibits a 1ineaf
temberature dependence, with larger values of stiffness at lower temper-
atures. Modulus values are 22 pércent higher at -2%0°F (116K) and 22
percent lower ét +250°F {394K), when ;ompared to room tmnperatur¢5

Data taken from irradiated laminates are added in Fig. 44, At all
temperatures, the moduli from the irradiated material are lower’tnén
those taken from the non-irradiated material., These values range from 7
percent lower at the low test temperature to 26 percent lower at the
high test temperature.

Note that the 10°-off axis épecimen was chosen to measure Shear
strength only, these results have been inc!ﬁdoﬁ for the sake of com~
pletenesss |

4b°-Laminate. Fig. 38 presents the axial modulus of the [45]4
Teminate as a function of temperature. A linear depondencé is noted,
with larger values of modulus occurring at Tower temperatures,

ness values are 55 percent higher at -250°F (116%) and 15 percent lower
P e

at +25U°F (394K), when compared to room temperature.

Data for the irradiated Taminates are added in Fig., 45, At low

temperatures, the moduld from the icradiated material sre larger than

those from the non-irradiated material. At high temperatures, these

vaiues are smaller. A three-percent increase over non-irradiatod data

is noted at the low test temperature, and & 25-percent decrease $s noted

at high fest temperatures.
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Again, note that the 45%-off axx ,pecxmen was chosen primarily for
shear modulus measurements.,  These results have been included for the
sake of completeness,

90°-Laminate: E,. The results for the transverse modulus, Ea,for

the non-irradiated material, indicate that there is a 33-percent
increase at the low tempecature and a 10-percent decrease ét the hfgh
temperature (as compared to room temperature; Fig. 39). The epoiy
matrix material is stiffer at the low tmnperétUres and softer at high
temperatures. Lpox1es are known to exhlblt this type»of behavior. The
irradiated case shows a 40-percent increase at the Tow test tmnpexature
and a eu»percent decrease at the high tanperature (Fig. 46). Alsn, at
room tmnperatulp, the irradiated modu!us is already 1U porcent N1ghm
than the non-irradiated modulus. This places the 1.rad1ated material

“data higher tﬁén the non-irradiated data at tie Tow test temperatureg,
but lower than the non-irradiated material at the elevated tomperéture
(Fig. 45).

A lower transverse modulus at the elevated tempérdtu'e for the
irradiated case as compareﬁ.with the hoh«irrgdiated miterial is con-
sistent with the increased plasticity noted in the stress-strain
curves. Upon irradiatioﬁ, the elastic modulus decreases. and the degree
of nonlinearity increases at the elevated temperature. The behavior of -

_the transvefsé modulus at the low test t(npv"»tuxé is not as easily
explained (irrddidted coparad to nonwirr&diated).‘ Somg other effect

must He occy rring that can not be identified at this time. Alsy note

here that residual stresses do not play as la e a rote in affect
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ing transverse modelus as comparad te. their.influence in the fiber

direstion,

Shear Modu]us,'GL&. Figure 40 shows that the shear modulus of the

non-irradiated material is 70 percent higher at the low temperature and

18 percent lower at high temporature, as compared to room temperature.
ivis is consistent with the epoxy's behaviur as shown in previous
results. For the irradiated material, the shear modulus is 45 percent

higher at the low test temperature and 49 perceni iowar at the sluavated

“temperature (as compaired to room temperature, Fig. 47). Over the eatire

temperatdre range, the shear modulus for the ipradidted Case is equal to
or lower than that measured for the non—irradiated‘material (Fig. 47).
The data radge from roughly equa?'at the lower temperature to 3U'percent'
low¢r’at the higher temperature (iréadiated compared to nonwifradiated).
| These data indicate that shear behavior of & laminate is maiﬁly

iofluenced by the plaséic,behavior of that laminate. At high teﬁpera~
tures, where ﬁhe irradiated material becoﬁes imch more.pléstic than thé
non-irradiated materiaﬁ, the shear modulus decreases. At lower Lenpcraw'
tures, where no plastic behavior is ooserved in aither the nen-irradi-

ated or irrediated laminates, the shear modulus is the same for both

non-irradiated and irradiated materiais.

Pofsson's Ratio: via. Pois&en‘s rgtio le,wés:measuréd during the  _
D-material téﬂt by taking the r&tio of the strain measured by the
transverse strain-gage to that measured by the axial gaye. These
results for the nmn=-irradiatad case show that Poisson'’s ratio reméfns

roughly the same 4 Tow temperatures, as compared 1o room temperature,

but increases by zbout 10U percent at the elovated test temperature
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(Fig;‘él); Tnisbincrease at higher temperatures s consistent with the
increase in p]asticityvat‘hfgher tanpefatures noted in the stress~st§gin
behavior. The irradiated data exhibits a 404pértent increase in
Poisson's ratio at the elevated temperature, but also a 30-percent
increase at the low temperature as well (as zompared to roon tempera-
ture, Fig, 48). Poisson's ratic for the irradiated material is higher
than th. non-irradiated material at hoth high and low temperatures, but
lower at room temperature (Fig. 4%), .

The large‘increase in Poisson's ratic for the irradiated data at
elevated temperatures is consistent wiﬁh thevéxtraue amoufits of plastic~
ityvndted at this temperature in the stress-st-ain curves. However, the
reason for the increasa in Poisson's ratio atv the low temp@r&tu?e-for
this material is not immatiately apﬁarent@ |

The fact.that Poisson's ratio for the ircad)1ted waterial is Yower
than that for the noﬁ«irraQiated material at room temperature ma, e
attrgbuted to reduced residual stresses in the irradiated 0° Taminate.
Lower residual stresses result in straighter fibers. Stratghter fihers

ive rise to a decreased Poisson's ratio, v,, [34],
g l‘)-

PLoisson's Ratio: v,

4y Poisson's rdtio<v21 was calculated frsh Eyy
o, and Vi 4sing eq. 16, The calculated values for the non-irradiated
data are plotted in ?ig. 42, There is no change between:reom and eleva-
ted tamperatures, but a 34mperceﬁt increase is noted at the low temper

a-

ture,  The modulus ratio, Eo/E), s larger at the low temperature com-

pared ty the room temperature ratio and Vis 18 constant. Thus, a

higher v

p ab the low temperature would be expected. The wadulus ratia,

3
L




E2/El, is smaller at high temperat .re compared to the room temperature

B value, and vip Js targer. Thus, Vo1 does not significantly change.
: ‘ The calculated values for the irradiated data are shown “n Fig.

49. Trere is no change between room and elevated temperatures, but an

SR 84-percent increase is noted at the low temperaturc. No difference is
2 seen bhetween irradiated and non-~irradiaeted material at room and elevated
e : . . . . :

e E temperatures. Poisson's ratio, vopr is calculated to be large at the
Tow tamperature for the irradiated data as compared to the non-irradi-~
ated data.
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4.1.3 Strength Properties

0°-Laminate: X;. Figure 50 shows that the ultimate strength of

the 0°~laminate for non~irradiated material is highest at room tempera=-

Cture. At -250°F (116K) the average strength drops by 37 percent and at

+250°F (394K) the ultimate strength drops by 13 percent. At the lower
temperature, the watrfx becomies stiffer and more brittle, resultihg in
higher resival siresses an. iess-efficient load transfer in regions of
siress comrentration such as atvfiber breaks. At the elevated tehpéra4
ture, the matrix becowss soft and pliéble, In this condition, the
matrix is too pliable for efficient load transfer arﬁund fiber breaks,
and again, the stfength drops.

Data from the irradiated laminates are presented in Fig. %5,
Again, strength is highest at room temperature and decreases byv43
peréent at the low test tewperature and by 27 percent at the high test

temperature. There is a large amount of scatter in the data for both

. the non-irradiated and irradiated laminates. This is typical of ulti-

mate strength data for composites.
Little difference is noted in the ultimate strength of the non-

irradiated compared te irradiated iaminates over most of the temperature

‘range. However, a slight decrease in strength for the irradiated mater-

ial is noted at elevated temperature. Both laminates exhibit brittle

behavior at 1ow_temperatures (El data, Fig. 43) which results in lower

- values of ultimate stress. On the other hand, at elevated temperatures,

 the irradiated material becomes more pliable than the non-~irradiated

material, which leads to a decreasse in ultimate strength. This is

probably due to less efficient load transfer at fiber breaks.

—
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10°-Laminate. Results for the ultimate strength of the [10],
laminate are shown in Fig. 51. Strength is highest at room tempera-
ture. Average stress values are 26 percent lower at -250°F (116K) and

40 percent lower at +250°F (394K), when cempared to room temperature

values.,

Data taken from irradiated laminates is added‘in Fig. 56, Over the
entire témperature range, the irradiated strengﬁh is either equal to or
less than the non-irradiated strength. Irradiated data are roughly
equal to the non-irradiated data at -250°F (116K) and drops to a 32
percent decréase at the elevated temperature. |

The ultimate strength data‘obtained from this test were transformed

'according to Eg. Y to produce shear strength data. This laminate fails

primarily by shear stress. The above results have been included for the
sake of completeness. |

45°-Laminate. Fig. 52 presents the ultimate strength of the [45],
laminate as a function of temperature. Strength is highest at room
temperature, dropping by 12 percent at the low test température and by
28 percent at the high test temperature.

Data for the irradiated laminates is added in Fig. 57. U]iimate
stress is roughly eqgual are both non-irradiated and irradiated Taminates
at room temperature. However, at -2%0°F (llﬁk) the irradiated values
are 19 percent lower than the nen-irradiated values, and at +250°ﬁ
(394K) the irradiated values are 37 percent lower tnan the non-irradi-

ated values,

i ..»,-.‘.-.m‘\ar‘:ﬁl‘lwﬂwgr
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~Note that the 45°-off axis specimen was chosen primarily for shear

modulus measurements. These results have been included fqr the sake‘of
comp1etehess.

90°~Laminate: Yo Strength data in Fig. 53, for non-irradiated

laminate, shows that the ultimate strength of the YU°-material foilowé

the same trends as the 0°-material. Tha éxperimental values are highest

s h

at room temperature and drop at both higher aﬁd_?o&er temperatures. The
drop at -250°F (116K) is 51 percent and a 28-percent decrease is
abserved at +250°F (394K)., On thévavérage, the ultimate stress of the
irradiated material 15 Jower than that of the nonuirradiétgd data (Fig.

58). Subjecting the composite material to electron radiation at room

temperature'drops the dverage strenglh by 26 percent.  This value is

lowered by 60 percent at thé-]ow test temperature and is also decreased
by 16 percent at the high temperature. Again, note that thére‘is a
1érge amount of scatter in the data, this is typical of Y0° material.

Déta collected from the [90], Taminates causes one to conclude that
the epoxy resin is degraded by irradiation. The matrix is more briftie
at low temperatures and'more pliable at high temperatures, when compared
to non-irradiated material.

Shear Strength, S. Shear strength data for the non-irradiated test

condition is presented in Fig. 54. A similar trend, as with the Xy and
YT data, is also noted here. The largest va1ue is measured at room
temperature, a 26-percent decrease is observed at the fow temperature,
and a 40~pércent drop is measured at tﬁe elevated temperature. Qveb'the
entire temperature range, the irradiated shear strength is either equaf

to or less than the non-irradiated strength average (Fig. 59),‘ Ag with

£
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the shear modulus (Fig. 47), the irradiated data are roughly equal to
the non-irradiated data at -250°F (116K) and drops to a 32 percent |
decrease at the elevated temperature. For the irradiated material, a
drop of 22 percent is noted at the 1ow.temperature, and a drop of 56
percent is noted at +250°F (394K), as compared to room température
data. This is in addition to a 7 percent decrease in shear stredgth of

irradiated data compared to non-irradiated data at room temperature.
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Table 6

Hon-lrradiated Dats as a Fumction of Twmeratubes

. Percent change
Temperature Material Non-{irradiated from. room
property
_ ksi/msi  (MPasGPa) temperature
XT . 140.9 {972) -36.6
YT 4,56 ( 31) -51.3
-250%F S 7.34 { 51) -26.0
(116k) E, 18.62  (128) - 1.4
E2 1.829 (12.6) +32.9
2 V12 ¢.3129 n.c.
612‘ 1.170 (8.1) +70.1
Ay 222.1 (1531) -
YT 9.237 {( 65) -
Roum vimre .i_ - _3:92 ,.......( ..E.{i) L. ......... c—
t&n];’..‘f.‘r'ﬂture EI 18.88 130 -
i Ez 1.376 ( 9.5) -
Vi2 0.3143 -
G12 0.688 { 4.7) -
'XT 193.7 (1336) -12.8
YT 6.76 ( a7n) ~27.9
+250°¢ S 5.9 ;_( BRI L —
(394K) E, 19.03  ( 131) + 1.6
52 1.241 { 8.6) - 9.8
VIZ 0.3447 + 9.7
612 0.563  ( 3.9) -18.2
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Table 7

Irradiated Data as a Function of ?cmp@ratur@w

. - | Percent éhan e
Temperature | Material 1.0 x 1010 rads " from room g
property .
: . L, temperature
ksi/msi (MPa/GPa)
Xp 127.3 (878) -42.8
Yy 2.81 ( 19) -59.7
_250%F s 7.25  ( 50) -21.6
(116K) £ 19.16  (132) n.c.
E2 2.123 (14.6) +60.1
‘vlz 0.3682 +30.1
G12 1.123 ( 7.7) +44.5
XT 222.6 (1535) -
YT 6.98 { a8) -
Room . E__ I 9.25 "MJ 64) -
teniperature El 19.3] ( 133) -
EZ 1.515 (10.4) -
v12 0.283} -
Gy, 0.777 { 5.4) -
XT 161.5 (1114) -27.4
YT : 5,88 ( 41) -15.8
+250%F s 4.06  ( 28) -56.1
(394K) Ey 1976 ( 136) v 2.3
E2 1.064 (~7.3) -29.8
le 0.3970 +40.2
Giz 0.397 (2.7) -48.9

'
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Teble 8
Hon-Irradiated Data Compared to Irradiated Data as .a
' Function of Temperature.
C -/
!
t
i. .
! |
Temperature Ei:g;iz; Non-irxfadiated 1.0 * 1010 ra.dsv zﬁ;f‘g:t
v ksi/msi  (MPa/GPa)lksi/msi (MPa/GPa) .
L e - e T ————— e
//g, Xy 140.9 (972) | 121.3  (878) | - 9.7
RO _ Yy 4.56 ( 31) 2.81  (19) -38.4
-250% S 7.34 ( s1) 7.25 - ( 50) n.c.
-4 . dnaressinn o Lo amates. e e Cema—cn ————r womm— oo w——e
; ' (116K) E, 18.62  (128) | 19.16 (132) | + 2.9
h 1 g 1.829  (12.6) | 2.123  (14.6) | +16.1
A - _ ' vig i 0.3129 0.3682 +17.7
Gy, 1170 (8.1) |23 (2.7 - 4.0
Xp | 2zt (1s3n) | 222.6 (1835) n.c.
Yy 9.37 ({65 6.98 ( 48) -25.5
room  p Sl %% (68 | 925 (6 | -68
5 temperature £, 18.88  ( 130) { 19.31  ( 133) £ 2.2
% E, 1.376  ( 9.5) | 1.515  (10.4) | +10.1
! ' ‘ '
§ , Vis 0.3143 0.2831 -11.0
g 6y 0.688 ( 4.7) 0.777 - ( 5.4) +12.9
by - X3 153.7 (13367 | 161,85 Tii14) -16.6
- : \ | A
S Yy 6.76 { 47) 5.88  ( 41) -13.0
_ ET‘ +250°F S 5.97 _( 41) | 4.06 ( 28) -32.0°
T (394K) Elih 19.03  ( 131) ;§T3sff"(-;§3)“w“‘ « 3.8
E, 1.261 (1 8.6) | 1.064 ( 7.3) -14.3
Vi, ' 0.3447 0.3970 +15.2
6yp. 0.563 ( 3.9) | 0.397 (2.7 -29.5
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Tabie 9

Polynomial Regression Coefficients for Elastic Proper-
ties Tewperature Dependence.

Test. Material C0 C1 ' C2
condition property
L msi  (GPa) msi  (GPa) | msi (GPa)
£ [0°] 1.8814E+01 | 8;13335404 2.0915E-07
1t 4 | (1.2972E+02) | (5.6079E-03) | (1.4421E-06)
£, [10°] 1.0980£+0) -9.0478E~03 .
Non x* 4 W (7.5707E+01) | (~6.2385E-02)
irradiated
£ [450] 2.1260E+00 -2.6151E-03 .
%' ¥ J4 ql (1.4659E+01) | {-1.8031E-02)
£ {900} 1.5140€+00 +1.2025E-03 -
-2t 4 - (1.0439£+01) (-8.2912E-03)
£ [Qo] 1.9182E+01 1.2000E-03 4,50396-06
1’ "4 (1.3226E+02) | (8.2740E-03) | (3.1056E-05) |
£ [100] 9.8204E+00 -1,0972€-02 B
r & [ 1% - -
1.0 » 10}0 rads % 4 (6.771hg40}) (~7.5652£-02)
£, [45°, | 2.1208E+00 ~3.3975E-03 i
x' 4 |t (1.4623E+01) | (-2.3426E-02)
£ [900] 1.6228E+00 -2.0800L-03 .
2! 4 1} (1.11896+01) { (~1.4342E-02)
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Table 10

Polynomial Regression Coefficients for Stnength Proper-
ties Temperature Dependence.

c

1.0 % 1010 rads

(4.12638+02;

1.6822£401)
(1.09096+02)

6.7293E+00
(4.6399E+01)

(~2.5755£-01)
-7.1857£-03

{~4.9552E-02)

6.1467E--03

{4.2381E-02)

Test Material 0 c1 <,
condition property &
v ksi  (l4Pa) ksi (Mpa)i ksi - "(MPa)
X, [0°] 2.1891E+02 1.0547E-01 | ~8.2583E-04 |
T 4 | (1.5094£+03) | (7.2722E-01)[(~5.6941E-03)
_ o ..o [10°] 6.1621E+01 | ~1.60276-02 | -2.6290E-04
Non ult” “Y 4l (8.2488E+02) |(~1.1051E-01)}(~2.5022E-03)
frradiated o [4s°] 1.4937E+401 | ~4.49338-03 | -5.6972E-05
ule® V0 44l (1.0299E+02) | ~3.0981E-02){(~3.9282E-04) |
v, [90°] 9, 40036400 4.6067£-03 | ~5.9818C-05
T Y Al (6.48156401) | (3.0384E-02)|(-4.1245E-04)
x.. [0°] 2.25398402 6.8400E~02 | ~1,7958E-03
T Y f4 ) (1.65418:03) | (8.7162E-01)](~3. 9345E-03)
5.9845E+01 | ~3.7353E-02 | -4.28708-04

(~2.9558£-03)
-1.2035E-04

(~8.2981E-04) |

~3.8175E~05
(-2.6322E-04)
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Table 11

Polynowial Regression Coefficients For Shear'?’mpérﬁes '
and Pois_smﬁs Ratio Temperatusre Dependence.

Material

Test c c €2
condition = |property 0 1 o
: ksi/msi (MPa/GPa)|ksi/msi (MPa/GPa)|ksi/msi (MPa/GPa)
S s T e |
s 1.0536E+01 " w2.7400E-03 -6.2048E-05
: (7.2646E+01) (~1.8892€-02) (-4.2782E-04)
6, | 8.409-01 ~1.2476E-03 )
{5.7982E+00) (-8.6022E-03) .
Non o S o o el
frradiated Vip 3.0702€-01 © 6.3600E-05 3.4797€-07 "
o (2.1169E+00) (4.3852£-04) (2.39936-06)
v 2.3940E-02 -1.6400E-05 - 4.25676-08
21 . || “(1.6507£-01) (~1.1308E-04) (2.9350€6-07) .
s 1.0233E+01 -6.3800£-03 w7.3298E-05
(7.0557E+01) (-4.3990E-02) (~5.0540E-04)
6y, © 8.0407E-01 -1.3942€-03 N
[ _ R e
1.0 x 1010 rads (5.5441E+00) (-9.6130£-03)
' Vi, 2.6659€.-01 5.74675..05 1.8562E-06
(1.8381E+00) ’3.9623E-04) (1.2798£-05)
Vo 2.4683E-02 -3.8800E-05 1.03326-07
(1.6991E-01) (~2.6753£-04) (7.1239E-07)
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4,2 Effect of Radiation on the Matrix Material

The previous section presented results illustrating thét electron
irradiation adversely effects the mechanical properties of a graphite-
epoxy composite. Now it is important to determine why this has occur-
red. Literature indicates that ionizing electron radiation alters the
polymer nmatrix meterial by aiterihg the chemical bonding within the
polymer. Studies have shown that electron radiation degrades polymers
by changing the crosslinking and scissioning molecular chains within the
mécromolecules of the polymer [49]. The next step of this study, there-
fore, has been to determine whether oE not the epcxy matrix used in“;his
study has been altered and to what degree. Several technidues have been

employed and their results are'discussed below.

4.2.1 Dynamic-Mechanical Results

The data presented in Fig. 63 is a plot of damping versus tempera-
ture for both the non-irradiated and irradiated [034 OMA specimens

(section 2.2.2). A decrease in the glass-transition temperaturev(Tg),

for the irradiated sample, from 410°F (483K) to 3UU°F (422K) is immedi -

ately apparent. In addition to this 110°F (6IK) drop in the glass-
transition température, the peak has increased in height and shifted to
the leoft. Suéh a sh%ft indicates a decrease in the averaye molecular
weight of the polymer, as well-as a decrease in crosslink density

[26], 1t appears that irradiating the graphite-epoxy decreases both fts

average molecular weight and crosslink density, leading to a substantial

decrease in the glass~transition temperature of the epoxy polymer.
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Fig. 63. Damping versus Temperatdre for Both Nea-Irradiated and
Irradiated [0, DMR Specimens.
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Fig. 64 is a plot of dynamic Young's modulus as & function of

‘temperature for the same [0]; laminates. The dynamic modulus of the

non-irradiated material begins to decreése at 350°F_(450K). Tﬁe dynamic
modulus of the irradiated material begins to decrease at 250°F (394K),
This is a 100°F (56K) char;geo The irradiated material loses its stiff-
ness at a lower temperature than the non-irradiated material.

Experimental results for non-irradiated and irradiated [901, DMA

specimens are shown in Figs. 65 and 66, Trends similar to those noted

for the (0] laminatés are noted here for both damping versus tempera-
ture and dynamic modulus versus temperature for the [90]4 laminates.

The broad peak present in the damping plot (Fig. 6§;,For the irradiated
material is an indication tﬁat a large distribution of molecular weights
is present in the polymer [26]. ~Irrédiatfng the graphite«eboxy compos-
ite not only produces a decrease in average molecular weight, the dise-

tribution of these weights is increased,

4,2.2 Thermomechanical Results

The data shown in Fig. 67 was produced from thermomechanical analy-

sis (TMA) of both non-irradiated and irradiated material. For the non-

irfadiated 1aminaﬁe, the probe begins penetrating into the'CCmposite at
325°F (436K) indicating that fhebepoxy begins £o soften at this tempe;*aw
ture. For_the;irradiated laminate, the weighted probe begins penetrat-
ing into the composite at 175°F (352K). This represents a-decreasé‘of
150°F (84K) in the softening temperature of the epoxy resin.

However, the most surprising results occur when the irradiated

laminate reaches a temperature of 350°F (450K). At this temperature,
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Fig. 66. Uynamic Young's Modulus versus Tmm@mture for Both
Non~irradiated and Irradfated [90]; DMA Specimens.
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Figo. 67. Thermomechanical Analysis Results for Both Hon-
Irradiated and Irradiated Specimens.
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=thé probe is pushed out of the graphite-epoxy toﬁposite. When the TMA
sample was visua\ly inspegted,.it was discévered that the laminate
contained "bubbles" which had caused delaminations that had pushed the
probe out of the sample. . A photograph of thése delaminations is shown
in Fig; 68. Apparently, the volatile low molecular weight products,
produced by radiation, boil off at this temperature, Gas_pocketS’are
formed that cause delaminations as the trapped gas expands. |

A summary of radiation induced changes, in the'epbxy resin of this
composite system, are tabulated-in Table 12. Results from dynamic~
mechanical analysis (DMA) and thermomechanical analysis (TMA) were used

to compile this table.

4.2.3 Degradation Product Analysis

Results from dynawmic-mechanical analysis (DMA) of irradiated lami-

g) by
110°F (61K). Results from thermomechanical analysis (TMA) show that
volatile products gasify upon heating to biister and delaminate fhe
composite. Based up§n these observations, it appears that electron
irradiation chemically alters the structure of the epoxy to provide d
Tower gIass—tranSition temperature and to generate low boiling point
degradationbproducts. Tdentification of these prbducté was accémplished
by extracting them from the irradiated combosite'mater€a1 and thenv
characterizing them with infrared spectrophotometry (1R) and mass spec-
trometry (MS). |

Degradation byproducts, produced by irradiation and measured by.

these two methods, are indeed low molecular weight species. ldentifica~
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Table 12

Table of Radiation Induced Changes in the Poﬁyrﬁeric Hatrix

Polymer matrix

characterization Non-irradiated 1.0 x 1010 rads
parameter o
. | 0 0 -
Beginning of dropoff 3507F . 250°F
in dynamic modulus (450K) (394K)
Glass transition 416°F 300°F
temperature (483K) (422K)
Beginning of - 3269 175%
- plastic behavior (436K (352K)
Tempﬁrature at which . 350°F
delamination begins (450K)
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~ tion of these species indicates that the network structure of the epoky
remains basicaily intact following irradiation. However, Small,parts of

the epoxy are separated from the main md}ecular structure by chain

scisson and crosslink breakage. These products are generally small when
”ﬂA compared to the érosslinked,netwofk. There are also indications that

! the majority of these degradation products come {rom the epaxy process-
ing additives and not from the primary epoxy components (Fig. 69).
= ;‘ : ‘ Results from the DMA tests can be‘explainéd with this kho&1edge{
| The formation of low molecu?ar.weight degradation products provide a
P : . wide distribution of molecu]ér species that are able to absorb eﬁerqyf
é: - | | oVer an extended temperature range when compared to the non«irfadiated
;?‘I - : matefia1.  A wider Tg peak occurs at a lower temperature.
- /”l< . Low ho]ecular weight prodycts will also haQe a low boiling potnt.
| At 350°F (450K) these byproducts gasify, thus expléﬂning-the TMA
results. ' ' ' |
-f 271' - _ Mechanical results are also exp ained by these radiafion degrada-

. | tion products. Because they ére small relative to the epoxy network

4 | stfucture, these products act as plasticizers at high temperatures (thus
, ; | lowering Tg).v Below room temperature, they act as antiplasticizers és}
é . o they fill the free'volume between long molecular segments and "freeze

S ‘ out” to generate a "glass" that effectively embrittles and stiffens the

e matrix.

4.2.4 Thermal Cycling Results

The optical photographs presented in Fig. 70 were taken during the

thermal cyclihg phase of this investigation., The micrographs were
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obtained by photographing the pre-polished edges of the [0/90]5,

T300/934 graphite-epoxy, laminate. Each photograph is rebresentative of

~ /one of the five exposure conditions employed.

The "as is" or haséline photograph (Fig. 70a) shows no 1ndication.
of microcracking;bthus assuring that no microcracking was preéent before
any of the following exposures.

Following a radiation dose of 1.0 x 1019 fads;;inspection of the
Taminate's polished edge revealed no wicrocracking (Fig. lob)ﬁ_ Also, .
for the laminate exposed to 500 thermal cycles (-250°F (116K) to +250°F
(394K)}), no microcracks were observed (Fig. 70c¢). |

However, a combination of radiation and thermal cycling (£250°F)
produced microcracks. The laminate in Fig. 70d was first thermally
cycled and then 1rradiated. Microcracks, as shown, were present in sone
of the laminates exposed. The lTaminate in Fig. 70e was first irradiated
and then thermally cycled. MWicrocracks were present in all the.lami;
naﬁes exposed. |

The X-ray photograph shown in Fig. 7la is from the 1amiﬁate’that
was first irradiated and then'thermally cycled. The photégraph in Fiqg.
7lb is ffom the 1aminaté that was firét thermally cycied and then irrad-
jated. A large amount of microcra&king is evident in:hoth cases.

The area to thé left of the X-ray photograph in Figs 71la, which
does not contain many micrccracks, was masked during irradiation. This’
area was covered by an aluminum strip which held thg laminate to the
aluminum back-plate during its raciation exposure. Thus, this area-qf
the laminate did not recéive any radiation exposure. Microcrdck{ng is;

present in the irradiated material, but not in the non-irradiated mater-
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fal of the same laminate. This quite strongly illustrates that irradi-
- ated graphite-eboxy is susceptible to microcracking, whereas non-irradi-

ated graphite-epoxy is not (for the (0/901g laminate).

4.3 Fracture Surfaces of Irradiated Composites

Micrographs taken with a scanning electron microscope (SEM),of the

/} , fracture surfaces of the irradiated laminates éompared to ‘the non-
irradiated laminaﬁes are presented in Figs. 72 through 77 Figs. 72
through 74 were taken from the [10], laminates and Figs. 75 through 77
. / ' ~_were taken from the [90]4 1aminates.' Fig. 72 éﬂd Fig. 75 were taken at
a magnification of 375x and 211 the others were taken at 3,400x. In all
microphotographs, the column of fracture surfaces on the left are from‘
noﬁnirradiated laminates, and the column of fracture surfaces on the
right are from irradiated laminates. The top row were tested at -250°F
(116K). The middle row were tested at room temperature, 80°F (304K).
The bottom row were tested at +250°F (394K). .

Little difference in fracture surfaces can be no.ed at 375x {Fig.
72 and Fig.v75). At this magnification, the failure surfaces are, for
the most part, very uniform. The only differences presont appear to be
in the failure patterns of the epoky matrixe. »

The microphotographs presented in Figs. 73 and 76 were taken at

L 3,400x and focused on the matrix. Differences in matrix failure'patn

e =

terns are immediately apparent for each of the exposure conditions. -At

~250°F (116K), both the non-irradiated and the irradiated Taminates

exhibit brittle failure in their epoxy matrices. Brittie cleavage

planes are noted for both exposure conditions. The cleavage planes in
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Fig. 72. Electron dicrographs of the Fracture Surfaces of the
- [10], Laminate (375x).
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-250°F (116K)

Room Temperature

+250%F (394K)

Fig. 73. Etectron Micrographs of the Fracture Surfaces of the
L10]4 Laminate Concentrating on the Matsix {3,400%}.
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the irradiated laminate are smaller and more numerous. than those
observed in the non- irradiated laminate, This is an indication that the
irradiated laminate exhibits a more brittle fracture than the non-irrad-
fated composite, Indeed, th1$ is the conclusion that was drawn by
observing the stresg s-strain curves presented earlier. At -250°F (llbx)
the irradiated compos1te produces a more brlttle failure and a higher
modulus of elasticity than the non- ~irradiated material, In general, at
Tow tenpnratures, radiation tends to anbrittle the epoXy resin matrix
resulting in a stiffor matrix and a more brittle fawlure than that
exhibited by the non irradiated Taminate,

The photographs in the middle row of Figs. 73 and 76 were taken
from specimens that had been tested at room temperature. At this tem-
perature, the failure patterns exhibited in the matrix are plastic.
Instead of failing in brittle ¢leavage planes, the epoxy str»fched and
plastically deformed before failing, At room temperature, only slight
differences are observed between the non-irradiated and irrédiated

Yaminates, The irradiated material exhibits plastic deformation, but it

appears “"rougher" than the non-irradiated material. This is consistent

with mechanical tests which indicate little difference between non-
irradiated and irradiated laminates at room temperatyre,

At +250°F (394K), the p?asticity observed in the epoxy matrix,
before failure, greatly increases, For the [10]4 Taminate (Fig, 73),
the irradiated laminate exhibits extreme amounts of plasticity pr1or to
failure. However, this same type of behavior is not noted in the irrad-
iated [90], laminate (Fig. 76), Thws difference in failure mode fs

probably due to the difference butween shear and tension, hydrostatic

s
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stress is known not to influence plastic flow. The stress-strain curves

for the [90], YTaminates would scem to indicate this type behavior {Fig.
35). At high temperatures, the irradiated composite pfoduces a more
plastic fai]uré and a lower mddulus of elasticity thén the non-irradi-
ated material. In general, at +250“F (394K), radiation tends to greét1y

increase the plastic behavior of the epoxy resin matrix resulting in a

more pliable matrix and a more plastic failure mode than that exhibited

by the non-irradiated laminate

The photographs presented in Fig. 74 and Fig. 77 were also taken at
3,400x, but focused in on the fibers. Graphite fibers tend to “charge"
under the electron beam, making observation slightly difficuit. The

fibers tend to “white-out"” in the photographs due to this phenomenon,

Inspection of the fibers, in all photographs, shows little difference as

a function of exposure condition. In all cases, the fibers remain
relatively inert. Therefore, it can be concluded that the'majority‘of
radiation and temperature dependence of the fracture surfaces of this
graphite-epoxy composite is due to the matrix and not the fibers, The
epoxy matrix is degraded by radiation and influenced by temperatufe

while the fibers remain relatively inert.

P IR
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V. 'DISCUSSION

5.1 Degradation of the Elastic and Strenqth Properties of Graphitem

Epoxy Due to Electron Irradiation

Electron radiation degrades the in-plane elastic and strength
properties (tensile and shear) of the graphite-epoxy cbnsidered in this
investigation. This degradation is most strongly  exhibited ih métrix-
dominated laminates where irradiation has chemically altereo the epoxy |
structure of the matrix. The'impinging eTectrons sever atomic bohds>1n

the epoxy structure,'cauSing fragments of the epoxy to "break off", -

These radiation degradation byproducté are generally small when compared

to th- crosslink network, and the network structure of the epoxry remaing
basically intact. '

T@nperatube controis the manner in which the radiation byproducts
influence the mechanical behavicr of these 1aminates. At elevated
temperatures, the irradiated epoxy matrix becomes soft and p]iab?e; and

the modulus of elasticity and ultimate strength, .of matrix dominated

laminates, decreases (Figs. 46 and 58)., At this température, Tower

“values of shear modulus and shear strength are also wmeasured, when

compared to non-irradiated material (Figs. 47 and 59). The plastic
behavior of the epoxy matrix comes about because the low moleccular
weight products, produced during irradiation, in the presence of a

Targer molecular structure plasticize that material at elevated tempera-
g P

tures. Lower strenyths and stiffnesses as well as & large amount of
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e plasticity is present in stress-strain behavier at the elevated tempera-
ture (Figs. 33, 34, and 35).
1 . , :
T At temperatures below room temperature, the epoxy resin beccmes

stiffer and more brittle following irradiation. The modulus of elastic-
ity of matrix-dominated laminates increases, while the ultimate strength

is decreased (Figs. 46-and 58). Because they are small relative to the

epoxy hetwork structure, the low molecular weight radiation byproducts
fill the free volume between long molecular segments and "freeze out" at
;s Tow temperatures. A “glass” is generated that effectively embrittles

. and stiffens the epoxy matrix resultfng in lower strengths and higher
modulus n matrix dominated laminates. |

Small but measurable effects of irradiation are also noted in the

fiber-dominated [U]; laminate. Strength is decreased slightly atvhigh
/ B : temperatures, although unchanged at and below room temperature; the
modulus of elasticity (E;) is increased slightly over the entire temper-
b ature rance (Figs. 43 and 55).

Electi;on irradiation acts to reduce residual stressés in the epoxy
matrix of the composite by breaking some of the bonds within the époxy
j x structure. Lower residual stre§ses result in straighter fibers giving
..; the 1rradiated material a higher modulus than tHe non-irradisted mater-

fal. The increased plasticity of the irradiated epoxy at high tempera~

pol tures decreases the matrix's ability to transfer load at fiber breaks,

i resultiing in decreased strength.
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5.2 Degradation of the Epoxy Resin Due to Electron Irradiation -

The irradiated epoxy resin becomes extremely plastic at elevated

- temperatures and very brittle at low temperatures. These changes have

'been’attributed to the Tow-molecular-weight degradation products that
are.genérated within the epoxy when it is‘exposed to electron radiation.
Dynamic~mechanica!,analysis (DMA) results show that a 1argé distri-
bution of molecular Qeights are present in irradiated laminates, aﬁd
~that these degradation byproducts Tower the ylass-transition te@pefature
(Tg) of the epoxy resin (Fig. 63). A lower glass-transition temperature
in an-epoxy indicates that the epoxy will lo§e its crystallinity at a
lower tempgrature. In other words, the epoxy becomes more plastic at
Tower temperatures, thus supporting the results noted during mechanical
testing‘i Thermomechanicai analysis (TMA) results indicaﬁe that when the
irradiated material is heated, these low moleculsr weight degradation
products vaperize, causing the laminate to blister and delaminate (Fig.
67). This indicates that these byproggcts are indeed small when com-
pared to the epoxy network structure, and are able t. plasticize the
epoxy at high temperatures and embrittle it at low temperatures.
Analysis and characterization of the radiation byproducts, by
Infrared Spectrophotometry (IR) and Mass Speétrometry (M3), reveals that
the irradiated laminates have a significant quantity of these lTow molec-
ular weight products trapped within. The network stiucture of the epoxy
remains basically intact. However, small parts of thebepoxy have been
separated from the main mo1ecu1ar structure by chain scisson and cross-
Tink breakage. Indications are that the majority of these degradation

products are generated from the epoxy processing additives and not frem
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,—gﬁ4§i ‘the primary epoxy éomponents, If these processing additives could be
?/é“ ' : replaced or removed, the radiation resistance of the epoxy might be

AT /' improved.

SN S 5.3 Analysis of Failure Surfaces

Inspectionlof'the fracture surfaces of the non~irivediated and
AR ' irradiated laminates, with the aid of a scanning electron microscope
| (SEM), shows differences in failure due to rad{afionvand.temper@ture
exposuré. : | | |

At Tow temperatures, where mechanical resu]té'indicate brittle
behavior, brittle cleavage planes are observed in thé failed epoxyb'
4/*? : matrix. The cleavage planes in the irradiated Taminate are smaller and
Comore numerous fhan-thqse observed in the non«irradiafed laminate, indi-

cating a more brittle fracture,

S amisipercrs2 3

Mechanical results, especially the strass-strain curves, exhibit
Significant non-linearity at elevated tem:eratures, Inspectjoh of the
. ”; ' epoxy matrix at high m.gnifications shows that Targe amounts bf plastic
j/ﬁ* _ deformation are preéent. |
| The experiménta]'resuits produced in this investigation indicate
" that the radiation induced degradétion is due primarily to changes in

the epoxy resin. Microscopic exahination_of thése_laminates shows that
thé matrix fails by different modes‘that are dependent on the radiation

and temperature employad, thus indicating changes in the matrix mater-

ial. Microscopic exam!'nation of the fibers, on the other hand, reveals

that they remain inert. Inspection of the fiber-matrix interface does
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not clearly indicate whether it plays a role in determining radiation--
altered mechanical prop@rti@s,hqp not..
Microscopic examination of the fracture surfaces of the Taminates

tested, supported the differences in mechanical behaviopr that were

measured. By microscopically observing the‘matrixk changes due to

The differences. in mechanical behavior of the

epoxy matrix can be related to differences in mechanical behavior oy the

composite,



VI.  SUMMARY

The following is a summary of the conclusions drawn from the

results of this investigation into the effects of the space environment

on graphite-epoxy composite materials. [t should be noted here that

these tests were performed under greatly accelerated conditions; a

composite structure may be influenced to a greater or lesser degree

during a 10 to 20 year service life,

1) Electron radiation acts to degrade in-plane elastic and

strength properties (teasile and shear) of T300/934 graphite-

epoxy composite.

a)

b)

This radiation-induced degradation is most evident for
matrix~dominated properties.

Temperature controls the manner in which the radiation
influences the mechanical behavior. OBegradation is severe

at both high and low temperatures.

The electron radiation degradation is present jue to low-

molecular~ weight products generated during irradiation,

a)

c)

These badiation*induced pyproeducts p]astiéize the epoxy
matrix at high temperatures, and embritile it at low tem-
peratures.

The degradation products lower the glass- transition tem-
perature (Tg) of the epoxy. ‘

The degradatien products vaporize and cause delaminations

at. elevated temperatures {above 350°F (4504)),
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3)

4)
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- d) Mitrocracking is observed in irradiated (but not non=-

irradiated) laminates during thermal cycling.
The fractqre behavior of the irradiated léminatee is plastic at
elevated tahperaturps and britt?e at low temperatures. These
dlffernnces can be observed with the & aid of a scanning e]ectron_

microscope (SEM).

Recommendations for Futuré‘work

A study into the effect of radiation on graphwte fibers shou!d
be conducted to ascertaln whether or notvfibers are degraded by

celectrons.

Irradiated Taminates should De investigated, at eclevated ten-

per atures, by loading and unloading then to Tully character:zn

the p1a¢t1r {(non- Vinear) uuhdeor that is present,

\ study shuu}d be made to devermine whether holding irradiated
Taminates at high temperatures {<350°F) for lorg periods of
time will "heal" radiation degrw&atioh. | |

Another inveuiigation, similar to this'one, shou]d be carried
out on anothér resn yqiem, with other proces :8ing additives,
(or, possiily o additives) to determine if a more radiation-

resistant epoxy can Lo oroduced,
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Table Al - |
Table of Individual Test Resuits for the [0]4 Laminate.
)
. ; . Specimer| Tenperature v XT | : El , , Vi2
o vsi (MPa) | msi  (GPa)
I ; | — - s
o Non-irradiated: _
E 1. o |l1e3.8 0 (992) | 18.70  (129) | 0.3326
o - 2. -250°F 1l 142.8 = (985) 18.29  (126) | 0.2999
| 3. C(116K) [|136.2  (939) 18.88  (130) | 0.3061
o Average 140.9  (972) 18.62  {(128) | 0.3129
: ,afs-é 1. | | 221.2 (1525) 15.74  (129) | 0.3161
S 2. Room 220.4  (1520) 19,32 (133) | 0.3140
T 3. temperature || 224.6  {1549) 18.58  (128) 0.3129
Average 222.1 (1531) 18.88  (130) 0.3143
. : . 21004 (1351) | 19.14 (132) | 0.3&34
e . 2. | w2509 dl195.7  (1349) 19.05  (131) | 0.3350
; L (304¢) 1| 174.9 (1206) 18.90  (130) | 0.3356
Lo Average 193.7 (1336} 19.03  (131) | 0.3447
| » 1.0 < 160 vads:
§ 1. . 145.3  (1029) 19.45 (134) | 0.3829
1 2. -250°%F || 134.6 ( 928) 18.93  (131) | 0.3497
3. (116K) 98.0 ( 676) 19.11  (132) 0.3721
Average| . 127.3 ( 878) 15.16  (132) | 0.3682
1. . 221.7  (1529) 19.37  (134) | 0.2948
L 2. Room 243.8 (1681) 16.52  (135) | 0.2941
| 3. jtemperature ] 202.2 (1394) | 19.03  (131) 0.2603
, | Average 222.6 . (1535) 19,3 (133). 0.2831.
‘ 1. . 184.5 (1272) | 19.77  (126) | 0.3763
2. +250°F  11150.3  (1036)* ] 19.23  (133) | 0.3830
3. (394K) 149.7 (1032)*| 20.29  (140) | 0.4311
» Average ‘ [f6r.5 (1114) 119,76 (136) | ©.3970
i (4\
b
[PER
i .
) /
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Table of Individual Test Resu!ts for the [1034'Lamihate“

160

Tabie A2

Specimen | Temperature du]tklop) S EX(IOO)
ksi  (MPa) | ksi (MPa) | msi (GPa)
Non-irracdiated:
1, o 53.86  (371) | 9.21 (63.5) {12.52  (83.3)
2. -250°F 138,68  (267) | 6.61 (45.6) [ 13.53  (93.3)
3. (116K) |136.32  (250) | 6.21 - (42.8)|13.20 (91.0)
Average 42.95  (296) 7.34  (50.6) 113.08  (90.2)
1. | 64:15  (442) | 10.97  (75.6) | 10.93 (75.4)
2. Room  [157.79  (398) 9.88  (68.1) | 10.61 (73.2)
3. temperaturel 52,11 (359) 8.9 (61.4) 110.63 (73.3)
Average 58.02  (400) 9.92 (68.4) {10.72 (73.9)
1. o l31.83  (219) 5. 44 (37.5) | 8.19  (56.5)
2. +250°F 138,22  (264) | 6.54 (45.1) | 8.52  (58.7)
3. (394K) 134.75  (240) | 5.94  (41.0) | 8.52 (58.7)
Average 34.93 (281} | 5.97 (41.2) | 8.41  {58.0)
1.0 x10%% rads:
1. o 143.57  (300) 7.45  (51.4) |12.60  (86.9)
2. -250°F 41,18  (284) 7.04 . (48.5) [11.01 (75.9)
3. (116K} [42.42  (292) 7.25  (50.0) |{12.75  (87.9)
Average: 42.39  (292) 7.25  (50.0) f12.12  (83.5)
1. 56.21  (388) | 9.61  (66.3)| 9.98  (68.8)
2. Room 158.26  (402) 9.96  (68.7) [10.16  (70.1)
3. temperaturel 417.87 - (330) 8.19 (56.5% 110,60 (73.1)
~ Average 54.11  (373) 9.25  (63.87]10.25  (70.7)
S O o l22.63  (156) 3.87 (26.7) | 5.37 (37.0)
2, *250°F 126,02 (179) | 4.45 (30,7 ] .44 (44.4)
3. (393K) | 22.49  (155) 3.85  (26.5) ] 6.84  {47.2)
Average : 23.71  (163) | 4.06 ~ (28.05 | 6.22  (42.9)
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) | | o Table A3 | o
! Table of Individual Test Results for the [45], Laminate.
{ : .
! .
? -/
-@
i
u
H
E Specimern | Temperature Gult(dso) ' Ex(45°) | 512
; ke (MPa) ms i (GPa) { msi-
3 Non—irradiated:
| 1. . 14.50  (100.0) .| 2.892  (19.9) | 1.225. (8.4)
} 2. -250°F 13.33 (91.9) | 2.725 (18.8) { 1.110 . (7.7)
i 3, (116K) 9.67 { 66.7) 2.825 {19.5)]1.178 (8.1)
_ _ Average | , v12.§0 { 86.2) 2.814 (19.4)11.170 (8.1)
™ , 1. | 15.06  (103.8) | 1.823 - (12.6)]0.692 (4.8)
: - 2. Room | 13.75 ( 94.8) | 1.806 (12.5)|0.682 (4.7)
3. temperature | 13.83  ( 95.4) | 1.819 (12.5) | 0.689  (4.8)
Average 14.21 { 98.0) 1.816 (12.5)Y1°6.688 (4.8)
1. . 11.59  ( 79.9) | 1.381 ( 9.5) | 0.482  (3.3)
2. +2507F 11.16 (76.9) 1.617 (11.1) ] 0.60% (4.2)
- 3. {394K) 8.0l ( 55.2) 1.618 _(11.2) 0.606 (4.2)
Average 10.25  { 70.71M‘ 1.539  (10.6) { 0.563  (3.9)
1.0 x 100 rads:
1. o 9.36 (. 64.5) 2.978 (20;5) 1.165 (8.0)
2. -250°F 11.68 ( 80.5) 2.963 (70.4) | 1.156 (8.0)
3, {116K) 9.25 { 63.8) 2.785 . (19.2) 11.091 (7.2)
Average R 10.10  ( 69.6) | 2.909 (20.1)7] 1.123 (7.7}
1. | 12.95° ( 89.3) | 2.087 (14.4)]0.810 (5.6)
2. ' Room 14,71 (101.4) { 2.029 (14.0) | 0.776  (5.4)
3. temperature || 15.77  (108.7) | 1.974 (13.6) { 0.744  (5.1)
fiverage ' 14.48 (99.8) 2.030 (14.0) ] 0.777 (5.4)
1. . 6.28 ( 43.3) 1.174 { 8.1)1}0.407 (2.8)
2. < 4+2507F 7.84 { 54.1)%| 1.326 ( 8.1)]0.484 (3.3)
; 3. (394K) 5.3¢ ( 37.2) 0.85%6 ( 6.6) ] 0.300 (2.1)
% Averaqe ) 6.50  ( 44.8) 1.1492 ( 7.9)10.3%7 -~ (2.7)
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Table AS

S S )
Table of Xndiuﬁdual VYest Results for the EQQJE Laminete.

Specimen |Temperature j Yy o £

—
2
3
23

Py

ks (MPa) | msi

Non-irradiated:
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Average 4,56
(
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1. ' 10,34 71.3) 1.410 9.7)

2. - Room 10.85 74.8) | 1.369 9.4) 0

3. temperature} 6.92 47.7) 1 1.3%0 9.3;
Avarage : g.37 64.6) 1.376 4.8

0E7

J0 0 {5
.68 (5%
o1 (27,
.76 {4
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241 {8.6)

+250F
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Average |
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L0225

10~ 1010 rads

1. 0. 2.18 (15.0) [ 839 {13.4)

2. ~25Q07F 2.80 {19.3) 2,148 (14.9) O 0408

3. (116K} 3.4 (23.7) | 2,286 {15.7) ha
Average . 2.81 (19.4) 2.123 (14.6)

1. 8.73 (60,2} 1,544 {10.7)

2. Room 6,52 (45.0) ] 1,53 {(10.6} | 60928

3, temperature!l 5,68  (39.2) | 1.465 {10.1) eRee
Average 6.98  (48.1) | 1.5815  (10.4)

1. 0 6.22 (42.9) 1.142 {( 7.9)

2. +2507F 5.7% {39.6) -1 1.037 ( 7.2) 0.0714

3. {394K) 5.67 (34.1) 1.0 ( 7.0) Bt
Average | 5,88 (406,5) [ 1.084 ({ 7.3)
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