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ABSTRACT

The objective of this study is to characterize radiation effects on

engineering properties, dimensional stability, and chemistry on state-

of-the-art composite systems. This investigation used T300/934 graph-

ite-epoxy composite that was subjected to 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 performed on the 4-ply unidirectional lami-

nates over the temperature range of -250'F (116K) to +250'F (394K). A

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

obtained (El, E2, p12, G1 2 , XT, YT, and S). In addi~tion electron micro-

scopy was used to study and analyze the fracture surfaces of all speci-

mens tested. Results indicate that little difference in properties is

noted at room temperature, but significant differences are observed at

both low and elevated temperatures.

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

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

being irradiated. 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 weight material

* produced by polymer chain scission and crosslink breakage.

In conclusion, electron radiation acts to produce low molecular

weight material in the epoxy resin matrix. These degradation products

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

performance structural materials has greatly increased in recent years.

The great advantaye of these materials is their superior strength to

weight and stiffness to weight ratios. This makes composites ideal for

use in applications where high strength and light weight are important.

Therefore, aerospace application 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 reducing

its fuel consumption. Another advantage of these materials is the abil-

ity to tailor fiber orientations to meet specific load and stiffness

rfequirements, thus designing materials for individual 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, spacecraft are high on the list of weight-critical

structures and can benefit greatly by their use. Nowhere else is

weight, coupled with high performance, such a critical requirement.
0

Advanced fiber-reinforced composites are ideal for use in space applica-

tions.

Currently, NASA's Space Shuttle Orbiter (Fig. 1) uses advanced

composites in several areas [1]. The components include graphite-epoxy
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Fig. 1. -NASA's Space Shuttle.
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honeycomb sandwich skins on the orbital maneuvering system and titanium

I-beams and tubes reinforced with boron-epoxy in the aft thrust struc-

ture. The other notable composite applications on the Shuttle are the

payload bay doors. These are the largest graphite-epoxy ;structures ever

built [2]. [he doors are each 18.3 meters (60 feet) long with a 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.

Graphite-epoxy is also being used in the main support truss struc-

ture of NASA's Space Telescope (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

ds large-scale space platforms (up to 100 meters in diameter) will use

tjraphite-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 [6].

1.2 The Space Environment

The success of space exploration and exploitation, using composite

materials, rests in their ability to withstand a hostile space environ-

ment. In an almost perfect vacuum, the cold of space coupled with

radi ant solar heating eff ects can I ead to a wide range of operating tem-

peratures. Temperature cycling will occur every time the space struc-

ture orbits the earth.

In addition, a space structure will be subjected to ultraviolet,

electron, and proton irradiation. Ultraviolet is electromagnetic radia-

tion produced by the sun. Electron and proton radiation are present
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Fig. 2. NASA's Space Telescope.
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from trapped particles in the earth's Van Allen radiation belts. Ultra-

violet and proton radiation will only affect the surface of a space-

craft, but electron radiation will be highly penetrating. A summary of

these conditions is presented in Tables I and 2 [7,8]. Thecolumn

headed GEL) (Table 1) is a listing of conditions that a spacecraft in

geosynchronous earth orbit would have to withstand. 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

investigated. Composites will be used in future space structures with

life-times of 10-20 years [9]. A key materials technology need is the

ability to understand how fiber-reinforced materials will behave under

such harsh conditions for long periods of time. The two most severe

parameters 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 for this study is T30L/934 graphite-epoxy

fiber-reinforced composite material. This composite system is one of

the few designated as "space-approved" by NASA. The designation

T3UU/934 indicates that the graphite fibers are Thornel (Union Carbide)

[300 fibers in a matrix consisting of Fiberite 934 epoxy resin. These
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Table 1

Parameters of the Space Environment.

Environmental GEO LEO
parameter Composite structure Manned habitat

Optical a/c - selectible %/c - selectible
properties with c < 0.3 with- z >0.8

-1480F to 176 0 F -1480F to 1040F
173K to 353K 173K to 313K

+

Environment UV, e , p , VAC.,.AT UV, VAC., AT

Electrical < 1-8 (ohm- 1cm-l) 10-8 10-17 ( 1o 1-l.cm-
conducti vi1ty

Lifetime 10 to 20 years 10 years
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Table 2

Ranges of the Parameters of the Space Environment.

Environmental Nominal range Reason for interest
parameter of parameter in parameter

Vacuum outgassing results in
Vacuum Pressure: 1-11 - 19 loss of moisture and solvents

10- Pa resulting in dimensional and

mechanical property changes

Ultraiolet Wavelength: 0.1 -0.4 pimUltraviolet* Waeegh201-04 Degradation of coatings

Intensity: 1.4 Kw/m 2  D a o f i

Protons Energy: 0.1 - 4.0 MeV Degradation of coatings and

Flux: 108 p + /cm2 - sec surface plies of composites

Electrons Energy: 0.1 - 4.0 MeV Surface and bulk damage;

Flux: 108 e-/cm2 - sec spacecraft charging

Temperature Material temperature: Microcracking,'thermal
cycling 80K to 420K warping, deterioration of

critical surfaces



graphite fibers are produced by carbonizing high modulus organic pre-

c:ursors (Poly-Acrylonitrile, PAN) at high temperatures in an •inert

atmosp~here 1110]. rhe epoxy resin is a thermnosetting polymer t1infder that

c:ures at 3b(0°F. Cured epoxy resins are very highly crosslinke~d str'uc- i

tures [1I0.]. •.'

rhe radiation exposure used in this investigation is 1.0 x 11

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

5.0 x 101 rads per hour. This will simulate a "1worst-case," exposure of

30 years in space [7]. Great care has" been ta1ken t1o .assure ti•at .t~ie.

test speci'mens did not overheat during thei r accel erated i rradi ation

exposure. Testing and characterization covers the temperature range of

-zsU•F (I1bK) *to +2b00 F (394K). This range represents the temperature

extreiies that may be encountered 'in a space environmient 117)..

A complete .tensi~le set of engi neeri ng constants has been obtai ned

to fully characterize the in-plane elastic and strength properties of

the yjraphite-epoxy composite. These in-plane tensileproperties have

been (:ollected over the above temperature range for both th'e non-irradi-

.ited and irr'adiated laminates. Most importantly, tests have been con-

(lucted to understand how electron radiation, in combination :with temper-

attire has affected and changed the composite's properties. In addi tion,

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. •
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•- IObjective: To characterize radiation effects on engineeringS•pro 'perties, dimensional stability, and chemistry ofstate-of-the-art composite systems.

Material: T300/934, graphite-epoxy composite

Radiation exposure: 1.0 x 1010 rads, 1.0 MeV electrons,

5 x 107 rads/hour, 100 F or less exposure temperature.

Characteri zt

Mechanical properties Chemical analysis

* Strength and stiffness • Glass transition
versus temperature temperature, Tg

Dynamic-mechanical * Softening temperature
analysis - Degradation product

* Thermal cycling analysis(Micro-cracking) -0 1.) Infrared analysis

* Coefficient of thermal 20 2.) Mass spectrometer
expansion

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

Fig. 3. Outline of Testing Program for this Study.



I1. LITERATURE REVIEW AND ANALYTICAL CONSIDERATIONS

A survey ot 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 summary is given. 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 chdracterization. Special detail is given in describing the 100 and

45' ott-axis mechanical tension tests (section 2.2.1). The theory of

dynamic-mechanical analysis (DMA) is also discussed (section Z.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 characterization. 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 entitled, "Advanced Composite Design Data for Spacecraft

Structural Applications" was prepared and presented in 1980 by J. F.

Haskins and R. D. Holmes, at General Dynamic's Convair Division, for the

U.S. Air Force [11,12]. The two composite systems chosen for this study

were 1300/934 and GYiO/X3O. They state that the T3UO/934 system was

10



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

applications. GY/t!X30 is the most widely used material for high-stiff-

ness and thermally stable applications. Both of these materials use

43U°F-cure epoxies.

Haskins and Holmes reported on specimens cut from 12-ply unid-irec-

tional panels for tension tests and 24-ply panels for compression

tests. In addition, 16-ply [0/45/90/13512s laminate specimens and 20-

ply [0/4b/0/135/0] 2 s laminate specimens, as well as short-beam shear and

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

to various amounts of electron radiation. Four radiation dose levels

were used for this study (3 x 107 rads, 3 x 108 rads, 3 x 109 rads, and

b x I0.8 rads). The authors do not site the energy level or dose rate of

the electrons, only that 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 (89K) to +2b50F (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 to electron radiation were small, except at high temperatures. They

attribute the difference, at high temperatures, for both tensile and

shear tests, to lowered glass-transition 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
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and resin, and flexibility of the resin were not investigated and fur-

ther studies could provide ways of improving properties.

In 1982, V. T. Mazzio et al., from General Electric, generated a

study entitled, "Composite Data for Spacecraft," [13,14] to follow-up

the work done by Haskins and Holmes. This program was also supported by

the U.S. Air Force. They state that the program was designed to gener-

ate an advanced composite materials data base to support the design and

application of lightweight structures for spacecraft. Five new. mater-

ials were selected for study: C3UOU/CE339, P75/CE339, C6000/PI4R-15,.

T30U/17/0, and Kevlar 49/5209. T300/934 and GY70/X30 were not selected

becduse they had been studied by Haskins and Holmes.

Tensi I e samples were cut from composite panels with the, following

ori entations.: unidirectional, [0/ 9 01]S, [0/45 /.b.[+4:s, ý±45S, and,

L[/4b/U/13b/0]S. Three levels of electron beam radiation were used to

expose the composite specimens to the space environment (3 x 10 8 rads at.

??'C, 3 x 108 rads at 1000C, and 3 x 109 rads at 22%C). The electron

beam wis generated with a Van de Graaff accelerator with a nominal

electron energy of 2.0 MeV. Specimens were exposed to a high dose rate

of 1.0 x 17 rads/hr and a low dose rate of 5.0 x 106 rads/hr., A key

feature of their exposure facility was its test specimen rotating

drum. This "carousel" provided an even radiation exposure while also

allowing for excellent heat dissipation. Mechanical data were obtain-ed

from axial and transverse mechanical tests in both tension and: compres- 4

sion. In-plane shear (t45) specimens (ASTM-D 3518-76) were also tested

[lb,16]. Tests were performed over the temperature range of -300OF

(89K) to +2bOF (394K).
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Mazzio et al. observed that tensile and compression strengths

increase as a result of low and high dose rate exposure. They attribute

this result to a post-curing effect of the resin, but do not substanti-

ite their conclusion. It is stated that modulus values appear to vary

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 exposures would not rigidize

the resin systems to the extent of causing microcracks and subsequent

property degradation.

A large amount of work has been done at North Carolina State Uni-

versity in the area of high energy electron effects on graphite fiber

composites [17,18,19,20,21,22]. Graphite fibers in both an epoxy matrix

and a polyimide matrix were irradiated with 0.5 MeV electrons. The

composite systems investigated were T300/5208 and C6000/PMR-lb.

Samples were irradiated using an electron accelerator producing 0.5

MeV electrons. rhe specimens were mounted on a moving conveyor for an

even exposure and to prevent sample heating induced by the radiation.

The composite samples received a total dose of up to 5.0 x 109 rads. A

dose rate is not stated. Mechanical properties (strength and flexural

modulus) were measured by using a three-point flexure test, ASTM method

04-90 [23]. Samples used in this test were unidirectional (axial and

transverse), [O/+45/0]T, and [90/± 4 5/ 9 0 ]T. Interlaminar shear strength

test specimens were fabricated according to ASTM method D-3846 [24].

These unidirectional samples were, however, pulled in tension which does

not follow the ASTM standard. ASTM-LJ-3846-79 recommends that these
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samples be tested in compression. All tests, both flexural and inter-

laminar, were run at room temperature.

The North Carolina State group points out that interlaminar shear

strength decreases significantly with radiation dosage, whilte little

change was observed in the flexural strength and modulus. Interlaminar

shear measur(inents exhibit an initial increase in shear strength with a

maximum value occurring between 1.0 x 109 and 2.0 x 109 rads. This is

followed by a decrease with further radiation exposure. They conclude

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

bly due to relaxation, by chain cleavage, of internal stresses created

at the interface during composite fabrication. After the internal

stresses are relieved, further radiation exposure leads to bond 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 characteristics.

of this behavior.

It is important to note here that unpublished work performed at the

NASA-Langley Research Center by G. F. Sykes indicates that the. interlam-

inar shear specimen (ASTM-D-3846-79) under tensile load produces a

"peeling" moment at the specimen's notches. This would adversely affect

the test by producing a non-pure shear stress state. Interlaminar tests

on composite specimens, run at NASA-Langley in the compression mode, did

not exhibit significant changes with irradiation.

L. B. Fogdall and P. H. Lindenmeyer are working with graphite-epoxy

at Boeing in Seattle, Washington [25]. The materials being investigated

are C30U0/1634A (3bU 0F-cure epoxy), C3000/1648A (25U0F-cure epoxy), and
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C3UUIJ/PMR-lb (polyimide). They are using 1.0 MeV electrons, generated

with a Van de Graaff accelerator, with a total dose of up to 1.0 x 101

rads. The composite samples receive 1.0 x 108 rads/hr and are cooled

with a basep Iate.

Mechanical testing is being performed using a 45 0-off axis compres-

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

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 test material over a very large temperature range (-300*F to

FSIO0 F). From this information the material's modulus of elasticity,

over that temperature range, is calculated, as well as the glass-trans-

ition temperature of the polymer matrix (from the damping character-

istics of the test material).

Boeing reports that the 45°-off axis compression test can detect

the influence of electron radiation at the 1.0 x 1010 rad dose level

with a 9b% confidence level. Compressive strength is lowered by irrad-

iation. In addition, DMA measurements show that a 1.0 x 1010 rad dosage

of 1.0 MeV electron radiation has the effect of decreasing the glass-

transition temperature of the epoxy matrix material. No mechanism is

stated to explain this phenomenon.

At the Lockheed Research Laboratory in Palo Alto, California, R. E.

Mauri and F. W. Crossman are working with T50(PAN)/F263 (350°F-cure

epoxy),. 75S(PITCH)/948 ( 2 50 °F-cure epoxy), and Kevlar-49/E719 [28].

They are producing 1.5 MeV electrons at the rate of 1.5 x 106 rads/hr.

The composite samples receive a total-dose of between 3.0 x 109 to 1.0 x
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1UIL rads. Mechanical properties are measured using the flexure

strength test, inplane shear test, and short-beam shear test over the

temperature range of -20O°F (143K) to +2500 F (394K).

rheir results indicate that the 250OF and 350'F curing graph-

ite/epoxies are not significantly altered except at the highest i -st

t m)oer atitre (?5U°|T), where the 350°F curing epoxy systems axpepiefl-ed a

degradation of matrix-dependent properties of up to 20 perceto. Mauri

and Crossman attribute this degradation to the reduction itn g1ass-trats-

i tion temperature of the matrix because of chain scisson of t'he epoxiy• b.y

the penetrating radiation.

A study was conducted at the Argonne National Laboratory in

Argonne, Illinois, by S. Egusa, M4 A. Kirk, R. C. Birtcher, M. HagiWara,

and S. Kawanishi, on cloth-f lied organic composites [Ž]a bur types

of cloth-filled organic composites (filler: glass or carbon fiberfs;

matrix: epoxy or polyimide resin) were irradiated with 2.0 MeV elec-

trons, at room temperature, and were mechanically examined using t••e

three-point bend test.

They summarize by stating that following irradiationh the moduIu

of elasticity of these c-omposites 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 aft& the

9absorbed (lose reaches about 2.0 x 1U rads for the glass/epoxy compOsIte

and about b.0 x 109 to 1.0 x 101 rads for the other composites, They

attribute this change to the decrease in the capacity of load transf@e

from the matrix to the fiber due to the radiation-induced debonding St

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

lIT Research Institute in Chicago, Illinois, is concerned with the

degradation mechanisms for graphite/polysulfone and graphite/epoxy

Slaminates exposed to high-energy electron radiation [30].1. •The graph-

ite/polysulfone system used was C60UU/P170U and the graphite/epoxy

systemns were 1300/934 and T30U/b208. 12.0 MeV electrons, at the rate of

13.9 x 10/ rads/hr, were used to give total doses of 5.xJ07 rads up to

1.0 x 109 rads. Composite degradation was investigated 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. Hydrogen 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 involves ionization, subsequent steps lead to chain scission and

crosslinking, with concurrent gas formation.

Surmmary of Current Literature on 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
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into [5 years; exposure (5.o x 10 rads) [17,18,19,Z0,21,22]. If space

-.r.rm. tures ire inedot to have useful lifes of 1U to 20 years, cl earIy

thi;) is not enough. It we are to design d structure far useLin a space

envi ronmrent, data is needed pu, t the useful life of that structure.

Mo;•*t resodrchers used electron energies that are equi valent to

those found in the Van Allen radiation belts, although some were on the

higjh side. In some cases, samples were not continuously irradiated

tirider th:e electron beam, but nothing is mentioned as to whe'ther the

te ilperdture cycling that must have been taking place would have any

et fect. All investigators agrreed that temperature control during i rrad-

iati)on is very important, and all made attempts to control it.

Accelerated exposure is a controversial subject that almost all the

re>s,.irchers didi not address. However, the study performed by iaZzio -et

,iI. used a higqh (lose rate of I.U x 1) rads/hr and a low dose rate of

b.0 x I0) rads/hr [13,14]. No differences were noted.

Very few of these studies made an attempt to obtain a complete set

ot inplane tensile properties. If design considerations are to be made

with the space environment in mind, a complete set of properties must be

available. Many researchers used a large temperature range, -30U 0F

(68K) to i2bU"F (394K), when performing mechanical tests.

[he most disturbing development that can be drawn from this Titera-

ture review is that many researchers make conclusions to describe the

,leqradation rioted, but do not support these conclusions with experimen-

tal measurenents. Therefore, many conflicting statements are made about

radiation effects and what can be done to compensate for them.
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z resti n Methods

2.2.1 Mechanical restinj

All reseirchers in the field ot composi Ltes testing generally ayree

r.AIt Idmind propertlos in the fiber direction (ultimate stress: XT,

I is tic nodulus: E1, and Poisson's ratio: v and transverse to the

tioer direction (ultimate stress: YT' elastic modulus: '2, and Poisson's

raitio: v~ ) can be measured isinf unidirectional lamininates in the U0 and

90'" orientations (Fig. 4). However, much less agreemnent is found in

:Itterininintj shedr p)roperties (ultimate shear strength: S, and shear

modulus: 61.), due to the difficulty of producing a state of pure shear

in practical laboratory test specimens.

One method for measuring shear properties was proposed by C. C.

Chamis and J. H. Sinclair of the NASA-Lewis Research Center in Cleve-

land, Ohio, in 1977 [31]. Their combined theoretical and experimental

investigation proposed using the IU°-off axis tensile-test laminate for

intralaminar-shear characterization of unidirectional composites. The

theoretical approach included classical lamination theory (CLT), a

combined-stress failure criterion, and a finite element analysis of the

problem. Several 10U-specimens of Mod-I/epoxy, T3UO/epoxy, and

S-glass/epoxy were fitted with strain gage rosettes to experimentally

verify their findings. They conclude that the procedure is suitable for

shear characterization and recommend that it should be considered as a

possible standard test specimen.

Further work by Pindera and Herdkovich has shown that shear-coupl-

ing at low fiber orientations leads to less than satisfactory results

[33]. Thus, the l°-specimen is suitable for shear strength (S) deter-
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ruination, but the 45 0 -specimen is preferred for determination-of the

A• shear modulus (G1 2 ). Therefore, it was decided to use the 10*-laminate

for shear strength and the 45°-laminate for shear modulus,;•.-'-.

The basic theory of this test utilizes the biaxial stress-state

that is present when a 10 0-off axis laminate is subjected, to an axial

load. The induced stress-state has three stress components; longitudi-

nal a ll(oia), transverse aL22(a2), and intralaminar, oY12(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 aX12(012) must be the only stress component that is near its criti-

cal value. Fracture must occur at the 100 orientation when the intra-

laminar shear, 012, reaches this critical value. Experimental measure-

ments, made by Chamis and Sinclair, have determined that this is the

case [31].

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

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

{G}x = (T]-I}I)

Where {olx are the stresses in laminate coordinates and (a), are the

stresses in lamina coordinates. [T] is the transformation matrix listed

Sbelow in which 0 is the fiber orientation within a given lamina [32].

rCos2 (6) sin2 (6) -2sin(e)cos(e) 1
[T] sin2 () cos2 () 2si n (8 )cos() ) (2)

Lsin(0)cos(O) -sin(e)cos(e) cos 2 (e)-sin2 (e)J
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C hamis states that, for a uniaxial load along the x-axis of a lami-

nate, ax has a measurable value, but oy and xY are equal to zero. Note

X that Pindera and Herakovich have shown that a can only be taken to be

zero for very large aspect ratios [33]. Therefore, from equations (1)

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

2
01 a •xcos (0) (3a)

02 =xSin2(6) (3b)

012 a x sin(O)cos(e) (3c)

For a 10°-off axis laminate, 0 is equal to 100 and substituting into

equations (3) gives:

01 =Ux.970 (4a)

2 o 0.030 (4b)

012 0 xU.171 (4c)

In this investigation, the 1U°-off axis specimen 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 test for the measure-

ment of shear modulus [33]. Therefore, from equation (4c), an equation
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can be written for the ultimate shear strength, S.

S Oult(lO°) 0.171 (5)

Where a.ult(10°) is the ultimate stress of the 1lO-laminate.*

Pindera and Herakovich go on to state that the 4b0 -off axis test is

more suited for the measurement of shear modulus, G1 2. Shear coupling

is small in the 4bO-laininate, thus permiting its use to measure shear

modulus. In addition, since the 45°-laminate fails in a mixed mode of

inplane shear and transverse tension, it is not a good specimen for

measuring shear strength. In this investigation, the 45 0 -off axis

laminate was used to measure shear modulus, G1 2 .

The basis of this test method begins with the generalized Hooke's

law [32].

{o} :[C]{e} (6)

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

Ry rewriting this equation in terms of strain and in lamina coordinates,.

the following relationship is obtained:

JO [S]{} 1  (7ý

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

lowing relations (in lamina coordinates).
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S11 =1 (Ba)

S 12 '21
12- "E E2  (8b)

S22 = 2 (8c)

12
$6 GI2  (8d)

where E1 , E2 , v12 , v2 1 , and G12 are engineering constants in lamina

coordi nates.

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

system [32].

{E}x = I[a{o}x (9)

where {ex are the strain components and {o} are the stress components.
x x

[S1] is the transformed compliance matrix and its first element is found

to be equal to

iI SIcos4 (a) + (2S 12 + S6 6 )sin2 () cos 2 (e) + S2 2 sin 4 () (10)

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

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

--

1~1 4 1 v 12 2 2 1 4(e
_ cos (o) + (. 1 -E 21)sin (W)cos (e) + - sin (12)Ex G12 1 E 2
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For a 4b°-off axis laminate, 0 is equal to 450 and substituting into

equation (12) gives

i 1 1 2 12! i
1 - 1 E2 (13)

Ex 4 El l 1 2

By rearranging

"I 2v1 2 ] -1G12 :[x E I E2 E 1.

In this equation, Ex is the axial modulus of the 45 0-specimen and El,

E2 , and v12 are determined from other tests.

2.2.2 Dynamic-Mechanical Analysis

Dynamic-mechanical analysis (DMA) is being-used increasingly for

polymer and composite materials characterization. Properties measured

by this technique include the dynamic modulus of the material, its

damping characteristics, 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 plastic,

soft, and pliable.

DMA is the measurement of the mechanical properties of materials as

they are deformed under periodic stress [26,271. In a typical test

arrangement, Fig. 6, a sample is clamped between the arms of a compound

resonance system in which the resonant frequency is dependent almost

entirely on the configuration and modulus of the sample [25]. The
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sample-arm-pivot system is oscillated at its resonant frequency by an

electromechanical transducer. The frequency and amplitudeof this

oscillation are detected by an LVDT positioned at the oscillated-, end of

the active arm. The LVDT provides a signal to the electromechannical

transducer, which in turn keeps the sample oscillating at co-nstanrt

ampli tude.

During each cycle, the test specimen is subjected to an alternating

tlexural deformation. The ability of this test specimen to:s tore and

dissipate energy upon deformation is monitored by the DMA system. When,

the test specimen is deformed and then relaxed, a portion of the energy

required to deform the sample is dissipated as, heat that is released at

a rate that is characteristic of the test material. This dissipation

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

mechanical properties of the viscoelastic material being tested [273.

By monitoring damping energy as a function of temperature, the

glass-transition temperature of the polymeric material can be deter-

mined. Due to molecular chain movement at the glass-transition tempera-

ture, a huge increase in damping energy will be noted.

The solution for the dynamic equation of motion for the system

gives the following relationship between the dynamic modulus of elastic-

ity and DMA frequency [25]:

2 23
( 4f J - K) L (15)

E + D)

where

where
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E = Dynamic modulus of elasticity (Pa)

f= DMA frequency (Hz)

J - Moment of inertia of arm (kg m 2)

K Spring constant of pivot (N • m/rad),

D' Clamping distance (m) ...

W. Sample width (m)

JT =Sample thickness (m)

L Sample length (m)

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

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

temperature the modulus decreases greatly.

By comparing outputs of damping and/or modulus versus temperature

forý-varidus polymers, conclusions can be drawn about the effect of

molecular structure on DMA data. Fig. 7 is a typical plot of damping

versus temperature for three polymeric materials [26]. The large peak

at the high temperature is the glass-transition temperature 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 lower 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 weights would produce

a broader glass-transition temperature peak than would a tight distribu-

tion of molecular weights.
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Dynamic-mechanical 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 glass-transition tem-

perature peak would be shifted toward lower temperatures as well as be

slightly increased in height if crosslink density were decreased.

Again, changes in polymers due to changes in molecular 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 U0 graph-

ite-epoxy (or graphite-fiber, resin-matrix 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 range of allowable

stress. Reversibility is no longer possible only after significant

damage has occurred within the laminate. Significant damage is 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 compared to axial strain also

exhibits nonlinearity in 00 -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 observations and laminate responses are noted only in

"specimens tested in the fiber direction. Off-axis laminates 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 common explanations

involve the effect of graphite fiber waviness and nonlinear response of

the graphite fiber itself.

Curtis, Milne, and Reynolds identified two modes of fiber behavior

which are altered by applied load [35]. Initially, the increase in the

modulus of elasticity of carbon fibers is attributed to movement and

subsequent pinning of basal dislocations within the crystalline struc-

ture of the fibers. This change in crystalline orientation with applied

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 explained by a strain-induced increase in the fiber 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 strai ghteni ng

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, VanL)remel 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-

ized. Results reveal that fiber waviness has negligible effect on the

modulus of elasticity and shear properties when composite mat'rices are

stiff and brittle. However, in those systems where matrices areductile

dnd flexible, significant influence is predicted and measured. Fiber

waviness can significantly increase the modulus of elasticity of a O°

laminate provided the matrix of that composite is flexible.

Essentially straight fibers in a ductile matrix produce, 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

L42,43]. Composite laminates are manufactured at high temperatures

(2bU°F to 3b!OF) to allow the epoxy resin matrix material to cure. Upon

coolin(j, the matrix will contract and the fibers will expand 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 fibers are in compres-

sion, they may tend to buckle slightly. The larger the residual stres-

ses, the larger the degree of waviness of the fibers.

The amount of residual stress present in a composite laminate will

directly influence the deg~ee of fiber waviness in that. laminate. This

influence is also affected by the degree of ductility, of the-matrix

material. Fibers with a high degree of waviness will produce a com-
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posite material that is less stiff in the fiber direction as compared to

a composite containing straighter fibers. Reducing residual stresses

within a laminate will result in straighter fibers and therefore higher

values for the modulus of elasticity of that laminate.



1II-. METHODS AND MATERIALS

The experiments described here focused on two main objectives:

a) Fo determiine the effects of a space environment on the mechani-

cal properties of a graphite-epoxy composite, and

b) ro characterize the changes 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 T3OU/934

graphite-epoxy advanced composite. 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 unidirectional material were

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

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

were limited to a thickness of 4 plies (0.U242 inches, 0.615 millime-

ters) in order to ensure uniform radiation exposure through the thick-

ness of the composite. Prior touse, 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 measurements were conducted for both the non-irradiated and the

36
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Table 3

Fiber Volume and Density of T300/934 Graphite-Epoxy Composite.

T300/934, Graphite-epoxy

4-ply, unidirectional material

Fiber volume: 68%

Volatile content: < 1%

3..Density: .1.568 g/cm
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irradiated 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 compa-red. to-

non-i rrddi ated material.

Prior to testing, all test specimens were placed in a vaccuUm drying

oven (1.0 x 10-3 torr, 1100F) for a minimum period of two weeks.. A plot

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

3.2 Radiation Facility

A radiation exposure of 1.0 x 1010 rads was used in this i~nvestiga.-

tion to simulate a "worst case" of 30 years in space [7]. Electrons

with energlies of 1.0. MeV were used which are characteristic of tIsse

found in the Van Allen radiation belts surrounding the earth:[81.. A.

dose rate of b.0 x IU7 rads per hour accelerated exposure t oimes to 200

hours. This translates into actual facility use times of 14 tq 21 days.

The facility that was used to produce radiation exposures for this

investigation is the Space Materials Durability Laboratery located at

the NASA-Langley Research Center in Hampton, Virginia (Fig. 10). This

installation uses an electron accelerator to produce a 10-inch (25.4-

centimeter) electron beam capable of producing exposures of the 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

IUU°F, and experience has shown that lower temperatures are more prob-a-

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

*not-present [44].

In preparation for a radiation exposure, composite samples are

first attached to an aluminum plate (Fig. 11). The 10-inch (25.4-centi-

meter) circle inscribed on the plate is a guide to indicate where the

electron beam will strike the plate. The aluminum plate is then

attached to the water-cooled backplate of the exposure facility (Fig.

12).. As seen in the photograph, a thermocouple is connected to the

plate t•omonitor temperature and a Faraday cup is used to measure elec-

tron dose and dose rate. This 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 inplane tensile behavior of the graph-

ite/epoxy system being tested in this study, the following properties

have been measured or calculated: Elf E2 ' G12 ' v 1 2 ' v2 1i XT, YTS and

S. A O°-laminate was used to measure XT, E1, and v12 which are proper-

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

transverse properties YT and E2 . As stated earlier, the shear strength,

S, was calculated from the 100 -off axis specimen and the shear modulus,

G12, from the 45°-off axis specimen. Poisson's ratio, v2 1 , was calcula-

ted from the following well known equation [32].

V2 1 E V " 12
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A table of the laminates utilized and the properties obtained is presen-

ted in Table 4.

Mechanical tests were performed for both the non-i rradi ated and

irradiat(In material over the temperature range of -2b50'F6(116K) to

f2bSU 0 F (394K). Fable 5 is the testing matrix that was used.

Test specimens were cut from the unidirectional panels of T300/934

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

order to insure uniform radiation exposure through the thickness of the

composite. A length and width of 6 inches (15.24 centimeters) by 0.5

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

that could be placed under the 10 inch (2b.4 centimeter) electron beam,

without overly compromising on the aspect ratio (length.to width) of the

test specimen. Fiberglass tabs were used for load introduction to

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-06-125AU-350, Micro-Measurements). The [014 laminates

were f-itted with both axial and transverse gages (for measurement of

Poisson's ratio, v12), while all others were mounted with axial gages

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

speci men.

All tests were performed in an environmental chamber that uses

resistance elements for heating and liquid nitrogen for cooling. The

heat from the resistance elements is circulated by an internal fan. The

liquid nitrogen evaporates as it enters the chamber and is circulated by

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

Properties Measured from the Laminate Lay-Ups Used.

Laminate

LaminateProperties measured
lay-up

450

44

[994 1T 2

goo
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Table 5

Test Matrix.

condtio Temperature Laminate..lay-up

[0 0] [109] [450] [900]
4 4 4 4

-20F3 3 3 3
ý(116K)

non- Room 3 3 33
irradiated temperature

+250 0F3333
(394K)3333

-250 00 F
(116K) 3 3 3 3

1.0 10 10 rads Room3333
temperature3

+250 0F 3 3 3 3
(394K)
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Fig. 14. Diagram of Mechanical Test Specimen.
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tured throughout the chamber by thermocouples placed at various loca-

tionrs within the chamber, including one thermnocoupl e attached di rectly

to the test specimen. Tests were conducted at three different tempera-

tures: -ZbU°F (IlOK), room tenperature (3(14K), and +i2bO°F (394K).

Approximately one hour was requi red to reach both the low and high test

temnperatures. Soak times of fifteen minutes were used to &ttzain stable

condi ti ons.

The environmental chamber is mounted on an Instron •testi~n•

machin-e. The -m'echahica1 grips, used to pull th4 .c i_ os, i-n-

tension, fit entirely wi thi n the chamber. Load was measured- by.a: .?es:•s-

tance load cell located outside of the chamber and,. iso~l~ated fi.•.•eIpeT-~

ature fluctu~at~icns.. During a test, stress and strain data-.wer automa-

ti c•.•y•.and peri._di:.ca4l-l:y.,samp led. and r ecorcdedy•a, •j ••a:

acqulsitio:• .system.. After each test had been.p:,i rme,o i.•_:a 1i•• .ata-

were qraphmed,• tabulated, a~nalyzed, and stored :b• the co)!IU •y-',•

In preparation for a mechanical test', the graph-ite-epoxy spefimens

are placed in the mechanical test grips (Fig. 16). These grips are held

rigidly in place with C-clamps for alignrment purposes. When 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 during

i' acement. Oine C-cl amp is renoved imnmedi ately before a test is to be

conducted (Fig. 17). An overall view of the •{•echani cal measurement

facility showing the Instron machine fitted with an environmental chamn-

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

right-hand side of the tensile machi ne. The data acqui siti on equi pment



viq. 16. Photoqrdph of Specimen Mounted in Mechanical Test Grips
Showing Alignment Precautions.
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j.4 Oynamic-Mechanical Analysis

Although the dynamnic-mechanical analysis (DMA) technique has been

used fur several decddes, its recent acceptance has come from the DuPont

1481 dynadic-mechanical analyzer L4b,4b]. With this instrument, a 1.U-

inch (2.b4 centimeter) by U.b-inch (1.21 centimeter) sample is clamped

between two arms (Fig. 19). One arm is fixed, and the other arm is

moveable (Fig. 2U). The test specimen and the arms are displaced and

set into oscillation by an electromechanical transducer thr-w!qýthe

moveable arm. By means of a feed-back loop, the sample is gnae to.

vibrate at its own natural frequency with a constant amplitude. Then,

by comparinq the amount of energy required by the-moveable arm to main-

tain the eson-ant frequency of the sample, tVie tendency of thie sample to

convert mechanical energy i'nto heat when stressed is measured. This

defines the inherent stiffness of a material as well as its damping

characteristics.

With the 961 DMA analyzer, changes in the resonant-frequency of the

test material over a very large selectable temperature range (-30U°F to

•bLUUF) can be monitored. An overall view of the dynamic-mechanical

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

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

lata, the glass-transition temperature of the polymeric matrix can be

calculated. In addition, modulus and damping are plotted as a function

of temiperature.

[he DMA technique is very useful for comparing the temperature

dependent characteristics ot one polymer with another. in this study,

naterial that has not been irradiated has been characterized in both the
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Fiq. 19. Photograph of Dynamic-Mechanical Analysis (DMA) Equipment
Showing Composite Sample Clamped Between Two Arms.
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Fig. 20. Photograph of DMA Equipment Showing Moveable and Fixed
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fiber direction and transverse to the fibers. This was accomplished by

using both a U' and a 9U0 specimen. [his data was then compared to data

fromi irradiated material. Radiation induced temperature dependent

chanyes of the graphite-epoxy composite system can be noted.

3.b tIhermomechanical Analysis

[hermomechanical analysis ([MA) can also be used to measure the

jlass-transition temperature of a polymer or a polymer within a compos-

ti . This test will yield information about the softening pqoI.nts, phase

transitions, modulus changes, and creep properties of the test speci-

men. DuPont manufacturers the 942 thermomechanical analyzer to make

these measurements [47]. With this instrument, a probe is positioned on

the composite sample and loaded with a given load (diagram,- FV'i. 22 and

photograph, Fig. 23). A small 0.25-inch (0.64 centimeter) sq'uare sample

is placed under a probe with a steel ball of 0.125-inch (0.317$ c~entime-

ter) diameter attached to its end. The stress is applied by nreans of a

Ib grawi wei ght posi ti oned at the top ot the probe. A record of the

perietration of the probe into the sample, by means of a moveable-core

lintear variable difterential t~ransformer (LVDT), is obtained as a func-

tion ot temperature. Penetration into the sample as well as expansion

of the specimen can be recoroed with this equipment. From the plot of

the displacement of the probe versus temnperature, conclusions can be

drawn about the softening temperatures of the test material.

In this investigation, both nonirradiated and irradiated graphite-

epoxy composites were characterized by this technique. From these data,

radiation-induced temperature dependent changes can be noted.



15 grams Weight

j. •L.V.D.T. (linear displacement)

Probe

Specimen support

Specimen

Fig. 22. Illustration of Thermomechanical Analysis (mA) Test
Equipment.
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3.6 Degradation Product Chemical Analysis

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, degradation products will be generated

due to chain scissioning and crosslink breaking. These degradation

products can be identified by using Infrared Analysis and Mass Spectro-

scopy.

Once degradation products are identified, and by knowing the chemi-

cal structure of the original material, the parts of the epoxy macromo-

lecules which are susceptible to electron radiation can be discovered.

From this information, it may be possible to predict a degradation

mechanism and possibly explain the observed changes in mechanical pro-

perties of this graphite-epoxy system.

Degradation products are extracted from the irradiated composite

material by boiling a sample of the laminate in acetone. The next step

is to let the acetone evaporate, leaving behind a residue consisting of

the radiation-induced degradation products. This residue can be placed

in an infrared analyzer and/or mass spectrometer to chemically 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 composite laminate due to the mismatch in the coeffi-

cient of thermal expansion (CTE) of adjacent plies at different orienta-

tions [48]. If the inplane normal stress becomes sufficiently large,

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 presented in a later section), its ther-

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

verse modulus of elasticity is significantly increased when irradiated,

the inplane normal stresses will be increased and microcracking may

0CC c r.

Test specimens, used in this part of the study, were cut from the

[U/9U]S panel of T300/934 graphite-epoxy. Samples had a length of 6

inches (1b.24 centimeters) and a width of 0.5 inches (1.27) centime-

ters). Test specimens were ultrasonically C-scanned and examined by

optical microscopy, prior to use, to insure no microcracking or delami-

nation was present. The edges of the laminates were polished to aid in

optical examination. Prior to thermal cycling, all test laminates were

placed in a vacuum drying oven (1.0 x 10- 3 torr, 110F) for a minimum

period of two weeks.

fhe [U/9UiS composite laminates were exposed to each of the follow-

ing conditions, and checked for microcracking.

1) Baseline (as is)

3) Irradiated (I.0 x 10 U rads).

3) bOO thermal cycles (t2b0 0 F).

4) First irradiated then thermally cycled.

5) First thermally cycled then irradiated.
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The thermal cycling equipment used for this study was built at the NASA-

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

has a hot chamber that is kept at +25U°F (394K) and a cold chamber that

is kept at -2bU°F (116K). Specimens are placed in a sliding tray that

slides from one chamber to the next and back again. Thermocouples

attached to the samples regulate soak times.

In preparation for thermal cycling, the prepolished composite

specimens are placed in a stainless steel "bag" as shown in Fig. 25.

The "bag" is then welded 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 placed in the sliding tray of the thermal cycling equipment, Fig.

2 1.

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 Analysis

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

ture surfaces of the laminates broken during the mechanical testing

phase of this study. Mechanical tests were performed over the tempera-

ture range of -2bO°F (116K) to +2500 F (394K) for both the non-irradiated

and irradiated conditions. By greatly magnifying the fracture surfaces

of these laminates, differences in failure modes were observed. Obser-
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vations of the temperature-dependent behavior of the non-i rradiated

laminate failures were compared to the irradiated laminate failures.

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

tur o used.)

SEM inspection was made on the matrix-dominated fracture surfaces

of the [90]4 laminate. This laminate fails in pure tension. OTbserva-

tions were also made on the [1014 laminate which should fail mostly by

shear [31]. Inspection of the [014 laminates was impossible, since

these laminates are almost completely destroyed at failure. Inspection

of the [4514 fracture surface was not deemed appropriate since this

laminate fails in a mixed tension and shear mode.

Photographs of the fracture surfaces were taken for both the non-

irrddiated and irradiated [9014 and [lu]4 laminates at alIl thWree•1test

temperatures (-250'F (116K), room temperature, and +250'F (394K)) at

magnifications of 37bx and 3 , 4 00x. All fracture surfaces w:ere coated

with gold-palladium prior to SEM inspection.



IV. RESULTS

The results obtained in this investigation into the effects of a

space environment on graphite-epoxy composite can be divided into the

following three topics:

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

ties of the composite as a function of temperature (section 4.1).

2) Characterization of the degrading effect of radiation on the

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

3) Inspection of the fracture surfaces produced by failure of both

non-irradiated and irradiated graphite-epoxy laminates (section

4.3).

4.1 Effect of Radiation on Mechanical Properties

The elastic and strength properties of T3U0/934 graphite-epoxy are

presented first with the non-irradiated laminate data, and then secondly

by adding the irradiated data. Figures 28 through 31 are the stress-

strain curves (as a function of temperature) for non-irradiated

T30U/934. The data in Figs. 32 through 35 are the stress-strain curves

with the irradiated data added. Results for the non-irradiated elastic

properties as a function of temperature are illustrated in Figs. 36

through 42 and with the irradiated data added, Figs. 43 through 49.

Non-irradiated strength data is presented in Figs. bO through 54 and

with the irradiated data added, Figs. 55 through 59. All test data are

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

69
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changes (compared to room temperature) in mechanical properties for both

non-irradiated and irradiated laminates is shown in Figs. 60 and 61. A

bar chart of radiation-induced changes in mechanical properties as a

function of temperature is shown in Fig. 62. Polynomial regression

coefficients are listed in Tables 9 through 11. 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 00-

material at all test temperatures. The 00 -material does exhibit a

stiffening behavior at high strains, as expected, for all temperatures

[341. Very little temperature dependence is noted (Fig. 28). Electron

irradiation tends to increase slightly the modulus at all test tempera-

tures (Fig. 32).

Axial stress-strain behavior for the other laminates is roughly

linear at low and room temperatures for both the non-irradiated and

irradiated cases (Figs. 29-31, 33-35). At -250OF (116K), the stress-

strain curves are essentially linear. As the test temperature is

increased, the elastic modulus decreases and the degree of nonlinearity

increases. Significant nonlinearity is noted in the behavior of the

non-irradiated laminates 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 irradiated material at +250OF (394K) (Figs. 33-35).

This behavior is largest for the [lU] 4 and [45]4 laminates.
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Radiation greatly increases the plasticity of the epoxy matrix

material at elevated tempertures, but not significantly at lower temper-

atures. This plasticity is attributed to the epoxy because it is known

that the fibers exhibit linear behavior and further because the nonline-

arity is more pronounced in matrix dominated behavior with high shear.

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

under radiation because of studies performed on carbon control rods that

are used in nuclear reactors.
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4.1.2 Elastic Properties

00 -Laminate: E1 . The experimental results for the elastic modu-

lus, EI, are plotted as a function of temperature for the nrirradiated

material in Fig. 36 and for the irradiated material in Fig.o-43 For the

non-irradiated material, the modulus is 2 to 3 percent higher at the

elevated temperature and roughly unchanged at the low temperature, as

compdred to that measured at room temperature (Fig. 36). For the i-rra--

diated material, the modulus is only 4 to 5 percent higher at the eleva-

ted tenperature, and again almost unchanged at the- lower temperature

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

ial. Over the entire temperature range, the irradiated material has a

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

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

Since fiber properties are independent of temperature (over this-,

range), the temperature dependence observed here is a function- of the-

chdnging matrix properties, fiber waviness, and residual stresses [42,

43]. The higher modulus at the elevated temperature is believed to be

due primarily to reduced residual stresses which result in lower matrix

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

the composite due to the absence of nonlinear matrix behavior and fiber

waviness [3b-41].

Since, in all cases, the modulus of the irradiated material is

higher than that of the non-irradiated material, it appears that the

irradiated material has lower residual stresses and, consequently,

straighter fibers than the non-irradiated material. We can rCoCTUde
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here that electron irradiation acts to reduce residual stresses in the

epoxy matrix resulting in somewhat higher modulus.

10 °-Laminate. Results for the axial modulus of the [10J 4 laminate

are shown in Fig. 37. The modulus of this laminate exhibits a linear

temperature dependence, with larger values of stiffness'at lower temper-

atures;. Modulus values are 22 percent higher at -250*F (116K) and 22

percent lower at +2bO°F (394K), when compared to room temperature.

Data taken from irradiated laminates are added in Fig. 44. At all

temperatures, the moduli from the irradiated material are lower than

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 0-off axis specimen was chosen to measure shear

strength only, these results have been included for the sake of com-

pl et en es s.

45°-Laminate. Fig. 38 presents the axial modulus of the [45]4

laminate as a function of temperature. A linear dependence is noted,

with larger values of modulus occurring at lower temperatures. Stiff-

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

at +250°F (394K), when compared to room temperature.

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

temperatures, the moduli from the irradiated material are larger than

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

values are smaller. A three-percent increase over non-irradiated data

is noted at the low test temperature, and a 25-percent decrease is noted

at high test tenperatures.
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Again, note that the 45 0 -off axis speciiie waiE io•i n'primarily for

shear modulus measurements. These results hav, bo.i in,: uAded for the

sake of completeness.

90°-Laminate: Eq. The results for the t.i',n!nv -,r ;e iodulus-, E2 ,for

the non-irrddiated material, indicate that theI'r i-3 a 3I percent

increase at the low temperature and a 10-percent CE,:r _a,.o.at the high

temperature (as compared to room temperature, Fig. 39). The epoxy

matrix material is stiffer at the low temperatures ,•n1 Icrfter at high

temperatures. Epoxies are known to exhibit this tyý)E Of behavior. The

irradiated case shows a 40-percent increase at the ow test temperature

and a 3U-percent decrease at the high temperature (:1g. 46). Also, at

room temperature, the irradiated modulus is already I) percent higher

than the non-irradiated modulus. This places the ir-adiated material

(data higher than the non-irradiated data at the low test temperatures,

but lower than the non-irradiated material at the elevated temperature

(Fig. 46).

A lower transverse modulus at the elevated temperature for the

irradiated case as compared with the non-irradiated material is con-

sisten.t with the increased plasticity noted in the stress-.s~train

curves. Upon irradiation, the elastic modulus decreases and the degree

of nonlinearity increases at the elevated temperature. The behavior of

the transverse modulus at the low test temperature is not as easily

explained (irradiated compared to non-irradiated). Some other effect

must be occurring that can not be identified at this time. Also note

here that residual stresses do not play as large a role in affect-
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ing transverse modulus as compared to their influence in the fiber

direction.

Shear Modulus, GI2 . 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 temperature, as compared to room temperature.

This is consistent with the epoxy's behavior as shown in previous

results. For the irradiated material, the shear modulus is 45 percent

higher at the low test temperature and 49 percent lower at the elevated

temperature (as compared to room temperature, Fig. 47). Over the entire

temperature range, the shear modulus for the irradiated case is equal to

or lower than thdt measured for the non-irradiated material (Fig. 47).

The datd range from roughly equal at the lower temperature to 30 percent

lower dt the higher temperature (irradiated compared to non-irradiated).

These data indicate that shear behavior of a laminate is mainly

influenced by the plastic behavior of that laminate. At high tempera-

tures, where the irradiated material becomes much more plastic than the

non-irradiated material, the shear modulus decreases. At lower tempera-

tures, where no plastic behavior is observed in either the non-irradi-

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

non-irradiated and irradiated materials.

Poisson's Ratio: v 1 2 . Poisson's ratio v12 was measured during the

00 -material test by taking the ratio of the strain measured by the

transverse strain-gage to that measured by the axial gage. These

results for the non-irradiated case show that Poisson's ratio remains

roughly the same at low temperatures, as compared to room temperature,

but increases by about 10 percent at the elevated test temperature
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(Fig. 41).' This increase at higher temperatures is consistent with the.

increase in plasticity at higher temperatures noted in thestress-strain

behavior,... The irradiated data exhibits a 40-percent increase in

Poisson's ratio at the elevated temperature, but also a 30-percent

increase at the low temperature as well (as compared to room -tempera-

ture, Fig.. 48). Poisson's ratio for the irradiated material is higher

than the'non-irradiated material at both high and low temper atures., but

lower at room temperature (Fig. 48).

The largeincrease in Poisson's ratio for the irradiated data at

elevated temperatures is consistent with the extreme amounts of plastic-

ity noted at this temperature in the stress-strain curves. :However, the

reason *for the increase in Poisson's ratio at the low temperature for

this riiat&erial is not immediately apparent.

The fact that Poisson's ratio for the irradiated material is lower

than that for the non-irradiated material at room temperature may be

attributed to reduced residual stresses in the irradiated 00 laminate,

Lower residual stresses result in straighter fibers. Straighter fibers

give rise to a decreased Poisson's ratio, v 1 2 [34].

Poisson's Ratio: v21 . Poisson's ratio v2.1 was calculated from E1,

E2, and v12 using eq. 16. The calculated values for the non-irradiated

data are plotted in Fig. 42. There is no change between room and eleva-

ted temperatures, but a 34-percent increase is noted at the low tempera-

ture. The modulus ratio, E2 /EI, is larger at the low temperature com-

pared to the room temperature ratio and v1, is constant. Thus, a

higher v2 1 at the low temperature would be expected. The.modulus ratio,
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E2/E1 , is smaller at high temperature compared to the room temperature

value,;and v is larger. Thus, v2 1 does not significantly change.

rhe calculated values for the irradiated data are showniin Fig.

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

84-percent increase is noted at the low temperature. No difference is

seen between irradiated and non-irradiated material at room and elevated

temperatures. Poisson's ratio, v2 1 , is calculated to be. larger at the

low temperature for the irradiated data as compared to the non-irradi-

ated• data.

45
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4.1.3 Strength Properties

U°-Laminate: XT. Figure 50 shows that the ultimate strength of

the 0°-lami nate for non-irradiated material is highest at room tempera-

ture. At -2b5JF (116K) the average strength drops by 37 perc~ent and at

+•2bJoF (394K) the ultimate strength drops by 13 percent. At the lower

tmnperature, the matrix becomes stiffer and more brittle, resulting in

higher residual stresses and less-efficient load transfer in regions of

stress concentration such as at fiber breaks. At the elevated tempera-

ture, the matrix becomes soft and pliable. In this condition, the

matrix is too pliable for efficient load transfer around fiber breaks,

and again, the strength drops.

Dlata from the irradiated laminates are presented in Fig. b5.

Again, strength is highest at room temperature and decreases by 43

percent at the low test temperature 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 to irradiated laminates over most of the temp-erature,

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

ial is noted at elevated temperature. Both laminates exhibit brittle

behavior at low temperatures (EI 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 decrease in ultimate strength. This is

probably due to less efficient load transfer at fiber breaks.



101

100 -Laminate. Results for the ultimate strength of the [10] 4

laminate are shown in Fig. 51. Strength is highest at room tempera-

ture. Average stress values are 2b percent lower at -250'F (116K) and

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

values.

Data taken from irradiated laminates is added in Fig. 56. Over the

entire temperature range, the irradiated strength 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 decrease at the elevated temperature.

The ultimate strength data obtained from this test were transformed

according to Eq. b to produce shear strength data. This laminate fails

primarily by shear stress. The above results have been included for the

sake of completeness.

4b°-Laminate. Fig. b2 presents the ultimate strength of the [45]4

laminate as a function of temperature. Strength is highest at room

temperature, dropping by 12 percent at the low test temperature and by

28 percent at the high test temperature.

Data for the irradiated laminates is added in Fig. 57. Ultimate

stress is roughly equal are both non-irradiated and irradiated laminates

at room temperature. However, at -250'F (116K) the irradiated values

are 19 percent lower than the non-irradiated values, and at +250"F

S(394K) the irradiated values are 37 percent lower than the non-irradi-

dted values.
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Note that the 45 0 -off axis specimen was chosen primarily for shear

modulus measurements. These results have been included for the sake of

completeness.

90 0 -Laminate: YT" Strength data in Fig. b3, for non-irradiated

laminate, shows that the ultimate strength of the 90°-material follows

the same trends as the 0-material. The experimental values are highest

at room temperature and drop at both higher and lower temperatures. The%

drop at -250'F (116K) is 51 percent and a 28-percent decrease is

observed at +250'F (394K). On the average, the ultimate stres-s of the

irradiated material is lower than that of the non-irradiated data (Fig.

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

temperature drops the average strength by 26 percent. This value is

lowered by 60 percent at the low test temperature and is also decreased

by 16 percent at the high temperature. Again, note that there is a

large amount of scatter in the data, this is typical of 900 material.

Data collected from the [9014 laminates causes one to conclude that

the epoxy resin is degraded by irradiation. The matrix is more brittle

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 XT and

YT data, is also noted here. The largest value is measured at room

temperature, a 26-percent decrease is observed at the low temperature,

and a 40-percent drop is measured at the elevated temperature. Over the

entire temperature range, the irradiated shear strength is either equal

to or less than the non-irradiated strength average (Fig. 59). As 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 low temperature, and a drop of 56

percent is noted at +2bU0 F (394K), as compared to room temperature

data. This is in addition to a 7 percent decrease in shear strength of

irradiated datd compared to non-irradiated data at room temperature.

"4
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Table 6

Non-Irradiated Data as a Function of Temperature..

Material Percent .change
Temperature property Non-irradiated from room

ksi/T.si (MPa/GPa) temperature

XT 140.9 (972) -36.6

YT 4.56 ( 31) -51.3

-250OF S 7.34 ( 51) -26.0
(116K)

E 1 18.62 (128) - 1.4

E2  1.829 (12.6) +32.9

V 1 2  0.3129 n.c.

G12 1.170 (8.1) +70.1

XT 222.1 (1531) -

YT 9.37 ( 65) -

Room S 9.92 ( 68) -

temperature 18.88 130

E2 1.376 ( 9.5) -

v1 2  0.3143 -

G12 0.688 (4.7) -

XT 193.7 (1336) -12.8

YT 6.76 ( 47) -27.9

+2500F S 5.97 ( 41) -39.8

(394K) 1 19.03 ( 131) + 1.0

E2 1.241 ( 8.6) - 9.8

v1 2  0.3447 + 9.7

G12 0.563 ( 3.9) -18.2
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Table 7

Irradiated Data as a Function of Temperature.

Material 10 Percent change
Temperature property 1.0 x 10 rads from room

ksi/msi (MPa/GPa) temperature

XT 127.3 (878) .- 42.8

YT 2.81 (19) -59.7

_250OF S 7.25 (50) -21.6
(116K) E( 19.16 (132) n.c.

E2 2.123 (14.6) +40.1

v12 0.3682 +30.1

G12 1.123 (7.7) +44.5

XT 222.6 (1535) -

YT 6.98 (48)

Room S 9.25 (64)
temperature E 19.31 (133) -

E2 1.515 (10.4) -

v 12 0.2831

G12  0.777 ( 5.4) -

XT 161.5 (1114) -27.4

YT 5.88 (41) -15.8

+2500F S 4.06 ( 28) -56.1

(394K) E 19.76 (136) + 2.3

E2 1.064 (7.3) -29.8

Sv12 0.3970 +40.2

G12 0.397 ( 2.7) -48.9
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Table 8

Non-Irradiated Data Compared to Irradiated Data as a
Function of Temperature.

Material Non-irradiated 1.0 x 10 rads Percent

Temperature property change

ksi/msi (MPa/GPa) ksi/msi (MPa/GPa)

XT 140.9 (972) 127.3 (878) - 9.7

YT 4.56 ( 31) 2.81 ( 19) -38.4

-2500F S 7.34 ( 51) 7.25 ( 50) n.c.

(116K) 18.62 (128) 19.16 (132) + 2.9

E2  1.829 (12.6) 2.123 (14.6) +1'6.1

v12 0.3129 0.3682 +17.7

G1 2  1.170 (8.1) 1.123 (7.7) - 4.0

XT 222.1 (1531) 222.6 (1535) n~c.

YT '9.37 (65) 6.98 (48) -25.5

S 9.92 (68) 9.25 (64). - 6.8Room

temperature E 18.88 (130) 19.31 (133) + 2.2

E2 1.376 (9.5) 1.515 (10.4) +10.1

V1 2  0.3143 0.2831 -11.0

G12 0.688 (4.7) 0.777 (5.4) +12.9

XT 193.7 (1336) 161.5 (1114) -16.6

YT 6.76 (47) 5.88 ( 41) -13.0

+2500F S 5.97 (41) 4.06 ( 28) -32.0
(394K) - - - - - - _E31 19.03 (131) 19.76 ( 136) + 3.8

E2 1.241 ( 8.6) 1.064 ( 7.3) -14.3

v 1 2  0.3447 0.3970 +15.2

GI2 0.563 (3.9) 0.397 (2.7) -29-5
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Table 9

Polynomial Regression Coefficients for Elastic Proper-
ties Temperature Dependence.

Test Material CO CI C2
condition property

msi (GPa) msi (GPa) msi (GPa)

Ell [00 1.8814E+01 8.1333E-04 2.0915E-07
4 (1.2972E+02) (5.6079E-03) (1-4421E-06)

E [109 1.0980E+01 -9.0478E-03
Non Ex L0 4  (7.5707E+01) (-6.2385E-02)

irradiated

E [450] 2.1260E+00 -2.6151E-03
x 4 (1.4659E+01) (-1.8031E-02)

E2 1 [00] 1.5140E+00 -1.2025E-03
4 (1.0439E+01) (-8.2912E-03)

EIS [0] 1.9182E+01 1.2000E-03 .4.5039E-06
4 (1.3226E+02) (8.274'OE-03) (3.1054E-05)

E . [100] 9.8204E+00 -1.0972E-02
1.0 10 rads x 4 (6.7712E+01) (-7.5652E-02)

[4501 2.1208E+00 -3.3975E-03x 4 (1.4623E+01) (-2.3426E-02)

E [go] 1.6228E+00 -2.0800E-03
E2 4 (1.1189E+01) (-1.4342E-02)
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Table 10

Polynomial Regression Coefficients for Strength Proper-
ties Temperature Dependence.

Test Material CO CI C2
condition property

ksi (MPa) ksi (MPa) ksi (MPa)
2.1891E+02 1.0547E-01 -8.2583E-04

XT"[00]4 (1.5094E+03) (7.2722E-01) (-5.6941E-03)

6.1621E+01 -1.6027E-02 -3.6290E-04

Non ult' [100]4 (4.2488E+02) (-1.1051E-01) (-2.5022E-03)

irradiated 1.4937E+01 -4.4933E-03 -5.6972E-05
0ult' 450] (1.0299E+02) -3.0981E-02) (-3.9282E-04)

Y [901 9.4003E+00 4.4067E-03 -5.9818E-05
YTs [04 (6.4815E+01) (3.0384E-02) (-4.1245E-04)

Fool9 2.2539E+02 6.8400E-02 -1.2958E-03
XTs 0 4  (1.5541E+03) (4.7162E-01) (-8.9345E-03)

0100 5.9845E+01 -3.7353E-02 -4.2870E-04

1. 01ult' 1 °4 (4.1263E+02) (-2.5755E-01) (-2.9559E-03)

45 
01 1.5822E+01) -7.1867E-03 -1.2035E-04

0ult' 4 (1.0909E+02) .(-4.9552E-02) (-8.2981E-04)

S[go900] 6.7293E+00 6.1467E-03 -3.8175E-05
4T1 (4.6399E+01) (4.2381E-02) (-2.6322E-04)
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Table 11

Polynomial Regression Coefficients for Shear Properties
and Poisson's Ratio Temperature Dependence.

Test Material CO C1 C2
condition property

ksi/msi (MPa/GPa) ksi/msi (MPa/GPa) ksi/imsi (MPa/GPa)

1.0536E+01 -2.7400E-03 -6.2048E-05S (7.2646E+01) (-1.8892E-02) (-4.2782E-04)

G12 8.4093E-01 -1.2476E-03
(5.7982E+00) (-8.6022E-03)

Non
irradiated v1 2  3.0702E-01 6.3600E-05 3.4797E-07

(2.1169E+00) (4.3852E-04) (2.3993E-06)

v 2.3940E-02 -1.6400E-05 4.2567E-08
21 (1.6507E-01) (-1.1308E-04) (2.9350E-07)

1.0233E+01 -6.3800E-03 -7.3299E-05(7.0557E+01) (-4.3990E-02) (-5.0540E-04)

G12 8.0407E-01 -1.3942E-03

1.0 x 1010 rads (5.5441E+00) (-9.6130E-03)

V 12  2.6659E-01 5.7467E-05 1.8562E-06
(1.8381E+00) (3.9623E-04) (1.2798E-05)

2.4643E-02 -3.3800E-05 1.0332E-07
(1.6991E-01) (-2.6753E-04) (7.1239E-07)
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4.2 Effect of Radiation on the Matrix Material

The previous section presented results illustrating that 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 matrix material by altering the chemical bonding within the

polymer. Studies have shown that electron radiation degrades polymers

by changing the crosslinking and scissioning molecular chains within the

macromolecules of the polymer [49]. The next step of this study, there-

fore, has been to determine whether or not the epoxy matrix used in this

study has been altered and to what degree. Several techniques 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 [U] 4 DMA specimens

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

for the irradiated sample, from 410'F (483K) to 30U0 F (422K) is immedi-

ately apparent. In addition to this 110UF (61K) drop in the glass-

transition temperature, the peak has increased in height and shifted to

the left. Such a shift indicates a decrease in the average molecular

weight of the polymer, as well as a decrease in crosslink density

[26]. It appears that irradiating the graphite-epoxy decreases both its

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 Temperature for Both Non-Irradiated and
Irradiated [O]4 DMA Specimens.
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Fig. 64 is a plot of dynamic Young's modulus as a function of

teinperdture for the same [0]4 laminates. The dynamic modulus of the

non-irradiated material begins to decrease at 350'F (45OK). The dynamic

modulus of the irradiated material begins to decrease at 25U°F (394K).

This is a 100'F (56K) change. The irradiated material loses its stiff-

ness at a lower temperature than the non-irradiated material.

Experimental results for non-irradiated and irradiated [9014 DMA

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

for the [014 laminates are noted here for both damping versus tempera-

ture and dynamic modulus versus temperature for the [9014 laminates.

The broad peak present in the damping plot (Fig. 65) for the irradiated

material is an indication that a large distribution of molecular weights

is present in the polymer [26]. Irradiating the graphite-epoxy compos-

ite not only produces a decrease in average molecular weight, the dis-

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-

irradiated laminate, the probe begins penetrating into the composite at

325°F (436K) indicating that the epoxy begins to soften at this tempera-

ture. For the irradiated laminate, the weighted probe begins penetrat-

ing into the composite at 175°F (352K). This represents a decrease of

150'F (84K) in the softening temperature of the epoxy resin.

However, the most surprising results occur when the irradiated

laminate redches a temperature of 350'F (450K). At this temperature,
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the probe is pushed out of the graphite-epoxy composite. When the TMA

sample was visually inspected, it was discovered that the laminate

contained "bubbles" which had caused delaminations that had pushed the

probe out of the sample. A photograph of these 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 epoxy 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 dynamic-mechanical analysis (DMA) of irradi~ated lami-

nates indicates a decrease in the glass-transition temperature (T9 ) by

IIO°F (61K). Results from thermomechanical analysis (TMA) show that

volatile products gasify upon heating to blister and delaminate the

composite. Based upon these observations, it appears that electron

irradiation chemically alters the structure of the epoxy to provide a

lower glass-transition temperature and to generate low boiling point

degradation products. Identification of these products was accomplished

by extracting them from the irradiated composite material and then

characterizing them with infrared spectrophotometry (IR) and mass spec-

trometry (MS).

Degradation byproducts, produced by irradiation and measured by

these two methods, are indeed low molecular weight species. Identifica-
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Fig. 68. Photograph of Delaminations Formed in the Irradiated
Composites During TMA Tests.
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Table 12

Table of Radiation Induced Changes in the Polymeric Matrix

Polymer matrix 10

characterization Non-irradiated 1.0 x 10 rads
parameter

Beginning of dropoff 350°F 250°F
in dynamic modulus (450K) (394K)

Glass transition 4100F 300°F
temperature (483K) -(422K)

Beginning -of 325°F . F
plastic behavior (436K) " 352K)

Temperature at which 350 F
delamination begins (450K)
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tion of these species indicates that the network structure of the epoxy

remains basically intact following irradiation. However, small parts of

the epoxy are separated froiw the main molecular structure by chain

scisson and crosslink breakage. These products are generally small when

compared to the crosslinked network. There are also indications that

the majority of these degradation products come from the epoxy process-

ing additives and not from the primary epoxy components (Fig. 69).

Results from the DMA tests can be explained with this knowledge.

rhe formation of low molecular weight degradation products provide a

wide distribution of molecular species that are able to absorb energy

over an extended temperature range when compared to the non-irradiated

material. A wider Tg peak occurs at a lower temperature.

Low molecular weight products will also have a low boiling point.

At 350 'F (450K) these byproducts gasify, thus explaining the TMA

results.

Mechanical results are also explained by these radiation degrada-

tion products. Because they are small relative to the epoxy network

structure, these products act as plasticizers at high temperatures (thus

lowering T ). Below room temperature, they act as antiplasticizers as

they fill the free volume between long molecular segments and "freeze

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

matrix.

4.2.4 Thermal Cycling Results

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

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

1300/934 graphite-epoxy, laminate. Edch photograph is representative of

one of the five exposure conditions employed.

The "as is" or baseline photograph (Fig. 70a) shows nro inditcation

of microcrackiny, thus assuring that no microcracking was present before

any of the following exposures.

Following a radiation dose of 1.0 x r0 fads, inspection of the,

laminate's polished edge revealed no microcracking (Fig. 70b). Also,

for the laminate exposed to 500 thermal cycles (-2b5UF (116K) to +250'F

(394K)),. no microcracks were observed (Fig. 70c).

However, a combination of radiation and thermal cycling (.2L50 0F)

produced microcracks. The laminate in Fig. 70d was first thermally

cycled and then irradiated. Microcracks, as shown, were Prese;t. i;n ;some

of the laminates exposed. The laminate in Fig., 70e was f im•t•,rrradited

and then thermally cycled. Microcracks were present in al tifte lami:-

nates exposed.

The X-ray photograph shown in Fig. 71a is from the laminate that

was tirst irradiated and then thermally cycled. The photograph in Fig.

/ib is from the laminate that was first thermally cycled and then irrad-

iated. A large amount of microcracking is evident in both cases.

The area to the left of the X-ray photograph in Fig. 71a,. which

does not contain many inicrocracks, was masked during irradiation. This

area was covered by an aluminum strip which held the laminate to the

aluminum back-plate during its radiation exposure. Thus, this area of

the 1laminate did not receive any radiation exposure. Microcracking is

present in the irradiated material, but not in the non-irradiated mater-
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A

Fig. 71. X-Ray Photographs of Hicrocracking Induced by Thermal
Cycling.
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ial of the same laminate. This quite strongly illustrates that irradi-

ated graphite-epoxy is susceptible to microcracking, whereas non-irradi-

ated graphite-epoxy is not (for the [0/ 9 0 1S laminate).

4.3 Fracture Surfaces of Irradiated Composites

Micrographs taken with a scanning electron microscope (SEM) of t he

fracture surfaces of the irradiated laminates compared to the non-

irradiated laminates are presented in Figs,. 72 :through 77., figs. 72

through. 74-were taken from the [1014 laminates and, Figs. 75 through 77

were taken from the [90]4 laminates. Fig. 72 and Fig. 75 were taken- at

a magnification of 375x and all the others were taken at 3,4O0x.- In all

mnicrophotographs, the column of fracture surfaces on the left, are from

non-i rradi atedl ami.tes, and the column of -fractu,re surfaees.; `omi the#
right,.are from irradiated ' aminates. The,"top row were teste&, ats-5.-JOF

(116K). The middl e row were tested at room temperature, 80WF(304K).

The bottom row were tested at +25U0 F (394K).

Little difference in fracture surfaces can be noted at 37 5x' (Fi~g,.

72 and Fig. 75). At this magnification, the. failure surfa-es are, Wbr

the most part, very uniform. The only differenc¢es present,, ear to be

in tte failure patterns of the epoxy matrix.-

The microphotographs presented in Figs. 7-3 and 76 were taken at;.

3,400x and focused on the matrix. Differences in matrix failure pat-

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

-250'F (116K), both the non-irradiated and the irradiated laminates

exhibit bri ttle tailure in their epoxy matrices. Brittle cleavage

planes are noted for both exposure conditions. The cleavage planes in
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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-

iated composite. Indeed, this is the conclusion thatwas drawn by

observing the stress-strain curves presented earlier. At -250'F (116K),

the irradiated composite produces a more brittle failure and a higher

modulus of elasticity than the non-irradiated material. In general, at

low temperatures, radiation tends to embrittle the epoxy resin matrix

resulting in a stiffer matrix and a more brittle failure than that

exhibited by the non-irradiated laminate.

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 cleavage planes, the epoxy stretched and

plastically deformed before failing. At room temperature, only slight

differences are observed between the non-irradiated and irradiated

laminates. 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 temperature.

At +25U°F (394K), the plasticity observed in the epoxy matrix,

before failure, greatly increases. For the [1014 laminate (Fig. 73),

the irradiated laminate exhibits extreme amounts of plasticity prior to

failure. However, this same type of behavior is not noted in the irrad-

iated [9014 laminate (Fig. 76). This difference in failure mode is

probably due to the difference between shear and tension, hydrostatic
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stress is known not to influence plastic flow. The stress-strain curves

for the [gU] 4 laminates would seem to indicate this type behavior (Fig.

3b). At high temperatures, the irradiated composite produces a more

plastic failure and a lower modulus of elasticity than the non-irradi-

ated material. In general, at +250°F (394K), radiation tends to greatly

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

3,4UOx, but focused in on the fibers. Graphite fibers tend to "charge"

under the electron beam, making observation slightly difficult. 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 temperature

while the fibers remain relatively inert.



V. DISCUSSION

5.1 Degradation of the Elastic and Strength Properties of Graphite-

Epoxy Due to Electron Irradiation

Electron radiation deyrades the in-plane elastic and strength

properties (tensile and shear) of the graphite-epoxy considered in this

investigation. This degradation is most strongly exhibited in matrix-

dominated laminates where irradiation has chemically altered the epoxy

structure of the matrix. The impinging electrons sever atomic bonds in

the epoxy structure, causing fragments of the epoxy to "break off".

These radiation degradation byproducts are generally small when compared

to the crosslink network, and the network structure of the epoxy remains

basically intact.

Temperature controls the manner in which the radiation byproducts

influence the mechanical behavior of these laminates. At elevated

temperatures, the irradiated epoxy matrix becomes soft and pliable; and

the modulus of elasticity and ultimate strength, of matrix dominated

laminates, decreases (Figs. 46 and b8). At this temperature, lower

values of shear modulus and shear strength are also measured, when

compared to non-irradiated material (Figs. 47 and 59). The plastic

behavior of the epoxy matrix comes about because the low molecular

weight products, produced during irradiation, in the presence of a

larger molecular structure plasticize that material at elevated tempera-

tures. Lower strengths and stiffnesses as well as a large amount of
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plasticity is present in stress-strain behavior at the elevated tempera-

ture (Figs. 33, 34, and 35).

At temperatures below room temperature, the epoxy resin becomes

stiffer and more brittle following irradiation. The modulus of elastic-

ity of matrix-dominated laminates increases, while the ultimate strength

is decreased (Figs. 4b and 58). Because they are small relative to the

epoxy network structure, the low molecular weight radiation byproducts

fill the free volume between long molecular segments and "freeze out" at

low temperatures. A "gjlass" is generated that effectively embrittles

and stiffens the epoxy matrix resulting in lower strengths and higher

modulus in matrix dominated laminates.

Small but measurable effects of irradiation are also noted in the

fiber-dominated [014 laminate. Strength is decreased slightly at high

temperatures, although unchanged at and below room temperature; the

modulus of elasticity (El) is increased slightly over the entire temper-

ature range (Figs. 43 and 55).

Electron irradiation acts to reduce residual stresses in the epoxy

matrix of the composite by breaking some of the bonds within the epoxy

structure. Lower residual stresses result in straighter fibers giving

the irradiated material a higher modulus than the non-irradiated mater-

ial. The increased plasticity of the irradiated epoxy at high tempera-

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

resulting in decreased strength.
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b.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 low-molecular-weight degradation products that

are generated within the epoxy when it is exposed to electron radiation.

Dynamic-mechanical analysis (DMA) results show that a large distri-

bution of molecular weights are present in irradiated laminates, and

that these degradation byproducts lower the glass-transition temperature

(T ) of the epoxy resin (Fig. 63). A lower glass-transition temperature

in an epoxy indicates that the epoxy will lose its crystallinity at a

lower temperature. In other words, the epoxy becomes more plastic at

lower temperatures, thus supporting the results noted during mechanical

testing. Thermomechanical analysis (TMA) results indicate that when the

irradiated material is heated, these low molecular weight degradation

products vaporize, causing the laminate to blister and delaminate (Fig.

67). This indicates that these byproducts are indeed small when com-

pared to the epoxy network structure, and are able to 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 Spectrometry (MS), reveals that

the irradiated laminates have a significant quantity of these low molec-

ular weight products trapped within. The network structure of the epoxy

remains basically intact. However, small parts of the epoxy have been

separated froln the main molecular structure by chain scisson and cross-

link breakage. Indications are that the majority of these degradation

products are generated from the epoxy processing additives and not from
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the primary epoxy components. If these processing additives could be

replaced or removed, the radiation resistance of the epoxy might be

improved.

b.3 Analysis of Failure Surfaces

Inspection of the fracture surfaces of the non-irradiated and

irradiated laminates, with the aid of a scanning electron microscope

(SEM), shows differences in failure due to radiation and temperature

exposure.

At low temperatures, where mechanical results indicate brittle

behavior, brittle cleavage planes are observed in the failed epoxy

matrix. The cleavage planes in the irradiated laminate are smaller and

more numerous than those observed in the non-irradiated laminate, indi-

cating a more brittle fracture.

Mechanical results, especially the stress-strain curves, exhibit

significant non-linearity at elevated temperatures. Inspection of the

epoxy matrix at high magnifications shows that large amounts of plastic

deformation are present.

The experimental results produced in this investigation indicate

that the radiation induced degradation is due primarily to changes in

the epoxy resin. Microscopic examination of these laminates shows that

the matrix fails by different modes that are dependent on the radiation

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

ial. Microscopic examination of the fibers, on the other hand, reveals

that they remain inert. Inspection of the fiber-matrix interface does



151

not clearly indicate whether it plays a role in determining radiation-

altered mechanical properties, or not.

Microscopic examination of the fracture surfaces of the laminates

tested, supported the differences in mechanical behavior that were

measured. By microscopically observing the matrix, changes due to

radiation can be noted. The differences in mechanical behavior of the

epoxy matrix can be related to differences in mechanical behavior of 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. It 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 (tensile and shear) of T30U/934 graphite-

epoxy composite.

a) This radiation-induced degradation is most evident for

matrix-dominated properties.

b) Temperature controls the manner in which the radiation

influences the mechanical behavior. Degradation is severe

at both high and low temperatures.

2) The electron radiation degradation is present due to low-

molecular- weight products generated during irradiation.

a) These radiation-induced byproducts plasticize the epoxy

matrix at high temperatures, and embrittle it at low tem-

peratures.

b) The degradation products lower the glass- transition tem-

perature (T ) of the epoxy.

c) The degradation products vaporize and cause delaminations e

at elevated temperatures (above 3bO°F (450K)).
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d) Microcracking is observed in irradiated (but not non-

irradiated) laminates during thermal cycllin!g.

3) The fracture behavior of the irradiated laminates is plastic at

elevated temperatures and brittle at low temperatures. These

differences can be observed with the aid of a scanning electron

microscope (SEM).

Recommendations for Future Work

1) A study into the effect of radiation on graphite fibers should

be conducted to ascertain whether or not fibers are degraded by

electrons.

2) Irradiated laminates should be investigated, at elevated tem-

peratures, by loading and unloading them to fully characterize

the plastic (non-linear) behavior that is present.

3) A study should be made to determine whether holding irradiated

laminates at high temperatures (<350'F) for long periods of

time will "heal" radiation degradation.

4) Another investigation, similar to this one, should be carried

out on another resin system, with other processing additives,

(or, possibly no additives) to determine if a more radiation-

resistant epoxy can be produced.
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Table Al

Table of Individual Test Results for the [0]4 Laminate.

Specimen Temperature XT E1 V12

si (MPa) msi (GPa)

Non-irradiated:

1. 143.8 (992) 18.70 (129) 0.3326
2. -250°F 142.8 (985) 18.29 (126) 0.2999
3. (116K) 136.2 (939) 18.88 (130) 0.3061

Average 140.9 (972) 18.62 (128) 0.3129

1. 221.2 (1525) 18.74 (129) 0.3161
2. Room 220.4 (1520) 19.32 (133) 0.3140
3. temperature 224.6 (1549) 18.58 (128) 0.3129

Average 222.1 (1531) 18.88 (130) 0.3143

1. 210.4 (1451) 19.14 (132) 0.3634
2. +2500F 195.7 (1349) 19.05 (131) 0.3350
3. (394K) 174.9 (1206) 18.90 (130) 0.3356

Average 193.7 (1336) 19.03 (131) 0.3447

10
1.0 x 101 rads:

1. 149.3 (1029) 19.45 (134) 0.3829
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) 19.16 (132) 0.3682

1. 221.7 (1529) 19.37 (134) 0.2948
2. Room 243.8 (1681) 19.52 (135) 0.2941
3. temperature 202.2 (1394) 19.03 (131) 0.2603

Average 222.6 (1535) 19.31 (133) 0.2831

+. F 184.5 (1272) 19.77 (136) 0.3768
2. +250°F 150.3 (1036)* 19.23 (133) 0.3830
3. (394K) 149.7 (1032)* 20.29 (140) 0.4311

Average 161.5 (1114) 19.76 (136) 0.3970
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Table A2

Table of Individual Test Results for the [10]4 Laminate.

Specimen Temperature CuIt(1 00) S Ex (100)

ksi (MPa) ksi (MPa) msi (GPa)

Non-irradiated:

1. 53.84 (371) 9.21 (63.5) 12.52 (86.3)
2. -250°F 38.68 (267) 6.61 (45.6) 13.53 (93.3)
3. (116K) 36.32 (250) 6.21 (42.8) 13.20 (91.0)

Average 42.95 (296) 7.34 (50.6) 13.08 (90.2)

1. 64.15 (442) 10.97 (75.6) 10.93 (75.4)
2. Room 57.79 (398) 9.88 (68.1) 10.61 (73.2)
3. temperature 52.11 (359) 8.91 (61.4) 10.63 (73.3)

Average 58.02 (400) 9.92 (68.4) 10.72 (73.9)

1. 31.83 (219) 5.44 (37.5) 8.19 (56.5)
2. +250°F 38.22 (264) 6.54 (45.1) 8.52 (58.7)
3. (394K) 34.75 (240) 5.94 (41.0) 8.52 (58.7)

Average 34.93 (241) 5.97 (41.2) 8.41 (58.0)

1.0 xlO10 rads:

1. 43.57 (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) 12.12 (83.6)

1. 56.21 (388) 9.61 (66.3) 9.98 (68.8)
2. Room 58.26 (402) 9.96 (68.7) 10.16 (70.1)
3. temperature 47.87 (330) 8.19 (56.5) 10.60 (73.1)

Average 54.11 (373) 9.25 (63.8) 10.25 (70.7)

1. 22.63 (156) 3.87 (26.7) 5.37 (37.0)
2. +250°F 26.02 (179) 4.45 (30.7) 6.44 (44.4)
3. (394K) 22.49 (155) 3.85 (26.5) 6.84 (47.2)

Average 23.71 (163) 4.06 (28.0) 6.22 (42.9)
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Table A3

Table of Individual Test Results for the [45]4 Laminate.

Specimen Temperature ult (450) Ex(45°) "12

ksi (MPa) msi (GPa) msi (GPa)

Non-irradiated:

1• . 0  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)
3. (116K) 9.67 ( 66.7) 2.825 (19.5) 1.178 (8.1)

Average 12.50 (86.2) 2.814 (19.4) 1.170 (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) 0.688 (4.8)

1. 11.59 ( 79.9) 1.381 ( 9.5) 0.482 (3.3)
2. +250°F 11.16 ( 76.9) 1.617 (11.1) 0.605 (4.2)
3. (394K) 8.01 ( 55.2) 1.618 (11.2) 0.606 (4.2)

Average 10.25 ( 70.7) 1.539 (10.6) 0.563 (3.9)

1.0 x 10 rads:

1. 9.36 ( 64.5) 2.978 (20.5) 1.165 (8.0)
2. -250°F 11.68 ( 80.5) 2.963 (20.4) 1.156 (8.0)
3. (116K) 9.25 ( 63.8) 2.785 (19.2) 1.051 (7.2)

Average 10.10 (69.6) 2.909 (20.1) 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)

Average 14.48 ( 99.8) 2.030 (14.0) 0.777 (5.4)

1. 6.28 ( 43.3) 1.174 ( 8.1) 0.407 (2.8)
2. +250 F 7.84 ( 54.1)* 1.326 ( 9.1) 0.484 (3.3)
3. (394K) 5.39 ( 37.2) 0.956 ( 6.6) 0.309 (2.1)

Average 6.50 ( 44.8) 1.152 ( 7.9) 0.397 (2.7)



162

Table A4

Table of Individual Test Results for the [90]4 Laminate.

Specimen Temperature YT E2 v

ksi (MPa) msi GPa

Non-irradiated:

1. 4.47 (30.8) 1.824 (12.6)
2. -250 F 4.19 (28.9) 1.854 (12.8) 0.0307
3. (116K) 5.02 (34.6) 1.808 (12.5)

Average 4.56 (31.4) 1.829 (12.6)

1. 10.34 (71.3) 1.410 (9.7)
2. Room 10.85 (74.8) 1.369 (9.4) 0.0187
3. temperature 6.92 (47.7) 1.350 (9.3)

Average 9.37 (64.6) 1.376 (9.5)

2. 0 7.70 (53.1) 1.227 (8.5)
2. +250°F 8.68 (59.8) 1.199 (8.3) 0.0225
3. (394K) 3.91 (27.0) 1.296 (8.9)

Average 6.76 (46.6) 1.241 (8.6)

10 x 1010 rads:

2. 0 2.18 (15.0) 1.939 (13.4)
2. -250°F 2.80 (19.3) 2.146 (14.8)
3. (116K) 3.44 (23.7) 2.284 (15.7) 0.0408

Average 2.81 (19.4) 2.123 (14.6)

1. 8.73 (60.2) 1.545 (10.7)
2. Room 6.52 (45.0) 1.534 (10.6) 0.0222
3. temperature 5.68 (39.2) 1.465 (10.1)

Average 6.98 (48.1) 1.515 (10.4)

2. 6.22 (42.9) 1.142 ( 7.9)
2. +250°F 5.75 (39.6) 1.037 ( 7.2)
3. (394K) 5.67 (39.1) 1.014 ( 7.0)

Average 5.88 (40.5) 1.064 ( 7.3)



VIRGINIA TECH CENTER FOR
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The Center for Composite Materials and Research is conducted in a wide variety of
Structures is a coordinating organization for areas including design and analysis of compo-
research and educational activity at Virginia site materials and composite structures,
Tech. The Center was formed in 1982 to chemistry of materials and surfaces, characteri-

., encourage and promote continued advances in zation of material properties, development of
composite materialcomposiomposite structures. new material systems, and relations between

Those advances will be made from the base of damage and response of composites. Extensive
individual accomplishments of the thirty-four laboratories are available for mechanical
founding members who repiesent ten different testing, nondestruclive testing and evaluation,
departments in two colleges, stress analysis, polymer synthesis and character-

ization, material surface characterization,
The Center functions by means of an component fabrication and other specialties.

Administrative Board which is elected yearly.
The general purposes of the Center include: Educational activities include eight formal

courses offered at the undergraduate and
"* collection and dissemination of informa- graduate levels dealing with the physics,

tion about composites activities at Virginia chemistry, mechanics, and design of composite
Tech, materials and structures. As of 1982, some 33

"• contact point for other organizations and Doctoral and 37 Master's students have
individuals, completed graduate programs and several

"• mechanism for collective educational and hundred Bachelor-level students have been
research pursuits, trained in various aspects of composite

"* forum and mechanism for internal inter- materials and structures. A significant number
actions at Virginia Tech. of graduates are now active in industry and

government.
The Center for Composite Materials and

Structures is supported by a vigorous program Various Center faculty are internationally
of activity at Virginia Tech that has developed recognized for their leadership in composite
since 1963. Research expenditures for investiga- materials and composite structures through
tions of composite materials and structures total books, lectures, workshops, professional society
well over five million dollars with yearly activities, and research papers.
expenditures presently approaching two million
dollars.

FOUNDING MEMBERS OF THE CENTER
Aerosp4(e and Ocean Engineering Science and Industrial Engineering

Engineering Mechanics and Operations Research
Raphael 1. HaItka Hal F. Brinson Joel A. Nachlas
William L. Hallauer, Ir. John C. Duke, Jr. Materials Engineering

Eric R. Johnson Daniel Frederick David W. Dwight

Chemical Engineering Robert A. Heller D. P. H. Hasselman
Donald G. Baird Edmund G. Henneke, I Charles R. Houska

Chemistry Carl T. Herakovich M. R. Louthan, Jr.

James E. McGrath Michael W. Hyer Mathematics
Thomas C. Ward Robert M. Jones WematiosJames P. W ar Manohar P. Kamat Werner E. KohlerJames P. Wightman Alfred C. Loos Mechanical Engineering

Civil Engineering Don H. Morris Norman S. Eiss, Jr.
Raymond H. Plaut Daniel Post Charles E. Knight

Electrical Engineering Jununthula N. Reddy S. W. Zewari
Ioannis M. Besieris Kenneth L Reifsnider
Richard 0. Claus Wayne W. Stinchcomb

Inquiries should be directed to:

Center for Composite Materials & Structures
College of Engineering

Virginia Tech
Blacksburg, VA 24061
Phone: (703) 961-4969
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