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FATIGUE BEHAVIOR OF GRAPHITE/EPOXY COMPOSITES

1. 0 INTRODUCTION

The importance of fatigue behiavior of materials is appre-

ciated by todays' designer as it is this behavior that often

restricts the material use and application, This is particularly

true in the case of composite laminate materials because of their

non-homogenous and anisotropic nature which leads to a potential

for less familiar, but certainly just as serious fatigue damage

mechanisms than other more conventional materials. Some of these
less familiar vulnerabilities olf the laminates include separation

at interlaminar surfaces and debonding at fiber-matrix interfaces.

Both mechanisms srP Acczatuated by hostile environments such as

humidity or temperature.

Gr-•phite fiber/epoxy composites occupy an important place
in the o .rent overall picture of composite materials. Improve.-

ment o. fatigue performance of graphite epoxy composites, then,

is &i'o important particularly where such improvements can be

attaii1ed through material alterations. In this study an improve-

ment in fatigue performance for the graphite composites under both

sinusoidal loading as well as programmed sequential block fatigue

loading was sought. The method to accomplish this i-iprovement

involved the interleaving of glass scrim clcth between consecutive

layers of graphite prepreg. The governing philosophy for this

expectation and previous experience at IITRI are discussed in an

"appropriate section.

41 Two fiber orientations were included in the study: one a

simple laminate (450/1350) and another more complex pseudoisotropic
j I {laminate (0°/+ 45°/900). The purpose of the first laminate was

to determine the maximum extent of achievable improvement Gue to

inclusion of glass s7 pchn JLosite,

,• •> •-I-



The measure of improvement was judged by the increase in

static strength and fatigue life of the composite and the resis-

tance to composite damage as determined by microscopic observation

of crack growth. The specimen configuration chosen was a cantilever

beam with a span depth ratio of approximately 5. Under loading,

this specimen is subjected to a state of complex stresses that

include vertical and horizontal shear, tension and compression.

The predominent damaging stresses are the tensile stress which is

a maximum in the extreme outer fiber (or plies) of the beam that
causes inter-tow cracking and the horizontal (interlaminar) shear

stress with a maximum in the central plies of the composite that

causes laminar separation. Although these two act simultaneously
the damage is predominantly caused by tension stresses, throughg• the initiation and progress of inter-tow cracks. This is as it

should be since the ratio of maximum bending st esses to maximum

horizontal shear stress is given by:

Max. Bending Stress = 6PL 3P
Max. Hor. Shear Stress wt2  t=

which is of the order of 15 for the specimen dimensions adopted.
¶ Compared to this, the ratio of the respective failure stresses

is in the range of 5 to 6. From the static test data which will
be presented in Section 3 of this %eport, it will be shown that

the maximum bending stresses (calculated) are close to the flexural

strength of the particular composite whereas the calculated max.
horizontal shear stresses are below their interlaminar shear strength.

B For microscopic observation of crack initiation and growth

the cantilever beam specimen has been demonstrated to be ideal.

1The cantilever beam specimens have also been used by other irves-

tigatorsI for studying fatigue properties which make it possible
to compare the test results.

]~ lIT RESEARCH INSTITUTE
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W
The polished specimen sections tak-n at an appropriate

\location (beam support) provided visual evidence of damage such

as cracking, debonding of fibers from matrix,jand laminar separa-

U tion. In addition to this c alitative information, the tests

produced quantitative crac1 growth data (percent of maximum pene-1 trable number of laminae) as a iunction of the number of fatigue

stress cycles or sequential blocks of fatigue loading.

rhe fatigue performance of composite laminates, are severely
affected by hostile moisture environments. Thus, a portion of

this study was devoted to an investigation of adverse effects of
SLmoisture on the elevated temperature performance of graphite/epoxy

compcsites. To date, little reliable data on the recently dis-
covered adverse effects of composite aging under ambient conditions

particularly on its elevated temperature properties was available.

Furtheimore, since the fatigue piocess itself is a time related
process, composite aging would add complexity to the problem of
analyzing fatigue results obtained in moisture environments. Thus

, ii as a first step, the elevated temperature static strength
reduction of graphite/epoxy composites due to ambient aging wasS•o U determined. Two fiber orientations namely a cross ply (0Q/90')
laminaLe and a pseudoisotropic configuration (0*/+ 45*/90*) were

-0 • ,employed. Ambient aging was studied using flexural test methods.
This selection was based on the hypothesis that aging influenced
the matrix and fiber/matrix interface perforwance. Flexural tests

would be affected by both these factors to a somewhat greater
degree than tensile properties. Similar to' the fatigue studies,

• Dglass scrim cloth was in'cluded as an element of possible improve
U ment in composite behavior.

u j] Table I summarizes the program activity ccnducted.

"~ U liT RESEARCH !NSTIIUTE
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2.0 MATERIAL PROCUREMENT AND SPECIMEN FABRICATION
n Modmor II graphite fiber preimpregnated with Narmco 5206

resin was selected for study in this program. Prepreg material

in the form of yard length 12 .Jnches wide broadgoods were obtained

from Whittaker Corporationl, Narmco R & D Division, San Diego,

N California.

2.1 Material Procurement

The material ms procured to McDonnell-Douglas Specifica-

tions DMS-1936 B class 2. It was supplied In meter length broad-

goods and was characterized by Whittaker Corporation as shown in

Tabies II and III. The material was stored at OF in a freezer

until the start of the lay-up operations.

2.2 Specimen Fabrication

V • The 16 ply composite plates for 5 in. x ½ in. flexural
o •specimens used in the aging studies consisted of two orientations:

1••0. ( 0 /90°)8t Orthogonal lay-up (Refer to Fig. 1-a)
2. (00/+ 4 50 /9 0 0 )4t Pseudoisotropic lay-up (Refer to

Fig. I-b),

For the Fatigue studies in which 16 ply, 2 in. x 3/4 in.

.1 1cantilever beam specimeas were employed, the orientations are:

1. (+ 450/ - 4 5 0 )8t or (4 5*/135 0 )8t (Refer to Fig. 1-c)

2. (0°/+ 4 5 0 / 9 0 0 )4t (Refer to Fig. 1-b)

These laminates will be mentioned elsewhere in the report

"without the subscripts as shown in Fig. 1.

The @:een lay-up was prepared by stacking the required

" 3 number of sheets in the appropriate directions to provide 12 inch

: w!,de plates of different lengths depending on the number of speci-
.j , j lIT RESEARCH INSTITUTE
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TABLE I I

WHITTAKER CORPORATION CERTIFIC.VTION OF MODMOR II/NARMCO 5'106

PREPREG GRAPHITE MATERIAL

MATERIAL Modmur 11/5206

FIBER Modmur II Meter

FIBER BATCH NO. H-1.159

TOWS PER INCH 5

SRESIN 1004 batch 27

SRESIN % BY WTS, 44.8

LOT NO. 0079

v MFG. DATE 16 April 1971

SHEET SIZE 12" x 38"

;•'NO. SHEETS 2)7

TOTAL. WT. PREPREG, 6.06 lbs.

(-6-



TABLE III

WHITTAKER CORPORATION CERTIFICATION OF MODMOR II/NARMCO 5206

5 PREPREG GRAPHITE MATERIAL

IMATERIAL Modinor 11/5206

i j FIBER Modmor II Meter

S; FIBER BATCH NO. H 1159

~i TOWS PER INCH 5

~J BRESIN 1004 batch 27

RESIN %/ BY WEIGHT 43.2%

.......... LOT NO. 0083
• . MANUFACTURING DATE 20 May 1971

SHEET SIZE 12" x 38"

NO. SHEETS 9

TOTAL WT. OF PREPREG 1.964 lbs.

--
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I

mens required in each category. Where the scrim cloth (104-20 x

a 20 glass cloth) was employed, it was interleaved between consecu-

tive layers of the graphite prepreg material. The green lay-up

• was subsequently covered with two bleed cloth layers and finally

with a teflon coated glass cloth. Before placing the lay-up in

i j i gthe autoclave, a barrier dam was placed surrounding the whole pack-

age to provide the vacuum environment. The cure cycle followed

4 was according to the following schedule:

1. Vacuum of 14.7 psi applied to the bag

I 2. Temperature increased to 275*F and held constant

SI for one hour

3. Pressure of 100 psi applied to the autoclave

ElI 4. Temperature increased to 350'F and held constant

for two hours

S5. Post curing for two hours at 400oF.

S I The composite plate was then cut to prcvide the required

test specimens.

-)9

8

11I

S 13
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3.0 FATIGUE DAMAGE STUDIES

SAn understanding of the nature and progress of the cracking

which takes place in a composite material as a result of repeated

stress cycling will eventually lead to methods of alleviating com-

posite fatigue degradation. The nature of the cracking process is

&1 best understood by visual observation, i.e. via microscopic examina-

tion of cross sections of typical composites subjected to repeated

SIstress cycling but which were interrupted prior to complete failure

of the laminate. It was the purpose of this portion of the program

V ~to select a composite material, to fabricate specimens and to sub-

ject them to repeated stress cycling followed by just such micro-

scopic examination.

-Modmor II graphite/Narinco 5206 epoxy prepreg material was

selected for these studies because of its current potential for

application in advanced aerospace technology. Previous studies-'
have shown that the interleaving of 102 glass scrim cloth between

plies of this material substantially upgraded its fatigue resis-

tance. Several fiber orientations were considered for the study,

A pseudoisotropic (0Q/90'/+ 4!O) laminate and a (450/1350) lam!.nate,

each with 16 (sixteen) plies and both with and without scrim cloth

" T mwere selected.

"The test specimen used was a cantilever beam 2 in. long x

0.75 in wide. Such a specimen under a concentrated load at the

free end is subject to a state of stress containing tension, com-

pression and shear components depending on the location of the

element in the beam. Fig. 2 is a schematic which shows the speci-

men dimensions and the method of loading, both statically and

dynamically. For a beam loaded as shown in Fig. 2 the interlaminar

shear stresses are given by:

liT RESEARCH INSTITUTE
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T = 3P/2wt

where r = interlaminar shear stress, psi

P = load, lbs.

w - width, in.

t = thickness•, in.

and the bending stresses are given by:

t = 26PL, ac 6PLI t wt2  c -wt
2

where at = tensile stress in outer fibers of beam, psi

ac = compressi, e stress in outer fibers of beam,

psi

L = length of cantilever beam, in.

and P, w, t are as defined above.

For a beam of the dimensions selected a t/ = 15
t

while at, ult/T ult = 5.

Thus, the most likely mode of failure statically would be

tensile. Under repeated stress cycling, tension fatigue (R=0.1)

results would be most likely to represent the type of failures

occuring in the cantilever beam. The exact mode of failure would

be modified to a great extent by the presence of shear stresses

in the beam which could redirect or ultimately control the progress
0 and rate of crack growth. Since glass scrim cloth provides a

certain measure of shear resistance, it was possible that substan-

tial gains in fatigue performance would accrue as a result of em-

ploying it in the composites. Thus, specimens with and without

glass cloth irnterlayers were employed in this study so that this

possibility could be substantiated.

I, lIT RESEARCH INSTITUTE
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Baseline static data was first obtained on the two laminate
types, both with and without scrim cloth interlayers. Pseudoiso-
tropic ½nminate static data is shown in Tables IV and V for both

a conventional and interlayer constructions respectively. Similarily,tables VI and VII present the results for the (450/1350) laminates.a A study of these results indicates a twenty percent increase in the
bending strength capability of pseudotsotropic material as a result
of scrim cloth additions (from 71.8 ksi, no scrim cloth interlayers
to 86.1 ksi with scrim cloth interlayers). Practically no increase
was shown for static bending strength capabilities (2% increase
from 72.4 ksi to 73.8 ksi) for (450/1350) laminates. In the + 450o laminates, the failure is governed principally by in-plane shear
stresses and the individual cracks arise largely in the planes nor-
mal to the scrim cloth interlayers.

3.2 Fatigue Behavior of Modmor 11/5206 Composites
Fatigue life (S-N) behavior of the graphite composites was

obtained for the 16 ply cantilever beam specimens by testing the
specimens at R=0.l (Room temperature and Dry Conditions). From
these curves appropriate load levels were selected for subjecting
the specimens to stress cycling for various percentages of the
average cyclic life at that given stress for microscopic studies.
In addition the appropriate load levels for programmed sequential
block loadings were established from the P-N curves. A summary
of this data Ls shown in the various tables and figures listed

below:

tFiber Orientation Table No. Figure No.,(O%+ 450, 90') VIII 3

Li (Oo,+ 450, 90*) (w/scrim cloth) IX
- (45O/1350) X 4
d (450/1350) (w/hc-im cloth) Xi

liT F iSEARCH INSTITUTE
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An examination of Figs. 3 and 4 demonstrates that scrim cloth

interlayers improve the fatigue lives of the pseudoisotropic com-

posites. The effect of scrim cloth interlayers on the fatigue of
(450/1350) composites is not as clear.

3.3 Fatigue Stress Cycling and Crack Development in Modmor II/

Narmco 5206 Composites

From the f.atigue life data generated the following load

levels were selected for stress cycling and crack progress inves-

tigations:

Fiber Orientations Max. Load/ Calculated Calculated
Cycle (lbs) Max. Shear Max. Bending

•I. Stress/Cycle Stress/Cycle
(ksi) (ksi)

I (00/+ 450/900) 185 3.5 65.4

(0Q/+ 45*/900) (w/scrim 210 3.5 58.3[- cloth
(450/1350) 168 2.8 47.1

" (450/1350) (w/scrim cloth) 174 2.8 45.2

Tables XII through XV present a schedule of the photomicrography

showing specimen numbers, number of cycles that the particular

specimen was subjected to a figure number for the photomicrograph

of the specimen crosa sections (presented in Appendix "A" at the

end of this report). The cross sections were taken near the point

of support of the cantilever beam specimens. At these seý.'tions,
the crack development is greatest because the maximum bending

p moments occur at this location. The magnification of these photo-
micrographs is 20 x and the full depth of the specimens is shown.

Fig. 5 is a microphotograph showing typical crack develop-

li ment in a longitudinal section of a (450/1350) cantilever beam
specimen failed statically. The cracking initiated at the point

lIT RESEARCH INSTITUTE
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TABLE XII

II
PHOTOMICROGRAPH SCHEDULE OF MODMOR II/NARMCO 5206
16 PLY (00/ + 450/900) COMPOSIT7E CANTILEVER BEAM,

SPECIMENS SUBJECTED TO VARIOUS NUMBER OF FATIGUE
(R = 0.1) LOAP CYCLES OF ROOM TEMPERATURE

Specimen No. No. of Cycles * Figure No.

"8A-4 10,000 A-1

I 8A-5 10,000 A-i

I 8A-6 10,000 A-I

8A-7 50,000 A-2

j 8A-9 50,000 A-2

8A-13 50,000 A-2

8A-1 100,000 A- 3

8A-14 100,000 A-3

S• The load level was 185 lbs. (74.5% static ultimate load)

I-
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I
TABLE XIII

PHOTOMICROGRAPH SCHEDULE OF MODMOR II/NARMCO 5206

16 PLY (00/ + 450/900) COMPOSITE (WITH SCRIM CLOTH)

CANTILEVER BEAM SPECIMENS SUBJECTED TO VARIOUS NUMBER

OF FATIGUE (R - 0.1) LOAD CYCLES AT ROOM TEMPERATURE

l Specimen No. No. of Cycles* F igjure No.

7C-2 10,000 A-4

I 7C-10 10,000 A-4

S7C-14 10,000 A-4

X-4 50$000 A-5
7C-5 50,000 A-5

7C-6 50,000 A-5

7C-9 100,000 A-6

7C-11 100,000 A-6

7C-12 100,000 A -6

* The load level was 210 lbs (60.4% static ultimate load)

I-
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TABLE XIV

PHOTOMICROGRAPH SCHEDULE OF MODMOR II/NARMCO 5206

16 PLY (450/1350) COMPOSITE CANTILEVER BEAM SPECIMENS

SUBJECTED TO VARIOUS NUMBER OF FATIGUE (R -0.1) LOAD

CYCLES AT ROOM TEMPERATURE

I Specimen No. No. of Cycles * Figure No.

3-8 10,000 A-7

3-12 10,000 A-7

3-18 10,000 A-7

3-19 50,000 A-8

3-24 50,000 A-8

3-37 50,000 A-8

3-13. 100,000 A-9

S3-30 100,000 A-9

3-50 100,000 A-9

I?

* The load level was 168 lbs. (65.1/o static ultimate load)

11
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TABLE XV

PHOTOMICROGRAPH SCHEDULE OF MODMOR !I/NARMCO 5206
16 PLY (450/1350) COMPOSITE (WITH SCRIM CLOTH) CANTILEVER

BEAM SPECIMENS SUBJECTED TO VARIOUS NUMBER OF FATIGUE
(R = 0.1) LOAD CYCLES AT ROOM TEMPERATURE

,pecimen No. No. of Cycles * Figure No.

5 4D-1 10,000 A-10

4D-5 10,000 A-10

40-6 10,000 A-10

4D-24 50,000 A-I1

4D-33 50,000 A-Il

04-65 50,000 A-Il

4D-8 100,000 A- 12

40- 34 100,000 A-12

'f')-38 100,000 A-12

S4D-13 500,000 A-13

04-55 500,000 A-13
4D-60 500,000 A-13

• The load level was 174 lbs. (59.6% static ultimate load)

1-28-
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•.FIG. 5 CRACK DEVELOPMENT IN MODMOR II/

NARMCO 5206 16 PLY - (45 0 / 135 0)

I;

ICOMPOSITE CANTILEVER BEM SPECI-

MEN FAILED UNDER STATIC LOADING

29

; °I

II



of support on the tension side of the beam and progressed throughAr; the 1 minae; .-rackirng spread out, from there, resulting in laminar
separa.:ion and ultimate failure. It was not possible to obtain a

comparable phctomi'!rograph of the final crack pattern for fatigue

leading because of difficulties in stopping the fatigue machine
at the particular cycle when the failure occurs. Continued post-

failure machine motion damaged the specimen. Some typical cracking

patterns are shown in the following photomicrographs taken at a

higher magnification (10OX).

Fiber Orientation Max. Cyclic No. of Figure
Load (lbs) Cycles No.1(00/+ 450/900) 185 100,000 6

(00/+ 450/90') (w/scrim 210 100,000 7
cloth)

S(450/1350) 168 100,000 8
(450/1350) (w/scrim cloth) 174 500,000 9

Most of these specimens were subsectioned after they had reached

T Ian advanced stage of cracking. They all show high crack density
and laminar separation,

A series of photomicrographs was obtained (Fig. A-1 through
A-13 presented in Appendix "A") at various percentages of the

average life at a given stress level. The crack patterns were
analyzed and a plot of the percent damage, fraction of crack depth
(defined or as the number of plies through which the cracks have

penetrated) versus the number of stress cycles applied before
U sectioning of the specimen for both laminate conatructions. These

damage plots were made for the two fiber orientations are shown in
the Figures 10 and 11. The results are not particularly informative

regarding the relative performance of composites with scrim cloti,

interlayers.

liT RLSEARCH INSTITUTE
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FIG. 6 CROSS SECTIONAL PHOTOMICROGRAPH OF MODMOR II/
NARMCO 5206 16 PLY COMPOSITE CANTILEVER BEAM
SPECIMEN SUBJECTED TO FATIGUE (R = 0.1) STRESS
CYCLES AT ROOM TEMPERATURE.

-- SPECIMEN NO. 8A-3, MAGNIFICATION 1OOX, FIBER
ORIENTATION (00/ + 450/900) MAXIMUM LOAD-

185 lbs. (74.5% OTF ULTIMATE) NO. OF STRESS
CYCLES 100,000.

lot.
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FIG. 7 CROSS SECTIONAL PHOTOMICROGRAPH OF MODMOR II/
NARMCO 5206 16 PLY COMPOSITE CANTILEVER~ BEAM
SPECIMEN SUBJECTED TO FATIGUE (R'= 0.1) STRESS

O~. CYCLES AT ROOM TEMPERATURE.

SPECIMEN NO. 7C-12 MAGNIFICATION 1OOX FIBER
ORIENTATION 00/ + 450/ 900 (WITH SCRIM CLOTH)
MAXIMUM LOAD 210 LBS. (60.4% OF ULTIMATE)
NO. OF STRESS CYCLES 100,000
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FIG. 9 COSS SECTIONAL PHOTOMICROGRAPH 
OF MODM~OR II/

NARMCO 5206 16 PLY COMPOSITE CANTILEVER BEAM

SPECIMEN SUBJECTED TO FATIGUE 
(R = 0.1) STRESS

CYCLES AT ROOM TEMPERATURE.

SPECIMEN NO. 4D-13)MAGNIFICATION 
100X-,FIBER

ORIENTATION 450/ 1350 (WITH SCRIM CLOTH)

MAXIMUM LOAD 174 LBS. (59.6%~ OF ULTIMATE)

NO. OF STRESS CYCLES 500,000
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There is scatter apparent in the data because of discon-

tinuous way in which the cracks penetrate plies. Laminate crack-

3
ing occurs in stages, from ply to ply, following borders of tows

4 and lamina interfaces rather than continuously as in the case of

homogeneous material and thus intermediate stages of damage are

1 not apparent.

It should be noted also that the crack depth in the cross

*i section of the beam at the support does not give an indication of

the total area in which cracking has taken place. Thus the total

energy required to produce all the crack surfaces has not been

accounted for in simple crack depth measurements.

The following conclusions can be drawn, from this series of

I, tests:

1. The crack development in the (45°/1350) laminate

I differs from the (00/+ 450/900) pseudoisotropic laminate

in the following ways:

(a) There is greater damage and thus earlier life

termination in the (450/1350) specimen as compared

to the (00/+ 450/900) specimen for the same number

of cycles and similar stress levels.

(b) The pattern of cracking in (450/1350) laminate

appears (both in cross section and longitudinal

section) in consecutive laminae with the progress4,' of cycling where as in the pseudoisotropic specimens,

cracking is not evident in the plies along the plane

of the section.

r

liT RESEARCH INSTITUTE

-37-

0



!

3.4 Crack Development in Modmor IU/Narmco 5206 composites

Due to Variable Amplitude Stress Cycling

Use of programmed sequential block fatigue loading tech-

nique for cumulacive fatigue damage assessment in composites has

not yet proved to be reliable. Various theories and formulae
originally applied to metals are still being tried in the case oE

composites. In this segment of investigation, an attempt was mate

I to study the nature of microscopic damage, if any, occuring in
sequential block loading a compared to constant amplitude fatigue

SI loading.

The sequence of block loading selected for the present
studies is shown in Table XVI. The specimens were Keodmor 11/5206
prepreg (450/1350) composite cantilever beams with and without
scrim cloth. The stress levels range between 65 to 79 percentBof ultimate static strength for specimens without scrim cloth
and 60 to 72 percent for those with scrim cloth. The high load
levels were utilized to induce cracking in the specimens within

a reasonable number of cycles. Other investigations-/ have re-
ported that cracks develop early in composite life provided the
maximum cyclic stress is greater than the yield stress of the

material.

Tables XVII and XVIII present a schedule of photomicrographs
showing specimen number, number of spectrums and equivalent number

of cycles applied and figure numbers. The figure numbers represent
the photomicrographs of each of the specimen cross sections (Appen-
dix B, Figures B-1 through B-6 at the end of this report). As for
constant amplitude fatigue cycled specimens, a plot of percent
damage versus number of fatigue load Sequences (instead of number

I of cycles) applie before sectioning of the specimens is presented
in Fig. 12. Fig. 13 shows a 1OOX photomicrograph of a part of a

lIT RESEARCH INSTITUTE
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TABLE XVII
FATIGUE LOAD BLOCKS (R - 0.1) FOR MODMOR II/NARMCO 5206

16 PLY - 450 / 1350 COMPOSITE CANTILEVER BEAM SPECIMENS
TESTED AT ROOM TEMPERATURE

Sa NPercent of Ultimate Static ShearBok Shear No. of Cycles Strength. (%)
S Block Stress per -

No. (PSI) Spectrum No Scrim Cloth With Scrim Cloth

I 1 2,800 1,000 65.1 59.6

2 3,200 20 74.4 68.1

I 3 3,000 100 69.8 63.8

4 3,400 10 79.1 72.4

J-9 0
7Th

e 5, U

xki



TABLE XVII

PHOTOMICROGRAPH SCHEDULE OF MODMOR II/NARMCO 5206
16 PLY - 450 / 1350 COMPOSITE CANTILEVER BEAM SPECIMENS

SUBJECTED TO VARIOUS NUMBER OF FATIGUE (R = 0.1) LOAD
BLOCKS AT ROOM TEMPERATURE

Specimen No. of No. of Figure
No. Spectrums Cycles No.

I 3-3 22 25,000 B-I

3-26 22 25,000 B-I

j3-20 45 50,000 B-2

3-25 45 50,000 B-2

3-29 67 75,000 B-3

j3-33 67 75,000 B-3

3-43 67 75,000 B-3

0

o

H
00

-40-



TABLE XVIII

PHOTOMICROGRAI-- SCHEDULE OF MODMOR II/NARMCO 5206
(WITH SCRIM CLOTH) 16 PLY - 450/ 1350 COMPOSITE CANTILEVER
BEAM SPECIMENS SUBJECTED TO VARIOUS NUMBERS OF FATIGUE

(R 0. 1) LOAD BLOCKS AT ROOM TEMPERATURE

Specimen No. of No. of Figure
No. Spectrums Cycles No.

4D-2 45 50,U00 B-4I
40-11 45 50,000 B-4

4T0-22 90 100,000 B-5

4D-27 90 100,000 B-5

4D-28 90 100,000 B-5

4D-35 135 150,000 B-6

4D-41 135 150,000 B-6

4D-57 135 150,000 B-6

-

'3'
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FIG. 13 CROSS SECTIONAL PHOTOMICROGRAPH OF NODMOR TVl
A. NARMCO 5206 16 PLY COMPOSITE CANTILEVER BEAM

SPECIMEN SUBJECTED TO FATIGUE (R =0.1) LOAD
SEQUENCES AT ROOM TEMPERATURE.

SPECIMEN NO. 4D-41,MAGNIFICATION 10OX FIBER
ORIENTATION 450, 135 0 (WITH SCRIM CLOdH)
NO. OF BLOCKS 135.
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damaged specimen sectioned after applying 135 Blocks.

From this series of tests the following conclusions can

be drawn.

1. 'Here there is a definite improvement in the com-

posites resistance to fatigue damage when scrim cloth

is added to the composite.

2. The crack growth appears to follow along the same

lines as with constant amplitude stress cycling except

for the single feature that interlaminar crackings

appears to be more prevalent in the Sequential Fatigue

loading than in the constant amplitude counterpart

for the material with no scrim cloth interlayers.

This gives added credance to the philosophy that

the scrim cloth interlayers will play an important

role in alleviating interlaminar cracking for laminates

subjected to repeated stress cycling.

0
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II

.4.0 ASiNG PR)BLEMS OF MODMOR !I/NARMCO 5206 COMPOSITES

The performance of graphite/epoxy composite material at

I ele ated temperature is of concern to'composites designers.

Rc'antly, degradation of zomposite elevated temperature flex.ure
strength with ambient aging has been detected. Initially the
problem was thought to be a result of poor thermal stability ofI . 4/
resin-- , as longitudinal flexural strengths of HT-S/X-904 com-

posites dropped rapidly with increase o' temperatures particularly

above 200*F. Further investigation showed that some of the early

panels that had previously provided acceptable strength values
when tested now showed great strength reduction. Further data from
Convair Aerospace, Fiberite, Hercules, and Whittaker Corporations

II on longitudinal flexural strengths of unidirectional laminates led

to the reco-nition of the problem of f]~exural strength reduction
5 at elevated temperatures dur to ambient aging. Similar reductions

were also noticed in horizontal shear strengths at 350'F. Later

studies at Convair-5/ showed severe reduction in compression
strength of FMS-2021A Class I graphite composite at 300*F due to

ambient aging. This work attributed the phenomenon to moisture

absorption by the composite. A weight gain of between I to 3-1/2
percent by weight when exposed to a relative humidity of 98'% for

150 days was measired. In spite of this, the graphite composites,
4 (in a recent investigation by Grumman Aerospace Corporation)4/

I "showed i•o tensile strength deterioration at '7 *F when aged at
f• room temperature.

•ff 1 'fhe phenomenon of ambient aging effect is not unique to
graphite/ýpoxy composites only. In another study 6, Grumman

F'• Aerospace Corporation reported similar results for Boron/5505

> Icomposite. In the case of fiberglass composites, most of the
available data is on the evaluation of room temperature properties

Ii. after various exposures and the development of silicone finishes

"lIT RESEARCH INSTITUTE
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seems to have limited the R.T. strength degradation.

4.1 2ossible causes of thermal instability in graphite/epoxy

c.omposites due to ambient aging

There are several, possible reasons for elevated tLmperature

strength reduction du4 to ambient aging. Mechanisms in bringing

about this phenomenon are suggested by various investigators.

Most of theIse are related to resin material problems such as

oxidation and hydrolysis ox resins. But the fiber material could

contribute to this problem because of its surface effects and its

thermal property differences between fiber and matrix materials.

Many investigators attribute the aging problem to water

absorption by the matrix. Plasticization, molecular scission or

other chemical react5ious are said to uccur triggering the strength

deterioration problem. Another suggested theory is the detrimen-

tal effect of absorbod moisture expelled from the matrix, in the

iorm of %eam at elevated temperatures that causes the strength

redudtion.

4.2 Aging Effects on Modmor 11/5206 Composite Fiexural Strength

The reasons for undertaking the aging effects studies are

13 two-fold:

!. To assess the extent of the ambient aging effect on1 elevated temperature flexural strengths of Modmor 11/5206
composite on two ply orientations namely (0°/90*) orthogonal

13 layup and (00/+ 450/900) pseudoisotropic configuration.
For this purpose the test program consisting of three

flseries of flexural strength tests were conducted as
follows:

13(a) 'No aging' specimens which were tested within

48 hours of fabrication, at room temperatLres and

1 lIT RESEARCH INSTITUTE
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I other elevated temperatures up to 300 0 F.

(b) 'Laboratory Exposed' specimens were those

that were stored for 5 weeks in the laboratory

(72 + 3*F and 50% R.H.) and tested at the endI-
of the period.

SI (c) 'Accelerated aging' specimens were those that

were placed in a steady state environmental chain-

SI ber for 5 weeks at a temperature of L20' + 5'F

and 95 + 2% R.H. and tested at the end of the

exposure period.

The accelerated aging test program would provide info:-mation

on the ambient aging effects that might be encountered in high

humidity field conditions.

2. In view of earlier experie-1ce at IITRI of obtaining

improved performance of various compositos (including

Modmor 11/5206 system) by addition of glass 104 -. 20 x 20

scrim cloth as interlayers between plies, it was decided

to investigate whether any improvement in eLevated temp-

erature flexural strength degradation can be effected in

lab.,rator7 aged specimens as well as in sp,:.mnlens subjected

to accelerated aging both compared to specimens that were

tested immediately after fabricating.

4.3 Flexural strength tests of Modmrnr 11/'5206 Composite Specimens
The flexural specimens were 1/2 in. wide and 5 in. long and

K •provided an effective test span of 4 in. which satisfied the mini-

m• .m span to depth ratio of 30. However, in the case of (0°/+ 45°/

r% fl 900) composite specimens with scrim cloth, an effective span of
3 in. was employed (except for "no aging" specimens) due to limited

composite plate size available for specimen fabricatiun after

"lIT RESEARCH INSTITUTE
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discarding part of the plate that appeared Lc be of doubtful

quality.

U All specimens were soaked for a period of 30 minutes at the

test temperature prior to testing. The accelerated aging specimens

were weighed before and after exposure. The percent increase in

weight due to absorption of water was found to be less than one

percent. (Tables IX through XXI)

The f.• •ure tests were conducted in an Instron Universal

j testing machi.- single point loading and flexural strength was

obtained from the zuLmula:

Cy = -3PL2

where a = Flexural Stress, psi

P = Peak load, lbs.

L = Effective Span, in.

w = Specimen width, in.

t = Specimen thickness, in.

The results of these tests are presented in the followin'g

Tables and Figures:

(00/900) Table XXII Fig. 14

(0°/90') (w/scrim cLoth) Table XXIII FLg. 15

(00/+ 450/900) Table XXIV Fig. 16

(0°/+ 450/90*) (w/scrim Table XXV
cloth

Fig. 17 shows the comparative flexural strength performance of

(00/900) systems with and without scrim cloth.

The results of the aging studies can be summarized as

follows:

S 1. At room temperature, within the limits of experimen-

tal error there is no effect of ambient aging (laboratory
liT RESEARCH INSTITUTE
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TABLE XIX

MOISTURE ABSORPTION OF MODMOR II/NARMCO 5206

16 PLY PREPREG (00/900) COMPOSITE SPECIMENS

EXPOSED FOR 5 WEEKS TO 95 + 2% RH AT 120OF

Initial wt. Wt. of Specimen Increase in
Specimen of Specimens After Exposure Wt. of Specimens

Number (gms) (gins) (percent)

F-I 7.6669 7.7248 0.76

F-3 8.2275 8.29)5 0.76

F-8 8.1331 8.1995 0.72

F-14 8.0025 8.0654 0.79

"F-19 7.8008 7.8662 0.83

F-20 7.9567 8.0187 0.78

F-23 8.1384 8.2041 0.81

F-26 7.5928 7.6554 0.82

F-27 7.9255 7.9966 0.89

F-29 7.8525 1.9152 0.79

F-30 7.8795 7.9391 0.75

F-32 8.2264 8.3937 0.81

F-36 7.8686 7.9336 0.82

F-37 7.9424 8.0086 0.83

F-39 7.8293 7.8898 0.77

-1

I•0
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¶9 TABLE XX

k MOISTURE ABSORPTION OF MODMOR II/NARMCO 5206

16 PLY PREPREG (00/900) COMPOSITE (WITH SCRIM

CLOTH) SPECIMENS EXPOSED FOR 5 WEEKS TO 95 + 2% RH AT 120OF

Initial Wt. Wt. of Specimen Increase in
Specimen of Specimen After Exposure Wt. of Specimen

Number (gm!7) (gms) (percent)

I H-I 8.5353 8.6003 0.76

1H-7 8.5702 8.6353 0.75

H-12 8.5357 8.6007 0.76

H-14 8.1353 8.1964 0.75
H-16 8.6658 8.7333 0.77

1H-26 8.4935 8.5584 0.76

1H-27 8.4295 8.4938 0.76
1H-28 8.1919 8.2523 0.73

H-32 8.3119 8.3721 0.72

1H-33 8.2974 8.3567 0.71
H-35 8.4302 8.4895 0.70

T H-36 8.0987 8.1583 0.73
H-39 8.4168 8.4765 0.71

1H-40 8.2064 8.2638 0.69

H-41 8.3051 8.3669 0.74

-50-
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S'TABLE XXI

MOISTURE ABSORPTION OF MODMOR II/NARMCO 5206

16 PLY PREPREG (0°/ + 450/900) COMPOSITE SPECIMENS

EXPOSED FOR 5 WEEKS TO 95 + 2% RH AT 120OF

IJ

Initial Wt. Wt. of Specimen Increase in
Specimen of Specimens After Exposure Wt. of Specimens

Number (gms) (gms) (percent)

E-1 7.4764 7.5335 0.76

E-7 8.1418 8.1987 0.69

E-12 8.1977 8.2575 0.72

E-22 8.1063 8.1669 0.74

IE-27 7.9413 7.9981 0.71

E-28 7.9455 8.0035 0.72

IE-31 3223 8.3839 0.74

E'-33 - j.4 8.2344 0.72

E-34 8.1003 8.1579 0.71

E-36 8.1571 8.2167 0.73

E-41 8.1437 8.2002 0.69

E-43 7.9991 8.0546 0.69

-I5
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1120 0i-With Scrim'lCloth

0 100,

.. 80 Tests without aging

60
I I '

* (12 120 ','

12

,-With Scrim Cloth
100

ý4

N' o Scrim CloLh
80

44

•,-_60 Tests with Accelerated,
60 Aging at 95 + 2% RH,

120 + 5°F fo'" 5 weeks

50 101, 150 200 250 300 350

"Test Temperature, 'F

"FIG. 17 FLEXURAL STRENGTHS OF MODMOR II/NARMCO 5206
COMPOSITES, 16 PLY - 00, 900, PLY ORIENTATION



I i
exposure) on the flexural-strengths of any of the

composite systems studies.

2. Flexural strength reduction due to amnbient aging

in specimens tested'at room temperature is minimum

"in all cases and doesn't occur)in (00/900) (scrim

cloth) specimens.

I 3. It appears that the flexural strength reductions

due to ambient aging Pi specimens tested at elevated

temperatures are considerable particularly in (0*/90*)

(scrim cith) specimens, although they are less severe
than those for accelerated aging specimens.

4. There is a pronounced strength degradation at

k elevated temperatures due to accelerated aging in

all. cases.

5. The flexural strength data indicate that there

is a composite strength improvement due to the addi-

tion of scrim cloth interlayers both at room tempera-

ture and elevated temperatures.
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APPENDIX A

PHOTOMICROGRAeHS OF GRAPHITE/EPOXY

COMPOSITE SPECIMENS SUBJECTED TO

VARIOUS FATIGUE STRESS CYCLES
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Iw~
SPEC.NO. 8A-4; 10~ CYCLES

MAGNIhCATTION 20X

19 ýý:bft

MAGNIICATIN 20X 17 -

.- R 05ý06 - Kt~

-~-.=.SPEC.NO. 8A-6; 10' CYCLES
MAGNIFICATION 2OX

SPECMEN SUBECTED. 8Z ARI6; 10TGU CISTRS YLSA
R 0. (14X. MANIFICATIO = 280XSRO TMEAURDY

S'%" -

A 
4
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I8E.O8A7sl
IUNFCTO.

zt

O iMI

£4

~SPFC. NO. 8A-93;5 X10 CYCLE S.
MAGNIFICATION 20X

5-. - ~ - 4u

-Vot

SPE No_8-_3_5x_0__YCES__-

-. FIG. A-~2 CROSS SECTIONAL PHOTOMICROGRAPHS OF MODMOR II/NARMCO 5206
PREPREG 16 PLY - 00/ + 450/900 COMPOSITE CANTILEVER BEAM
SPECIMENS SUBJECTED TO VARIOUS FATIGUE STRESS CYCLES AT

R =0.1 (MAX. LOAD/CYCLE =185 LBS), ROOM TEMPERATURE, DRY.
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SPR.NO 8A 1O 1 CYCLES
MAGNIFICATION 20X

SPECNO. 8A-14;10CLE
MAGNIFICATION 20X

- -. t -I-~

FIG. A-3 CROSS SECTIONAL PHIOTOMICROGRAPHS OF MODMOR II/NARMCO 5206
[~jPREPREG 16 PLY - 0/ + 450/900 COMPOSITE CANTILEVER BEAM

SPECIMENS SUBJECTED TO VARIOUS FATIGUE STRESS CYCLES AT

R =0.1 (MAX. LOAD/CYCLE =185 LBS), ROOM TEMPERATURE, DRY.
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SPEC.NO. 7C-2; 10CYCLES
MAGNIFICATION 20X

4
II ~SPEC-NO. 7C-10; 1O CYCLES

MAGNIFICATION 20X

Iin

3~ ji

SPEC.NO. 7C-14; 10 CYCLES
$ - MAGNIFICATION 20X

FIG. A-4 CROSS SECTIONAL PHOTOMICROGRAPHS OF MODMOR IL/NARMCO 5296f PREPREG 16 PLY -00/ + 450/900 (WITH SCRIM CLOTH) COMPOSITE
CANTILEVER BEAM SPECIMENS SUBJECTED TO VARIOUS FATIGUE
STRESS CYCLES AT R = 0.1 (MAX. LOAD/CYCLE =210 LBS),[ ROOM TEMPERATURE, DRY.
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"s ' sc. .- 1ý,, I',

I kk*FNTIN

FI3ri;

~~~~~Z -k, ;ir 3 s 1  '.

OVVf

~. PECNO.3-18; 10 CYCLES
S MAGNIFICATION 20X

PRPE 16 PLY - 5/30COPST-ANIEE EA PCMN

SUBJECTED TO ýARIOUS FATIGUE STRESS CYCLES AT R =0.1 (MAX.
LOAD/CYCLE L-~68 LBS), ROOM TEMPERATURE, DR&Y.
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_bft'.140.' 5'4 1 -

-g

-' ~~;SPEC.,No..3-37; 5 x1O4CycyCLs~
MAGNIFICATION 20X

16 FIG A- CRS ETOA-HTMCORPE'O OMRI/AM050

PREPREG 16 PLY -450/1350 COMPOSITE CANTILEVER BEAM SPECIMENS
< SUBJECTED TO VARIOUS FATIGUE STRESS CYCLES AT R = 0.1 (MAX.
4) LOAD/CYCLE = 168 LBS), ROOM TEMPERATURE, DRY.
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SPE. N. -11; 10~ CYCLES

MAGNIFICATION 20X .- u

SPEC.N. 3-0 10 CYCLES

IN

SUBJECTED TOVROSPC NO.GU 3-50;ESS CYCLES AT R .1(MX
4ODCL 16 MAGNIFICATEPERTION, DRY .
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: vSPEC. No. 4u-1; i0 'CYCLES"~
MAGNiFiCATrioN ,20X,,

172

4
SPEC. NO. 4D-5; 10 CYCLES

MAGNIFICATION 20X

-INS

4
SSPEC. NO. 4D-6; 10 CYCLES

MAGNJFICATION 20X .*

$ FIG. A-10 CROSS SECTI0NP- PHOTOMICROGRAPHS OF MODMOR II/NARMCO 5206
-- PREPREG 16 PLY - 4-50/1350 (WITH SCRIM CLOTH) COMPOSITE

J ~ CANTILEVER BEAM SPECIMENS SUBJECTED TO VARIOUS FATIGUE

STRESS CYCLES AT R = 0.1 (MAX. LOAD/CYCLE = 174 LBS), ROOM

TEMPERATURE, DRY.
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SPEC. NO. 0-24; 5 X10CYCLE$

MAGN'IFIAIO'

SSPEC. NO. 4D-33 5 iCLE S,

MAGNIFICATION 2OX-.-

11011- - . . ...

~~SPEC. NO. 4 D-65; 5 X 10CYCLES~:
MAGNIFICATION 20X

.- 1ýw ~ ~

.7.

FIG. A-11 CROSS SECTIONAL PHOTOMICROGRAPHS OF MODMOR II/NARNCO 5206
PREPREG 16 PTY- 450/1350 (WITH SCRIM CLOTH) 04MPOSITE
CANTILEVER BEAN SPECIMENS SUBJECTED TO VARIOUE FATIGUE
STRESS CYCLES AT R =0. 1 (MAX. LOAD/CYCLE =174ý LBS),
ROOM TEAPERATURE, DRY.
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~SPEC.N.4O D-8; 10 CYCLES

MAIGNIFICATION 20X

.T5

5
nce- SPE~ NO. 4D-.34; 10 CYCLES

MAGNIFICATION 20X

IA-

Z.. ROMTMEATRDY
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SISPEC.NO. 4D-13; 5X105 CYCLESOE
~~ MAGNIFICATION~ 20X

SPEC.NO. 4D-55; 5O 5CCE
* . MAGNIFICATION 2OX

- -~~I~JSPEC.NO. 4D-60; 5 X10 CYCLES
-~ MAGNIFICATION 20X

0'I
,.FIG. A-13 CROSS SECTIONAL PHOTOMICROGRAPHS OF MODMOR II/NARNCO 5206

I PR.EPREG 16 PLY -450/1350 (WITH SCRIM CLOTH) COMPOSITE
CANTILE-VER BEAM SPECIMENS SUBJECTED TO VARIOUS FATIGUE
STRESS CYCLES AT R = 0.1 (MAX. LOAD/CYCLE = 1.74 LBS),
ROOM TEMIPERATURE, DRY,
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APPENDIX B

PHOTOMICROGRAPHS OF GRAPHITE/EPOXY

COMPOSITE SPECIMENS SUBJECTED TO

VARIOUS SPECTRUM FATIGUE LOAD

CYCLING

'7"~
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I .. SPEC. NO. 3-3; MAG. 22X

SPEC. NO. 3-26; £IAG. 2VX

22 SEQUENCES; 2.5x1OCCE *

4~

FIG. ~ ~ ~ , B-1 CRS ETOA HTMCOR9PSO OMRI/A O50

PRPE 16 PL 5 .. 30CMOST.ATLE PBA

SPECIMENS... SUJCE OVAIU ,IUE( .)LA

SEQUENCS AT ROM TEMERATUR

7~4L. _
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)

SEQUNE; ..

FIG. B-2 CROSS SECTIONAL PHOTOMICROGRAPHS OF MODMOR II/NARMCO 5206
PREPREG 16 PLY - 450, 1350 COMPOSITE CANTILEVER BEAM
SPECIMENS SUBJECTED TO VARIOUS FATIGUE (R = 0.1) LOAD
SEQUENCES AT ROOM TEMPERATURE
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ills'.

SPEC. NO. 3-3;MG 0

-- ~~ 67 SEQ.UENCES: 7.5 x1OCYLS~

I A 
'.. -.

SSPEC. NO. 3-43; MAG. 20X

1-U777 67 SEQUENCES; 7.5 x10 CYCLESw

Iof

FIG. B-3 CROSS SECTIONAL PHOTOMICROGRAPHS OF MODMOR II/NARMCO 5206

PREPREG 16 PLY -450, 1350 COMPOSITE CANTILEVER BEAM
SPECIMENS SUBJECTED TO VARIOUS FATIGUE (R =0.1) LOAD
SEQUENCFST AT ROOM TEMPERATURE
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SPEC. NO. 4D-2; NAG. 20X
S45 SEQUENCES; 5 x 1O4ý CYCLES

SPEC NO. 4D-.11; YAG. 20X

4 45SEQUNCES; 5 x 104 CYCLE

Kr

I~~~ j .ýsv L

FIG. B4 CROSS SECTIONAL PHOTOMICROGRAPHS OF' MODMOR II/NARMCO 5206
PREPREG 16 PLY -450, 1350 (WITH SCRIM CLOTH) COMPOSITE
CANTILEVER BEAN SPECIMENS SUBJECTED TO VARIOUS FATIGUE
(R =0. 1) LOAD SEQUENICES AT ROOM TEMPERATURE
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-~SPEC. NO. 4D-22; NAG. 20X
90 OSEQUENCES; 105 CYCLES

E.FFSPEC. NO. 4D-27; NAG. 20X
90 SEQUENCES; ].05 CyCES "B

r SPEC. NO. 4D-28; MAG. 20X
.90 SEQUENCES; 10 CvyCLS

F-, -j

J FIG. B- CROSS SECTIONAL PHOTOMICROGRAPHS OF MODMOR II/NARIMCO 5206
4rPREPREG 16 PLY -45, 1350 (WITH SCRiM CLOTH) COMPOSITE

CANTILEVER BEAM S,"ECIMENS SUBJECTED TO VARIOUS FATIGUE

(R 0. 1) LOAD SEQUENCES AT ROOM TEMPE'RATURE



SPEC. N. D-35; NAG. 20X
135 SEQUENCES; 1. 5 x 10 CYCLES %T

SPEC. NO. 4D-41; NAG. 20X
135 SEQUENCES; 1. 5 x 105 CYCLES~---

SPE . N. 4-57 MA. 0

135 SEQUENCES; 1. 5x 10 CYCLES~ ..

1AA

L ~FIG. B-6 CROSS SECTIONAL PHOTOMICROGRAPHS OF MODMOR II/NARCO50
PREPREG 16 PLY -450, 1350 (WITH SCRIM CLOTH) COMPOSITE

CANTILEVER BEAM SPECIEMENS SUBJECTED TO VARIOUS FATIGUE
(R 0. 1) LOAD SEQUENCT(ES AT ROOM TEMPERATURE
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