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FOREWORD

This report is for Phase IV of the program entitled "The Effect of Envi-
ronment on Mechanical Behavior of AS/3501-6 Graphite/Epoxy Material." The
work was conducted at Vought Corporation Advanced Technology Center. This
report covers all contract work in the period 3 August 1981 to 3 Hovember 1982
and was sporsored by the Naval Air Systems Command under Contract Number
NO0Q16-81-C-0179.

Mr. M. Stander was the Navy Project Manager and Mr. R. C. Knight was the
Vought Project Manager. Key technical personnel were Dr. T. Ho, Principal In-
vestigator, and Dr. R. A. Schapery, Texas A&M University, Technical Consultant.
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1.0 INTROGUCTION

Hide usage of advanced composite materials in future aerospace systems is
projected to become a reality over the next few years. A V/STOL fighter air-
craft is one of several Navy articles expected to be increasingly dependent on
composite materials for primary and secondary structural components.

Presently, the response of advanced composite materials to arbitrary load
and environments is known to have a significant adverse effect on the materi-
als performance. The materials reponse in severe environments and related
fatigue lifetime prediction methods are presently insufficient. It is
believed this composites research program assists in resolvina this deficiency
in the technology base.

The overall objectives of Lhis research program are:

o To ascertain if the mechanical response of AS/3501-6 graphite/epoxy
composite material, subject to various time, temperature and moisture
effects, can be characterized using traditional viscoelastic shift fac-
tors, and to formulate a master curve of material property dependence
on time, temperature and humidity if possible.

o To ascertain the feasibility of predicting fatigue failure of a compos-
ite material by accounting for the linear viscoelastic behavior of the
resin in various temperature and humidity environments.

o To determine if a specific thermal conditioning environment can be
directly substituted for a specific moisture conditioning environment,
over a prescribed temperature vs. humidity range for AS/3501-6 graph-
ite/epoxy material, and obtain an equivalent moisture effect on mechan-
jcal and fatigue properties. If this can be shown, a substantial cost
and time savings in moisture conditioning cf the test specimen can be

achieved and possibly extended to other composite specimens.
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Through the research of the Phase I program1 the first and third objec-
tives previously mentioned were accomplished. Thus, linear viscoelasticity is
an appropriate method to characterize the composite's response with respect to
time, temperature and humidity. A definitive equivalence relationship between’
one environment and another is not feasible in the sense that each tempera-
ture/humidity condition's effect on the materials mechanical response is

unique in itself.

The research objective of this Phase IV program was to continue the Phase
11 and Phase 111 effort to accomplish the second objective, i.e., to predict
the fatique failure of composite material by accounting for its viscoelastic
behavior in various temperature and humidity environments.

The basic Phase IV program scope was increased to evaluate the edge crack-
ing and delamination of the (tﬁS/QOz)S layup to supplement the fatigue
data obtained from the previous Phases II2 and 111.3 This added scope
entailed the residual strength tests and delamination tests on graphite/epoxy

coupons. Since the fatigue analysis requires that the state of stress of the

l1amina be known, off-axis specimen tecsts were conducted.

The Phase 1V program schedule is shown in Figure 1.




-

Pl . e .
]
9.4 mnlalatale

TASKS

2.0

4,0

SPECIMENS
1.1 SPECIMEN FABRICATION

1.2 SPECIMEN PREPARATION
AND CONDITIONING

TESTS

2.1 FATIGUE TEST OF (+45/
902)S - SPECIMENS™

2.2 STATIC TEST QF OFF-AXIS
SPECIMENS

2.3 FATIGUE TEST OF (90
iﬂS)s SPECIMENS

ANALYS1S
3.1 DATA REDUCTION

3.2 TEST/ANALYSIS CORRELA-
TION

3.3 THEORETICAL DEVELOP-
MENT FOR THE MATHEMATI-
CAL MODEL

REPORTING
4,1 QUARTERLY REPORTS
4.2 FINAL REPORT

o/

FIGURE 1

PROGRAM SCHEDULE




b

'L" a0t
LA I

2.0 MICROMECHANICS

Results from Phase II and Phase 1II programs indicated that, for the
matrix dominated laminate such as the (:950/902)S layup, composite
fatigue characteristics can be interpreted better by relating to the matrix
through micromechanics as itlustrated in Figure 2. In this approach, laminate
characteristics are first related to the lamina properties which, in turn, are
related to the matrix properties. Since lamina properties are needed to
reiate the laminate to the matrix, quadratic tensor polyncmial criteria is
adapted to quantify the general stress state of the laminate.

In fatiaue analysis, the edge delamination type failure mode is believed
to be involved in the fatigue failure. The separation of delamination failure
mode data from normal matrix damage degradation data is needed before the
analysis procedure in Figure 2 can be used properly.

The Tsai-Hahn micromechanics relationships4 have been incorporated into
the LAMINATE ANALYSIS computer program. The formulas for the micromechanic
relationships are shown in Table 1. These relationships originated from
Hashin's composite cylinder assemblage (CCA) mode1 .> Especially, the value
of transverse shear modulus, Gy, and transverse Young's modulus, Ey, are upper
bounds of the CCA model. Nevertheless, the Tsai-Hahn relationships are simple
enough for engineering applications.

The use of the Tsai-Hahn relationships for advanced composites is not
straighcforward due to the unknown nature of both its fiber and matrix proper-
ties, especially in their in-situ state. On the basis of measured modulus
values of unidirectional graphite/epoxy composite, five anisotropic fiber
properties (E]f, EZf’ Gipfs Gogpr Vv ]Zf) and two isotropic matrix
properties (ﬁn, v m) can be recovered without direst measurement of each
constituent's properties, whicn are difficult to obtain with current test
techniques. The procedure for finding these seven material properties is a
combination of matrix property assumptions and parametric sensitivity rela-
tionships. Although this is a cumbersome approach to obtain the material
properties, it 1S an easier task than trying the analytical conversion of the

relationships in Table 1 and the corresponding expensive test program.
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TABLE 1 FORMULAS FOR COMPOSITE MODULI
P= 1 (VfPf+ anPm)
+n
f
ENGINEERING
CONSTANT P Pf P n
m
Ex Ex Ef Em 1
Y Y Vf ¥m ]
£ 1 1 1 n
s —— —= — S
Es Gf Gm
k i i 1 "
Y K Ko K «
y fy m
Gy 1 1 1 g
G, Ge., .
(where:
1 Gm
n, =5 (I + &)
5 2 Gf
k ZII-me kfy
1 Gm
6 = Ty G )
G i Vm m fy
hkyvxz
M=1+ E
X
Lk G
o= LY
s = shear 4 l\y+'llgy
k = bulk modulus
n = numerical constant(s)
x = fiber direction
y = transverse direction
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A sensitivity study was conducted to specify the different combinations of
the seven material properties most sensitive to the known unidirectional
data. The unidirectional stiffness (Qij) properties of a lamina and/or gen-
eral laminate can be represented by the parametric forms snown in Table 2
wnere fipber volume Vf is included for analysis. The Poisson's ratio of the
matrix material is assumed to be 0.35 in all of these studies. The sensitivi-
ty relations of Qij are gbtained

ﬁgii—z aln Qij AE]f X 3ln Qij AEzf . aln Qij AGZ3f
Gy STn By B 7 TN L, TE,r T AN Gy Gosy
. aln Qij AG]21c . aln Qij Ovyof . aln Qij AEm (1)
M Groe Bpp 3TN vipe v BTN E B
. aln Qij AVf
ﬂn Vf Vf

py taking the differentials in the Qij function. Equation (1) can then be

used to evaluate the percent cnange of Qij due to percent change of the
parameters in Table 2.

Al ternately, by assuming Em = 0.60 msi, functional dependence of the
unidirectional properties on each of their dominant parameters are obtained
using the LAMINATE ANALYSIS computer routine. Results are shown in Figures 3
ana 4,  Axiar wodulus E]] of different graphite/epoxy layups are obtainea
from test results in References 1, 2, and 6 and are shown in Table 3 for botn
room temperature environment and a 17OOF/50% R.H. environment. With tne in-
formation rrom Figures 3 and 4 and Table 3, the fiber and matrix propertices
were derived, and are shown in Table 4. From Equation (1) and Table 4, the

sensitivity matrix for unidirectional lamina and (+45/90,).




TABLE 2 PARAMETRIC DEPENDENCE OF MATERIAL PROPERTIES

LAMINA PROPERTIES:

By = B s B V)

"

€22 = B2 (Epps Cozps Env Vo Viger Eyf)
Gy = G1p (Gygpr Eps V)
Viz = V12 O Epe VP

A

[}

G F, V

23 = 823 (Gyges By Vo)

LAMINATE PROPERTIES:

v

%j =y (Erer Expe Gozer Siaer VigeoBr V)
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TABLE 35 LONGITUDINAL MODULUS PROPERTIES FOR AS/3501-6 -

RESULTS FROM

TSAT=HAHN RELATIONS

EXPERIMENTAL RESULTS

ENV I RONMENTS SPECIMEN LAYUP (MS1) (MSY)
(O)8 18.862 18.95

(1145725 2.81 2.80

75°F/50% R.H. (07,4 1.5 T.5%
(:r_t'45/902),5 3.36 2.82

(0/+%5790) 7.44 7.20

(0)g 18.80 18.95

(#45), . 2,36 2.10

170°F/50% R.H. 907, 1.33 1.33
(11!5/902)S 3.14 2.66

(07+45790) _ 7.25 7.06




TABLE 4 MATERIAL DATA

CONSTITUENTS' DATA FOR Gr/Ep

E]f = 28.6 MSI
E2f = 4,2 MSI
623f = 0,89 MSI
G]Zf = 2.50 MSI
Vigs T 0.32

\)f = 0.65

Em = (0,66 MSI
Vo T 9,35

COMPOSITE DATA FROM MICROMECHANICS

m
!

1° 18.82 MSI

m
'

= 1.54 MSI

o
|

= (0,805 MSI

[
1

= 0,512 MSI

0.33




taminates as shown in Table 5 may be calculated. The significant information

obtained from the sensitivit; matrix assuming that the matrix properties are
fixed is:

1. Fiber volume fraction is the most dominant parameter affecting material
property change of either a Tamina or laminate (Tahle 5).
2. Unidirectional properties E]], E22, GIZ' Gyg and v 4, are
also strongly influenced by fiber properties Ei Esfs G]ZF'
623f’ and Vi2f respectively. -

These results are helpful in adjusting values in Table 4 to meet different
graphite/epoxy test results. With the LAMINATE ANALYSIS computer program, the
effect of matrix modulus on laminate El] property can be evaluated. The
result is shown in Figure 5 where the compliance curves, instead of modulus,
are compiled. These curves are important in analyzing both fatigue strength
and fatigue failure data according to the compliance reiationship in Figure
2. There is one question in correlating the LAMINATE ANALYSIS results to the
real test data. In comparing the laminate data in Table 3, especially those
from complicated lay-ups, values of laminate Eii obtained from tho LAMINATE
ANALYSIS program are higher *han those obtained from tests. This situation
has been analyzed by Arenburg7 who attributes at least some of the

difference to transverse shear property effects as defined in his finite
element analysis. There are more discussions or this in Section 4.0.
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_SENSITIVITY MATRIX FOR UNIDIRECTICNAL LAMINA

TABLE 5 SENSITIVITY MATRICES

AEIf

2ar

AG

AV

23f 12f 12 A £
Eir €2t 623¢ Gyof Vi2f Em Ve
8E, |
S 0.988 0 0 0 0 0.012 0.967
8€,,
e 0 0.292 -0.026 0 0 0.624% 1.603
22
6,
- 0 0 .43 0 0 0.447 0.820
23
86,
— 0 0 0 0.273 0 0.615 1.69
12
Av'z
0 0 0 0 0.606 0 0
v
12
SENSITIVITY HATRIX FOR (45/90,)  LAMINATE
Bir Eof Ga3f Graf Vi2f En :
S|
- 0.554 0.083 -0.012 0.042 0 0.281 1.256
1
8E,,
. 0.855 0.039 0.003 0.039 0.003 0.079 1.065
22
Gz
86, .
5 0.824 0.011 0 0.046 -0.011 0.117 1.098
12
Avlz
. 0.050 0.050 10.050 -0, 050 0.099 0 0,050
12

B 7 ) R
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LAMINATE COMPLIANCE, D 100 psi

0.1

MATRIX COMPLIANCE, D, 107 psi™!

FIGURE 5 LAMINATE COMPLIANCE VS, MATRIX COMPLIANCE
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3.0 SPECIMEN FABRICATION AND CONDITIONING

Af ter reviewing the fatigue data of the AS/3501-6 graphite/epoxy speci-

mens,z’3

it seemed important to study the infiuence of matrix degradation on
the edge delamination failure mode in the fatigue process. The test program
was defined as shown in Table 6. The residual strength tests and delamination

tests are designed to evaluate the edge cracking phenomenon,

Hercules AS1/3501-6 graphite/epoxy prepreg tape was used Lo prepare the
specimens. A total of 232 specimens to be tested according to test matrix,
Tahle 6, were obtained from fourteen panels of different sizes as shown in
Table 7 and Figure 6. The various sizes of the panels resulted from the ply
lay-up variation, defect inserti:ns and the number of specimens required.
Typical specimen dimensions are 7" long by 0.75" wide as shown in Figure 7.
The delamination specimens have brass shim inserts (0.001" thick) at the edaes 5
as shown in Figure 8 to simulate the edge cracks. Typical layup procedures Is
and cure cvcles are shown in Table 8.

For moisture absorption, steel chambers enclosed in a forced air Blue-M
oven were used to environmentally condition the specimens to the desired mois-
ture levels. A saturated aqueous solution of sodium bromide (NaBr) in contact
with a solid phase of the salt at 170°F was used to generate the 50% rela-
tive humidity level. Sodium fluoride (NaF) was used to generate the 95% rela-
tive humidity level. Approximately, fifteen days of conditioning was required
for the eight-ply specimens and eighty-five days for the twenty-ply speci-
mens. The moisture distribution inside the specimen should reach a rzasonably i
uniform state after the above mentioned conditioning period. Al1 specimen end f
tabs were protected with aluminum backing tape wrapping and EA934 coating to
prevent moisture ingress during the environmental conditicning process.

16
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TABLE 7 COMPOSITE PANELS FOR THE PROGRAM

SPEC IMEN NO. OF SPECIMENS SPECIAL FEATURE
PANEL LAY -UP FABRICATED OF THE SPECIMEN
A (15)20 18
B (0)y 6
o (lss)20 18
D (90) 5, 16
E (+45/90,) 62
/4+L6) 2
F (902’i"’s L2
G-1 (+45/90,) WITH 0.02'" INSERTS IN
G-2 (+h5/90,) THE MIDDLE LEVEL
G-3 (+45/90,) 4 WITH 0,04 INSERTS IN
G-k (+45/90,) 4 THE MIDDLE LEVEL
G-5 {(145/30,) WITH 0.02"" INSERTS IN
) o THE QUARTER THICKNESS
G-6 (+45/30,) LEVEL
G-7 (rk5/90,) WITH 0.04'" INSERTS IN
- THE QUARTER THICKNESS
- !
6-8 (£h5/5¢, ) LEVEL
18
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4,0 STATIC TESTS AND ANALYSIS
4.1 STATIC TESTS

Off-axis static tests were conducted according to the test matrix of Table o.
The six types of unidirectional specimens for off-axis tests are (00)8.
0 0 0 0 0 .
(15 )20, (30 )20, (45 )20, (60 )2 , and (90 )20. Some static
tests were also conducted on (+45 /902 )y and (9092/:_45o ) laminates and the
data used to verify the quadratic tensor failure criterion.

Tests were performed using a Shorewestern environmental test machine as
illustrated in Figure 9. Six temperature and humidity test environments
were: 75%F/dry, 75°F/50% RH, 75°F/95% RH, 1320F/50% RH, 132°F/95%

RH, and 170°F/50% RH. Extensometers were used to measure the strain at the
two-inch gage section of the test specimen. For selected 75°F/dry environ-
ment tests, strain gages were also used in cqnjunction with the extensometers
in order to verify the calibration of the extensometer system.

4.2 ANALYSIS

Test data are shown in Figure 10 for strength and Fiqgure 11 for modulus.

~ The best fit of lower and upper bounds for the test data are also drawn in the
two figures together with the corresponding classical laminate analysis (CLA)
comparison data to be explained below. The Poisson's ratio is 0.32 based on
the (0)8 specimen test at 75°F/dry environment with strain gages. Tabu-

lated values of the upper and lower bounds in Figures 10 and 11 for various
angles are shown in Table 9. The shear modulus G]2 can be obtained by the
following relationship:

6 = 2V N 1 o . cos’e _ sin’o ) (2)
12 By sin6cosco E}y 2% Eop

where E]] is the longitudinal modulus, E22 is the transverse modulus and
E{] js the axial modulus of the off-axis specimen. Each off-axis specimen
has a calculated G]z-value and the average G]2 is 0.752 msi as derived

23
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I TABLE 9 UNIDIRECTIONAL SPECIMEN STATIC TEST DATA SUMMARY
.
l STI?EN(_N)’H (0)8 (15)20 (30)?_0 (45)29 (6())20 (90)20
mst :
UPPER BOUND 0.216 0.0415 0,0224 . 0.0164 .0130 0.010
LOWER ROUND 0.205 0.0315 0.0151 0.0104 0. 0078 C. 006
]

| N
. - t
. MODULUS (0) (15) (30) (45% (50) ; {90) !
: (ms1) 8 20 20 20 20 20
- UPPER BOUND 29.25 8.6 3.1 1.9 1.5 1.4
! L.OWER BOUND 20.2% 7.1 2.7 i.6 1.3 1.2




from the upper bound test data and 0.62 msi from the lower bound. From the
calculated average Glz value, and Equation {2), the theoretical modulus of
the off-axis angle specimen is obtained. These theoretical modules are shown
in Figure 11. The test value and theoretical value show a favorable compari-
son. The theoretical values are used later to interpret the fracture energy
and fatique data.

The strength data in Figure 10 were used to evaiuate the parameters of the
Tsai-Wu quadratic failure criterion:

7 2 4
F (]x+vat,xuy +Fyy0y+FSSOS+

Fe O +Fyoy =] (3)
where x is the longitudinal direction and y is the transverse direction.

Since no compression or bi-axial tests were conducted, compression and shear
data from Tsai-Hahn4 was used. By using the upper bound values and lower
bound values from Figure 10, parameters in Equation (3) can be derived. Cal-
culations and results are shown in Table 10. The theoretical strenath diagram
from the Tsai-Wu criterion is shown in Figure 12. The theoretical values
(CLA) are also shown in Figure 10 to compare with test data. The static
strength values of the (i95/902)s fall within the theoretical range for
(145/902)S specimens. The Tsai-Wu critericn can be reasonably used for
fatigue failure analysis if the residual strength is not affected after
fatigue cycling.

To study the failed specimen, a radicgraphic technique was developed for
inspection of graphite/epoxy specimens., The delaminations present in the
specimens could not be detected initially by conventional X-ray mcthods. A
radiographic-opaque solution (ZnIZ) was develcped and applied to the edges
of each of the failed specimens with cotton swabs. After a fifteen minute
"dwell time" had elapsed, the specimens were re-exposed with the x-ray instru-
ment settings remainina the same. The radiograph from the second exposure
(with solution applied) enabled complete detection of the delaminated areas of
each specimen with excellent detail as shown in Figure 13. Massive detamina-
tions in the outside 90° layers for (902/145)s type specimens were
observed all over the length of the specimen. Delaminations of 90° layers
in the (+45/90,); are more confined to the edges.




TABLE 10 FAILURE CRITERION PARAMETERS

STRENGTH . :
{msi) X X Y Y S
UPPER BOUND 0.216 0.216 0.010 0.030 0.0135
ILOVER BOUND 0,205 0.205 0.006 0.018 0.0081
TSAI-WU QUADRATIC FATLURE CRITERION
Fox , Fay Fuy e F, £
msi?) | (msiv?) (msi~?) (msi~?) (nsi! (msi”)
UPPER BOUND 21.43 | -133.6 1333 5489 0 66.7
LOWER BOUND 23.80 i -236.7 9259 15242 0 1.1
X LONGITUDINAL TENSILE STRENGTH
X' =  LONGITUDINAL COMPRESSIVE STRENGTH
Y TRANSVERSE TENSILE STRENGTH
v TRANSVERSE COMPRESSIVE STRENGTH
S : SHEAR STRENGTH
R O ) r——-é——
Fax =3 0 Fyy Ty Fay T VA oy
o 11 1
Fss "2 =7 - xme Rycyoym
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5.0 FATIGUE TESTS AND ANALYSIS

In the previous Phase II and Phase III programs, the mean fatigue strain
data and strain amplitude for the (145/902)S Tayup were developed as shown
in Figures 14 through 17. In this Phase IV program, limited numbers of
fatigue tests on (:_45/902)S specimens were conducted to provide baseline
data in comparing the originai data (Phase II and Phase IIl data) to current
data. The current fatigue tests of (90,/+45)  were conducted at
75°F/50% RH environments and 132°F/Sb% RH to invetigate the effect of lay-
up sequence. The S-N data is shown in Figure 18 and strain histories are
shown in Figures 19 through 22.

In order to have a fair assessment of the fatigue data, basic static test
data from both the old batch of prepreg and current batch of prepreg is sum-
marized in Table 11. Due tc better static strength, the 55% fatigue stress
level used for the Phase IV program is 12% higher than that in the Phase III
program. The same is also true for the 50% stress level and 60% stress
level. This difference in the basic data raises the question as to which are
the reliable composite properties that can be used for micromechanics or other
analysis. To understand the parameters that cause the variation ot the com-
posite property, a compilation of test data for A5-graphite/epoxy materials
was made and the property list is shown in Tabie 12. The disparity among
basic properties from different research sources for the same material prompts
the necessity in looking into the micromechanics aspect. Relationships
Hetween fiber, matrix and composite as illustrated in Figures 3 and 4 can be
utilized to estimate the properties of the fiber from the measured composite
dita. The results are shown in Table 13 together with the data obtained by
Arenburg7 and Crane and Adams.8 In the calculations for Table 13,

Poisson's ratio V 5 was obtained from E, and 623 in the isotropic

plane. Based on the results in Table 13 and micromechanical relationships in
Figures 3 and 4, variations of composite test data seem to come frcm three
possible areas: 1) variation of fiber property from batch to batch; 2) varia-
tion of matrix characteristics from batch to batch; and 3) inconsistency in

pracise layup and cure processing which will result in changes, from panel to
panel, of fiber

32
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volume content, volatile content, and void content. Based on these observa-

tions, fatigue data and fatigue analysis needs to be associated with the

individual batch properties. For present analysis purposes, the data in the
lTast column of Table 13 were used.




6.0 RESIDUAL STRENGTH TESTS AND DEL AMINATION TESTS

Residual strength tests and delamination tests on (:45/902)S specimens
were conducted to study the interaction among matrix degradation, edge crack-
ing/ply delamination and intraply cracking. This was done jointly with the
Mechanics and Materials Center at Texas A&M University where they have a simi-
lar interest on the subject under an Air Force contract F49620-82-C-0057. The
Phase IV program provided Texas A& University ten residual strength specimens
and thirty-six delaimination specimens for testing. In return, Texas A&M
University provided the Phase IV program results ¢f their findings.

During testing at A&M University, strain measurement was made by using an
extensometer called an "Elastic Strain Ratio Translater" (ESRT) gage.
This ESRT extensometer was developed by B. C. Harbert of A&M University and

its description is shown in Figure 23. Vought used the extensometer with two
LVDTs as described in Figure 9.

A
Al though Vought and A&M used slightly different procedures, it involved essen-
tially the same test steps: static preload, fixed duration of fatigue cycling
and gradually increased static loading to failure. Tests were conducted at
759F/50% R.H. and 132°F/50% R.H. environments and two fatique stress
levels, 55% of Ftu and 60% of Ftu' Test results obtained by Vought are
summarized in Tables 14 and 15. Fatigue cycling was shown to have degrada-
tional effects on material stiffness and strength. It does not seem to affect
the failure strain. Edge cracking was monitored during the residual strength
test by using thin replicating tape. The typical positive prints from the
replication technique are shown in Figure 25. Transverse cracks across the
four 90° 1ayers and delamination alona the interface betwen the 90° 1ayer
and 45° layer are the two common crack formations along the edges. The rep-
lTication technique was used to monitor the cracking formation and results are
shown in Tables 16 and 17. At low fatigue stress levels (55% of Ftu)’ trans-

verse cracking occurs earlier than delamination. At a higher stress level (60%
of Ftu)’ the delamination cracks occur first.
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Residual strength tests were also conducted by A&M University for regular
(1:45/902)S specimens and delamination specimens described in Section 3.0.
Their test results are shown in Table 18. The typical data plots are shown in
Figure 26 based on the test procedure AM-A type test of Figure 24. The hys-
teresis loops in the stress-strain curves are not obvious after the fatigue
cycling and gradually open up under gradually increasing static loads. It was
found from the results in Table 18 that center defects had a significant

affect on the specimens' modulus and strength.
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7.0 ANALYSIS OF DAMAGE GROWTH AND FAILURE

In the Phase III report, a theoretical model based on matrix deqradation
was proposed for estimating the uniaxial laminate failure strain in static and
fatigue loading and for predicting fatique life. Specifically, it was shown
that by using a matrix modulus of approximately 10% of its initial (undamaged
state} vaiue, theoretically predicted strains were close to those at failure
in static and fatigue tests. Although many of the failed coupons exhibited
considerable delamination, it was suggested that any significant amount of
delamination occurred primarily in tre latter stages of failure and was trig-
gered by gross matrix damage within plys.

These ideas have been further investigated as part of the Phase IV  §
effort. In this section we consider in more detail the separate effects of ‘
matrix damage and delamination, and indicate possible ways in which they
interact to produce overall failure. Since writing the Phase III report, some
related studies have been pubiished by others10"13 which are very informa-
tive on the nature of intraply damage and delamination in laminates similar to
curs. This information, as well as some recent theoretical work,]4’7 will ~
be taken into account in this section. .

7.1 DAMAGE THEORY FOR LINEAR ELASTIC COMPOSITES

According to the theory of linear elastic fracture mechanics, growth of a
crack initiates when the so-called energy release rate G exceeds a critical
value, Gc’ This critical value is material-dependent and, in general,
depends on environmental faciors such as temperature and moisture content in
the case of plastics. Thus, an important aspect of damage growth anaiysis is
the prediction of energy release rates when cracks represent at least part of
the damage. As there is considerable evidence that any significant damage in
advarced pulymeric composites usually consists of intraply and delamination
cracks,10"]3 we shall discuss the prediction of G for both types of crack-

ing. Extension of the results to viscoelastic behavior is then made using
existing theory.




Consider a tensile specimen in which the applied axial 1oad is F and the
associated axial displacement between the points of load application is U.
Assuming linear elastic behavior for a fixed state of damage,

F=ku (4)

where k is the stiffness. In general, k is a function of damage, which shall
be represented by a set of N crack surface areas A; (i=1,---N). HNeglecting
residual strain energy, the total strain energy in the coupon is

W= 1/2 ku? (5)

where k = k(Ai). The familiar equation for energy release rate is obtiained
by forming the derivative of wT with respect to A;»

:
6i=-sm, = -7 A (6)

where k = k(Ai) and i, j=1,2,---N. Physically, G, dA, (i not summed) is

the work done by the elastic material on the failing material at the ith crack
tip where the area of this crack increases by an infinitesimal amount dAi.
Inasmuch as U is constant when this change is evaluated, the externally
applied forces do not work, and the entire change in strain energy dwT is

con. .rted t¢ mechanical work at the advancing crack tip. Strictly speaking,
the notation which characterizes the shap? and orientation of each existing
crack and newly formed area should be used]4. However, for present purposes
it will be sufficient to use a simpiified notation in which only the magni-

tudes of the areas A, are explicitly identified.

Let Gci be the critical value of Gi’ i.e., CCi is the "energy" (more
precisely, the “"mechanical work") per unit area required to separate material
points at the crack tip associated with the new area dAi. wWhether or not
the new su«face dA; is actually formed depends on whether or not the avail-
able energy G; exceeds the required energy G.

Ci’
dAi = 0 and if Gi;,G then dAi = 0.

i.e., if G; <Gg; then

ci



By defining compliance, C = i/k, and using the relation U = CF, equation
(6) may be rewritten in a similar form in terms of applied load,

1
G, =5 of F (7)

Equations (6) and (7) are standard forms for the energy release rate of speci-
mens and structures wher. a single applied 1oad and displacement are consid-
ered. In predicting G; for specimens under original stress, it is often
helpful to rewrite these equations in terms of effective axial modulus, E,
overall or average stress and strain ¢ . Thus,

with o = ke, o = F/A  and ¢ = %—(where A = cross-sectional area and L =
length of coupon prior to application of F), we obtain

k = EAtS/L, C = LD/Ats (8)

where D = E7' ic the uniaxial compliance. Thys,
S Y
(1.' - - ? T)—A— £ (9)

or, equivalently,

v 30 2
A (10)

G. =
1 i

in which V = AtsL is the volume of the specimen.

In studies of the graphite/epoxy composite material T300/5208, which is
very sinilar to the composite used here, O'Br*'ien”"l2 found that the modulus
£ of the laminates decreased linearly with the amount of delamination area
A4 ‘as defined by the area projected onto the plane of the laminate through
x-ray measuremnents). Thus, using 0'Brien's notation for moduli,

B o= (F*E

S
LNJ) a E\ A (rm




vhaie AdT = 2bL is the projected delaminated area of a fully delaminated
sample of 12ngth L. Noting that Ay =0 without delamination, and Ag =
Agp with full delamination, equation (11) implies that

ELAM = gpecimen modulus without delamination

E* = modulus of a fully delaminated specimen

As an illustration of A, and Ryrs consider the laminate in Figure 27,

which shows the end view of a specimen with edge delaminations cf depth A. If
the depth were constant along the specimen length L (x-direction), then Ay =
2AL. O0'Brien assumed a pair of edge delaminations existed above and below the
center plane of symmetry in analytical predictions of modulus; therefore, four
crack tips (rather than the two in Figure 27) were assumed to be involved in
the delamination process. However, Ad and Ayt are the same for the cases

of two and four cracks in view of their definition.

Recall that the energy release rate Gi is the mechanical work available
at a crack tip per unit of new area at this one tip: thus, only one crack tip
is advanced when calculating the derivative E/ A; in Equation (9). with
this point in mind, let us first consider the two-crack case in Figure 27, in
which we Tet i =1 and i = 2 represent the two cracks, and E*z the specimen
moduius with full delamination. Using Ay = Ay + A, 2nd Aot = 2bL in

Equation (11) for E, we then ottain from Equation (9) for i =1,

fr= T BB ) e

In the case of four cracks where the cracks extending from the same edae have

the same dept',, one has Ad = (A] + A2 + A3 + A4)/? and AdT = 2bl
thus<
h. < . *
Gy = 37 (Epgm -y )
* (13)
Hove | [

g e musus when Lhe specimen i fully delaminated.
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The value of energy release rate is the same for each of the two cracks
(Equation (12)}) or each of the four cracks Equations (13). Furthermore, these
two equations are really not restricted to equal or uniform crack depths.
Namely, each crack could have a different depth and it could vary along the
n Al though the formula
for Gi is independent of depth (because E is linear in delamination area),
it does depend on the number of delamination cracks (through factor 1/2 or 1/4
and the value of E*, or E*4). 0'Brien’'s predictions were based on Equa-
tion (12), but with £%, used in place of E*,. This resulted in the best
agreement for measured stiffness changes and the critical value of Gi' The

length; indeed, lengthwise variation was observed.

reed for this modification of the basic formula for G, is probably due to
the presence of many cracks within each ply, which were not accounted for in
predicting ELAM and E*, and their participation in forming the delamination
crack tips; these intralaminar cracks are shown and discussed in detail in
References 10 and 11. 0'Brien found that essentialiy only one delamination
grew from each edge, but it skipped from one side of the center plane to the
other through transverse cracks.

The effect of intralaminar cracks on both E ... and E* will be censidered
here. First, hcwever, we shall make some comparisons using Equations (12) and
(13) which provide evidence for the fact that static and fatigue failure
behavior reported on the program cannot be explained without accounting for
them,

The moduius E without damage for the [i45/902}s 1aminate has been

L AM
predicted elsewhere in this report (Figure 11); the largest and smallest val-

ues, based on the extremes of constituent properties for all environments
studied, are 3.38 and 3.17 x 106 psi. The modulus with full delamination E*

will be predicted using classical lamination theory for several cases; Jones'

15

notation - is employed. For a laminate in terms ¢f the coordinates in Fig-

ure 27, the forces N = (Nx’ Ny, ny), moments M = (Mx’ My, Mxy),
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, .0 o 0 0 _
middle surface strainse = (¢, 5 €, » Yy, ) and curvatures « = (k_, « , & )
X Yy Xy

are related according to

0
N oo [ALEL| | & (14)
M B D v

and, in the inverse representation,

The 6 x 6 symmetric matrices in Equations (14) and (15) are obviously inverses
of one another, and are each comprised of three 3 x 3 symmetric matrices (A,
B, D) and (A', B', D').

ihe modulus for uniaxial loading without delamination, EL ame is

-1
= U
ELAM (h A n’ (16)
where A']] is the fir<t element of the compliance matrix A'. The modulus
with complete delamination, E%*, in which all of the n separated iaminates
(sublaminates) are under the same axial strain, is
n
. 1 .

i=1




By definition,

- 0
By = Nyi/hjey (18)

which is the axial modulus of the ith sublaminate, h; is its thickness, and

Ny 5 js the axial force on it.

X

It is not obvious what constraints or edge loadings should be used in pre-
dicting in. O'brien]] assumed all three curvatures k and edge forces
Nyi and nyi are zero; this may be an acceptable application for some
cases in view of the constraint imposed on out-of-plane deformations by the
uncracked center section along the delamination crack tips and the alternating

plane of delamination along the sample length observed. For zero curvatures

and Nyi = nyi =0,
-] ~ '
= "

E; = (hyA%y5) (19)
where A"]]i is the first element of the inverse of the submatrix Ai for
the ith sublaminate. For relatively deep delaminations without any or many
changes in the plane of delamination, significant curvatures of unbalanced
and/or unsymmetric sublaminates may occur. As an extreme case, where each
sublaminate is under no edge moments and forces other than in, the axial
modulus is

E. = (hA' )" (20)

i it 104
where A'yq. is the first element of the matraix A' for the ith sublaminate.

The moduli (19) and (20) enable estimates of the energy release rate to be
made. In order to obtain more accurate predictions, one should analyze the
partially delaminated test specimen using plate theory or a more general
approach, allowing for spacially varying strains and curvatures. However,
this much more complicated problem will not be addressed here. Instead, we
shall consider one more case, which is intermediate to the zero curvature
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result, Equation (19), and unconstrained sublaminates, Equation (20). It is
motivated by the problem in which delamination occurs along the center plane
of the [:§5/902]s laminate. Assuming delaminations of equal depth extend
from each edge, and that the depth is constant along the sample length, the
zero curvature case, Equation (19) yields E; = ELAM; thus, the energy
release rate is predicted as zero. In practice, an opening mode of crack dis-
placement occurs, in which the curvature y serves to define the amount of
opening displacement. For a relatively long specimen, a reasonable assumption
is that the out-of-plane displacements do not vary along the length, (ny =
Ky = 0), and the free edge forces and moments are zero (Ny = ny = My
= Mxy = 0). Inasmuch as Ex is specified to be the same for all sublami-
nates, one too many conditions have been specified; we shall drop the require-
ment Mxy = 0 in one problem, and drop ny =0 in a second problem.

Moduli for the [+45/90 » ] . laminate: The center-plane delamination
problem will be discussed first. For the constituent properties which result
in the Targest modulus, ELAM = 3.38 x 106 psi, we find

Ex = 2.42 x 10° psi if N = Ny =M= K=K = 0 (21)
and only a slightly different value
E* = 2.48 x 10° psi if N =My =M =K =K =0 (22).

Equation (21) provides a higher energy release rate than (22), and will be
used in delamination predictions. For the fully unconstrained case, Equation
(20),

6

E* = 2.11 x 10° psi (23)

Referring now to the problem illustrated in Figure 27, in which one pair
of cracks exists between the -45 and 90 plys, we find for the properties cor-
responding to ELAM = 3.38 x 100 psi,

E* = 2.80 x 10° psi (based on Equation (19)) (24)
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and
E* = 2.02 x 10° psi (based on Equation (20) (25)

Next, in addition to the cracks shown in Figure 27, assume another pair of
cracks exist between the 90 and -45 plys below the sample middle surface. Then

E* = 2,03 x 106 psi (based on Egquation (19) (20)
and

E* =1.85 x 10° psi (based on Equation (20) (27)

Critical axial strain for delamination of the [#45/90p]¢ jaminate:

Equations (12) and (13) may be used to predict the strain at which delamina-
tion occurs, € c? given the critical value €c ¢

2G

€ = EZE—)O'S (2 cracks) (28)
e = (4GC )0.5 (29)
¢ hat (4 cracks)
where, by definition
AE= By - EF (30)

For the opening mode of delamination in the AS1/3501-6 composite in moder-
ate environments, Gc ~v] 1b/in as reported by Wilkens. 16 Mixed mode delami-
nation G is higher, and a value of G v 2 1b/in will be used here. (The
measu"ements of G . for mixed-mode crack1ng were made on unidirectional 0°
fiber angle laminates, and it may be different for the laminate under study
here.) Strains predicted from Equations (28) and (29) are listed below, in
which the number in parenthesis corresponds to the particular E* which was
used in AE; also, Ejpy = 3.38 X ]06 psi and h = .044 inches.

66

-------

...........



NUMBER AND LOCATION

CASE CRITICAL STRAINS (%) E* EQUATION 6. (1b/in) OF CRACKS
1 .69 (21) 1 2, 90/90
2 .60 (23) 1 2, 90/90
3 .89 (24) 1 2, -45/90
4 1.26 (24) 2 2, -45/90
5 .58 (25) 1 2, -45/90
6 .82 (25) 2 2, -45/90
7 .82 (26) 1 4, -45/90
8 1.16 (26) 2 4, -45/90
9 .77 (27) 1 4, -45/90

10 1.10 (27) 2 4, -45/90

When the low values of constituent moduli are used, corresponding to
~
ELAM = 3.17 x 106 psi, the critical strains are predicted to be less than
those in the table, but only by a small amount; the ratio of these strains to

those in the table is approximately 0.96.

It is instructive to compare the critical strains to those at which stiff-
ness changes have been reported in the experimental studies for static and
fatigue loading. In general, all of the predicted critical values are above
those at which specimens begin to exhibit noticeable softening due to damage.
Only for cases 2 and 5 do the strains approach the experimental values; but it
is believed these predictions are unrealistically low as the sublaminates were
assumed to be completely unconstrained. Also, except for samples with brass
inserts at the middle plane, no sigificant delaminations at the middle surface
were observed in failed coupons. In view of these observations, we estimate

from the theory that ¢ n 7% for the samples with centered brass, and

c -

€ ~{(.8% for the other samples; most delaminations appeared to cccur between
the -45 and 90° plys, regardless of whether or not brass separators were
used between these plys. It should also be noted that the energy release rate

during fatiqgue delamination of 0° laminates was close to the static critical
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value GC,]6 and therefore we have no basis at this time for using in Equa-

tions (28) and (29) an energy release rate which is significantly less than 1
1b/in,

Intraply Damage and Viscoelastic Effects: On the basis of the above esti-
mates and the considerations in Phase III concerning the effect of a reduced
matrix modulus, we believe intraply microcracking has to be taken into account
besides delamination in order to predict the deformation and failure behavior
of laminates; indeed, intraply damage may account for the largest amount of
softening prior to failure in our specimens, considering how large the pre-
dicted critical strains without damage are. Measurements of damage using
X-rays would be helpful to confirm the point. O'Brienn predicted that
delamination caused more softening than intraply cracking in the laminates he
studied, and this was supported by direct measurement of the amount of delami-

nation.

The intralaminar cracking, as defined by parameters Ai’ reduces E, Equa-
tion (111)‘i in which both EL and E* are reduced by this cracking.
Schapery * deveiovped a relatively general theory for clastic and viccoelas-
tic materiais (allowing for a distribution of G; and A; values) which
could be used to account for the effect of strain history and viscoelastic
properties on the damage and, in turn, its effect on moduli. However, explic-
it realistic predictions of dawage are very involved, and will not be done
here. This complexity exists whether or not viscoelastic effects are consid-
ered. For example, the stiffness E* depends on not only the damage which
occurs in the sublamminates after they are formed, but also on the damage prior
to delamination and that produced by the high stresses around a delamination
crack tip while it is moving and producing sublaminates. In the center part
of a sample which is not delaminated, another complication exists because of
the breakdown of classical lamination theory (CLT). Arenburg7 has shown
that when the effective matrix modulus Em is reduced from its initial value
of 0.6 x 106 psi, interlaminar shear deformations may become important. For
the [jﬂS/QOZ]S speciinens used in this program, energy release rates and
stiffness predicted hy CLT are in considerable error for damage states at the
failure strains. This behavior seems to imply one should account for strain
nonuniformity in the undelaminated part of the laminate in order to predict
damage. Complex temperature dependence of G for mixed-mode cracking]ﬁ
and residual stresses further complicate the problen.

68




8.0 CONCLUSIONS AND RECOMMENDAT IONS

The effect of temperature and moisture on the deformation and failure
Lehavior of AS/3501-6 uniaxial lamina and laminates is very compiex. The com-
monly employed assumption of thermorheologically simpie behavior for polymeric
materials (in which changes in temperature and moisture simply aiter the
time-scale for response) is not valid. However, the Phase I studies indicated
that creep and recovery strains of matrix-dominated specimens with a constant
damage state can be characterized using a slightly ceneralized representation;
namely, besides the environmental effect in the response time-scale, the envi-
ronment affects the initial creep compliance. When the damage state changes
continuously, as in the fatigue tests, it has nut been possible to account for
temperature and moisture effects in any simple way. The S-N curves for a
given lamina or laminate can be approximated by a straight 1ine using log-lo0g
axes, and in some cases (e.g., the [i45/902]s laminete) the slope is the
same for all environments studied. However, in generai, the slope (i.e., the
nover 1aw exnonent) is different for different laminates. Also, in some cases
an increase in temperature and/or moisture reduces the fatique life, where in
other cases it increases the fatigue life. It is believed this complex fail-
ure behavior is due at least in part to the delamination fracture toughness
for the opening-mode increasing with increasina temperature, and for a mixed
mode (with a 1arge shearing component) exhibiting the opposite beha.vior-.]6

Intralaminar cracks appear to have a significant effect on the initiation
and growth of delamination cracks. Theoretical estimates of energy relecse
rates available to drive delaminations give values which are considerably below
those required for their propagation unless interlaminar cracks are taken into
account. It is thus believed that both types of damage have to be considered
to predict deformation behavior of laminates with damage and to predict
fatigue 1ifetimes. An approach using results from viscoelastic fracture
mechanics theory is discussed. But, in order to develop and verify a realis-
tic theoretical model, it appears necessary to make extensive use of NDI meth-
ods at various stages of specimen damage in order to identify the actual dam-
age modes. A study of new specimen geometrics and fiber layups, taking into
account date already generated, should be made in order to separate as much as
possible distinct effects of intralaminar cracking, delamination, and residual
stresses.
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