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EFFECTS OF MOISTURE, RESIDUAL THERMAL CURING STRESSES. AND
MECHANICAL LOAD ON THE DAMAGE DEVELOPMENT IN
QUASI-ISOTROPIC LAMINATES

ABSTRACT

This invéstigation demonstrates how the maximum moisture absorbed
(that is the "wet" condition) in [0/~:45/9O}s and [0/90/:45}S laminates
fabricated from T300/5208 significantly alters the dry stress state and
‘subsequent damage development along the laminate free edge.

Emphasis is placed on using reasonable approximations for wet, dry;
and out-of-plane (v23,623) elastic properties since these preperties are
required to predict the damage free stress state at the laminate edge.
Classical laminate theory and a finite element model were used to
predict stress states'prior to the %irst formation of damage. Crack
patterns characterisfic of the laminate in a wet or dry condition were
also predicted using a shear lag model. Development of edge darage was
recorded and observaed during the test.by transferring an image of the
damage from the edge surface on to a thin acetate sheet (replica
techrique), such that the damage imprinted on the ecetate sheet could
be immediately viewed on a microfiche card reader.

Moisture was shown to significantly alter the interior and edge
dry s:ress states due to sQeT1ing and a reduction of elastic
broperties. Moisture also reduces the *transverse strength in the

00° plies such that the first formation of damage in a wet [0/145/90]S

i




laminate is a simultaneous occurrence of delaminations and transverse
cracks in the 90° plies. A model was deveioped ir order to predict
changes in first ply failure laminate loads due to differences in
stacking secuence together with a wet or dry environmental condition.
Although moisture was shown to significantly alter the first
formation of damage, the crack patterns prior to fracture were not
significantly altered by moisture absorption. Consequently, differences
between wet and dry laminate static or residual experimental strengths

were small.
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I. INTRODUCTION

Recent emphasis on environmentaj degracation of graphite/epoxy
fiber-reinforced composites is due to the increased use of these high
performance materials in aercspace structural applications. It is
well established that atmospheric moisture which is absorbed by
diffusion into the epoxy matrix degrades those lamina.properties
which are matrix dependent [1]. The accurulative moisture absorbed
by T300/5208 graphite/epoxy when exposed to in-service environments
[2] is significant in terms of reduced lamina properties.

Hygrothermal degradation of graphite/epoxy could be attributed to
degradation of the fiber, matrix, or fiber/matrix interface. It is '
generally accepted that fiber properties are unaffected by moisture
[i] since moisture has little effect on lamina properties which are
fiber dominated. The fiber/matrix interface strength is reduced due
to moisture [3]. This can be attributed to a combination of fiber/
matrix chemistry [4] (i.e. graphite fiber sizing) and a residual stress
state at the graphite/epoxy interface [5]. It is therefore generally
accepted that most cracks which result from a mechanically applied
load in graphite/epoxy materials initiate at the fiber/matrix interface.
vhen moisture is absorbed overall degradation of the matrix exists
since most epoxy resins are susceptible to plasticization,
enhanced viscoelastic response, together with a reduction in giass
transition temperature, ultimate strength, and stiffness properties
[1,6]. |

Degradation of the epoxy matrix and fiber/matrix interface is




the result of volumetric diffusion [7}.of water molecules which attach
themselves as hydrogen bonded molecules onto the long epoxy polymer
chains. This diffusion increases the epoxy "free volume" [11} which
results in swelling. The rate of moisture absorbtion can be conven-
jently accelerated by exposure at elevated temperatures. Unfortunaiely
accelerated moisture absorption will produce matrix cracking if the
temperature exceeds the glass transition temperature [8]. This matrix
damage is usually near the surface and is attributed to a combination
of matrix plasticization and a residual stress state which is created
when a large gradient in roisture concentration p%ofiles causes the
dry surface to shrink upon desorption [9]. A]thoughvthere are many
more interesting damage mechanisms which explain the formation of
cracks in epoxy resiné, many of these mechanisms are worst cases of
laboratory induced degradations. Once these worst case damage
mechanisms are understood they are usﬁally eliminated from a materials
application viewpoint.

Although it is instructive to study these worst case mechanisus,
the emphasis in this study is to choose a material system which
minimizes these worst case cracking events. Eliminating these worst
case events results in a less complex model which can then be used to
explain how damage develoupes in an environmentaily conditioned lamin-
ate when a mechanical load is applied. Crossman [10] demonstrated
that the strength and elastic properties of guasi-isotropic laminates
fabricated from T300/5208 were reduced when mqisture was absorbed (that

is, the "wet" condition), and that no damage resulted from the




absorption of mojsture. Crossman also showed that the viscoelastic
response of the wet T300/52C8 laminates was negligible when com-
pared to the viscoelastic response of wet"T300/5209 Taminates. This
is partially due to the lower glass transition temperature of T300/5209.
In summary quasi-isotropic laminates fabricated from T30C/5208 wiil
behave elastically in either the wet or dry state such that wet lamina
strength and elastic properties are lower than. the dry properties and
no cracks result when T300/5208 laminates absorb moisture. It follows
that the formation of any cracks in a quasi-isotropic laminate fab-
ricated from T300/5208 will te the result of an app]ied_mechanica]
load>acting together with the residual hygro-thermal stress state.
Since wet or dry quasi-isotropic laminates fabricated from 7300/
5208 behave elastically, the interior in-plane stress state existing
prior to the initfa1 formation of damage can be calculated from
classical laminate plate ana]ysis using wet or dry elastic properties.
Using a laminated plate analysis Kim and Hahn [11] predicted the stress
state in a wet and dry [0/+45/—45/90]S laminate fabrfcated from T300/_
5208 prior to formation of the first 90° ply crack. Good correlation
between experimental and predicted first 90° ply failure stress in
" both wet and dry conditibns was demonstrated by using averaged wet and
dry elastic lamina properties. In Kfm's model the wet res{dual stress
state was assumed zero after abscrbing 1.3 percent moisture (by weight
gained) which implies that all damage is due to a state of stress
fesu1ting only from an applied load. The first ply failure loads

were predicted using a stress failure criterion along with the laminate




stress state predicted by laminated plate analysis using constant
coefficients of expansion.

The stress state in finite width quasi-isotropic laminates is not
uniform through the width as assumed by classical laminated plate
analysis. Three dimensional stress analysis demonstrates that the
stress components which are acting perpendicular to the thin quasi-
isotropic laminate plane are negligible away from the free edge but

can exceed ply strengths within a thin boundary layer near the free

edge [10]. These out-of-plane stresses are the result of a mismatch

- of Poisson's ratios and coefficients of thermal expansion for each

layer in the ]ahinate when loaded mechanically or thermally. The
magnitude of the out-of-plane tensile stresses near the free edge

can cause interpiy cracks [12] which are cailed delaminations. No
delaminations occur when the stacking sequence is altered to give
compressive out-of-piane stresses. Depending on the stacking sequence
the damage which develops along the free edge of the laminate when |
Tecaded can be a combination of delaminations between lavers or
transverse cracks within layers. Previous studies [13] have demon-
strated that the damage which develops along the free edge of a
[O/+45/-45/90]S Taminate (type I) is entirely different from the free
edge damage for a [0/90/445/—45]s ]aminéte (type II). Differeﬁces in
damage statés observed along the free edge can ultimately influence the
final laminate strength. For type I and type II laminates fabricated
from T300/5208 there can be as much as 30 percent difference in dry

laminate strengths [14,15]. Therefore, when considering damage leading




to final laminite failure, the emphasis changes from individual trans-
verse cracks to the development of an entire damage state near the
free edge prior to'fai1ure. In this investigation only damage at

the laminate free edge is investigated. NXo attempt was made to
investigate damage away from the free edge.

Due to the heterogeneous nature of fiber-reinforced laminates the
damage which deve]opsvin a laminate when 1oaded is a composition of
interply delamination cracks and cracks within individual plies which
grow transverse, longitudinal, or at an argle to the load axis. Unlike
the single critical crack in homogeneous raterials, each crack which
exists in a heterogeneous laminate cannot be evaluated as an isolated
event which grows in a self-similar fashion. Instead, each crack in
a heterogeneous laminate is a component of a damage state, and the
laminate response is influenced more by the development of this damage
state than by the behavior of a single crack.

Based on extensive experimental data, Reifsnider et al [16] have
shown that different crack types consistently develop into a stable
pattern or "damage state" which is characteristic of the laminate. A
ratioral mechanistic approach can be used to predict a stable pattern
 of cracks in the off-axis piies prior to laminate failure [17]1. This
chafacteristic damage state (¢DS) could be used to define the stress
and state of strength prior to laminate failure. Recent observations
[17] strongly suggest that the CDS could be independent of load
history and.that the CDS is a laminate property. In summary, the

phitosophy of CDS is best stated by Reifsnider and Masters [17],




“From the standpoint of mechanics, the CDS has the same significance
as the single crack for homogzneous materials ir the sense that it
is the well-defined damaged physical state from which the fracture
event develops."

As already discussed, previous investigations have shown that the
formation of damage in quasi-isotropic laminates depends on material,
stacking sequence, residual curing stresses, and environmental condi-
tioning. In particular the present investigation is primafi]y
concerned with the effect of residual cure stresses, swelling due to
moisture .absorption, and mechanical loads on tre (DS ih type I and
type fI laminates fébricated from T300)5208 graphite/epoxy. The
objectives of this study are to initially isolate unigue free edge
damage states in type I and type II laminates and show how these unique
damage states develop into the CDS when the laminate .is mechanically
loaded.

Unique free-edge damage states in quasi-isotropic laminates are
~obtained experimentally by environmentally conditioning type I and
type II laminates. The differences in the laminate wet and dry damage
free stress states uhique}y influence the free edge damage which
develops when the laminates are mechanjcal]y loaded. While the laminate
load is held constant, damage along the free edge is recorded by
replicating an image of damage from the free edge surface on to the
surface of an acetate strip. Analytic models wnich predict the state
of stress prior to the formation of damage and the characteristic

spacing of ply cracks along the free edge are compared with the damage




recorded on the replicas while the laminates were cyclically loaded
or incrementally loaded to failure.

If the initial damage free stréss state existing near the free
edge uniquely influences the subsequent damage state and laminate
strength then accurate out-of-plane elastic properties must be used
when evaluating this stress state. To date only Dean and Turner [18],

h : Ishikawa, Koyama, and Kobayashi [19], and Kriz and Stinchcomb [20] have
obtained reasonable estimates of out-of-plane lamina properiies. As
pointed out by Crossman [14], out-of-plane prcperties used in most
free edge stress analyses are rough approximatiors; therefore, only
trends in stress fields can be demonstrated. In this investigation
accurate wet, and dry out-of-plane elastic lamina properties will be
used in various stress analysis methods to evaluate the wet and dry

stress state both near and away trom the free edge.




I1. EXPERIMENTAL PROCEDURE

2.1 Environmental Conditioning

The specimensv1isfed in Table 1 were fabricated by Southwest Research
Institute and McDonnell Douglas using the came recormended procedure
for curing Narmco T300/5208. Half of the specimens were exposed to 95%
RH at 70°C, and the remaining specimens were dr{ed in a dry nitrogen
gas oven at 65°C. Although vacuuﬁ ovens have been commonly used'for
moisture desorption at elevated temperatures, damage is minimized
when dry nitrogen gas is used [21]. Moisture absorted or lost was
measured as a change in weight. All specimens labeled as. "WET" were
in a condition of maximum absorbed moisture which occurred when no
additional increase in specimen weight could be measured. All specimens
labeled as "DRY" were in a condition of toté]-absence of diffused
moisture which was obtained when no additional loss in specimen weight

could be measured.

2.2 Unidirectional Tension Tests
Both wet énd dry [08] and [908] specimens listed in Table 1 were
loaded to failure in tension using an Instron load frame with a
crosshead speed of 0.1 inches pér minute. Biaxial strains were measured
at the center of each specimen using Micro-Measurerent WA-00-120WT-350
strain gages. Young's moduli and Poisson's ratios were determined.
Static strengths were obtained for both [08] ard [908} specirens
in the wet and dry conditions. However, a series o7 strengths were

obtained from each [908] specimen. This was accompiished by testing
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the remaining sections after each failcre. Using a miniﬁum_specimen
length requirement of 1.5 inches, up to eight values of tensile
strength couid be measured for each initially unbroken 12 inch long
[908] specimen. Testing the [908] specimens in this manner allows the
experimentalist to isolate the first or "weakest 1ink" strength from
the subsequently higher sirength values. Correlation of lamina strength
values with laminate crack spacing equilibrium models developed by
Reifsnider [17] was the objective of the weakest 1ink [908] tests.
Elastic modulus was measured for all [908] tests using a biaxial strain

gage unless the previous break location was at or near the strain gage.

2.3 Preliminary Tension Tests of Quasinisotropic Laminates

The objectives of these static tests are to initia]]y'iso1ate
-unique free edge damage states in type I dnd type Il laminates and sgbw
how these unique damage stétes develop into the characteristic damage
étate (CDS) when the laminate load is increased. The replica technique
as utilized by Stalnaker and Stinchcohb [13] is best suited for
recording and observing damage wihich develops along the laminate free
edge. By using the replica technique an image of damage from a polished
laminate free edge can be imprinted onto a thin acetate strip while the
load is held constant. The image of free edge damage ié transterred onto
' fhe acetafe strip under pressure by simultaneously wetting the poTished‘
laminate surface and surface of the acetate with acetone. By using this
technique the development of damage can be recorded by taking replicas in

increments of increasing load. One edge on each specimen was polished

with 3 micron alumina oxice particles using a-standard metallographic
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polishing wheel with felt cloth.

The specimens used in the preliminary static tests listed in Tabie
2 were fabricated by Soutwest Research Institu;e. Each specimen was
incrementally loaded in tension by a hydraulic-load contro?]éd Tinius
Olsen machine. The replica technique was used to record the damage
state before and after the wet and dry conditioning as well as at the
various static lcad levels listed in Table 2. The interpretation of
damage imprinted on the replicas was used as a basis for improved test
procedures used in the quasi-isotropic static tension tests listed in
Table 3. Strains along the load axis were measured at the center of
each specimen using Micro-Measurements CEA-13-062VW-120 strain gages.
The failure strength and Young's modulus were recorded for each specimen

which was incrementally loaded to failure.

2.4 Quasi-Isotropic Static Tension Tests

As shown in Table 3 the specimens were divided into two groups.
The first group of specimens Qere quasi-statically loaded to failure
with no replices. The second group of specimens were incrementally
loaded to failure with replicas taken at 100 1b. intervals. The
objective of the quasi-staticaily loaded tests was to statistically
demonstrate the differences in wet or dry 1am1nat¢ strengths for type
I and type IT laminates. As discussed in the introduction, the difference
be‘ween type I and type Il experimentally determined laminate strengths
provides a basis for investigating how the free edge damage develops
under load and influences the laminate strength. It fcllows that the

objective of the second group of tests is to demonstrate how the
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damage in wet or dry quasi-isotropic laminates develop into the
characteristic damage state (CDS) prior to fracture of the laminate.

In order to characterize the development of damage, replicas at 100 1b.
load increments were obtained for only one speciren which was conditioned
into a wet or dry state of stress. The fouf specimens which were incre-
mentally loaded to failure are instrumented with biaxial strain gages

located at the center of each specimen.

2.5 Quasi-Isotropic Fatigue Tests

The objective of the fatigue tests is to characterize the develop-

‘ment of dainage in wet and dry quasi-isotropic laminates when cyclically

1naded. As shown-in Table 4, replicas were taken for two types cf cyclic
loads. The gpqﬁigg‘cyclic load when used with replicas implies that

the experimentalist can interact with the fatigue test such that a
unique state of damage could be isolated or "coaxed" out of the laminate.
When the steady state cyclic load is used the experimentalist records

the reqular sequence of damage events on replicas and does not interac;
with the fatigue test. The remaining fatigue tests aré not replicated,
but form a sufficient data base for studying the overall laminate
response (i.e. residual strength, stiffness change) when using either
the coaxing or steady state cyclic loads. Imitial Young's modulus is
measured using a MTS clip-on extensometer while the specimen is being
quasi-statically prelcaded up to the maximum cyclic load. All tests
were cycled at 10 Hertz on a load controlled MIS rachine. For both
coaxing and steady state cyclic loads the change in Young's moduli

is periodically measured by stopping the test and reloading up to
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the maximum cyclic load. A constant stress ratio of 0.1 was used for
all fatique tests. The drying out of all wet specimens during the
fatigue tests was eliminated by simply wrapping a wet paper towel
around the test specimen. |

In order to coax the desired unique free-edge damage state the
experimentalist should be able to stop'the test momentarily and observe
the déve]opment of damage. The author discovered that the image of
damage replicated onto an acetate strip can be immediately viewed on
a microfiche card reader with sufficient ﬁagnification and clarity.
for interpretation. The experimentalist can then interpret the state
of damage during the test and decide which test variables should be
changed in order to further isolate or alter the observed damage. As
a result of this.interactive test technique, no clearly defined test
procedure is established. Although the test procedure is open ended,
the experimentalist must base his interpretation of damage on a rational
mechanistic approach. This requires an understanding of the initia]r
damage free stress state and the CDS whfch will be explained in Chapter
III. Therefore the guidelines or rationale used to interpret the damage
state when using the coaxing cyclic load is outlined in Section 4.4.1
following Chapter III. One specimen frbm each wet and dry stress state
was fatigued by a ccaxing cyclic load. Replicas at 200 1b. intérva]s
and residual strengths were obtained by incrementally loading the
specimens to failure.

The objective of the steady state cyclic ioad tests is to record

the regular sequence of damage events which deveiop into the
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characteristic damage state. Replicas are taken at 200 1b. intervals
during the initial pre]dad up to the maximum loads listed in Table 4.
Replicas were also taken at 5K, 10K, 50K, and 100K cycles. For each
wet and dry stress gtate, two specimens were cycled to 100K cycles and
one specimen cycled to 1M cycles. Residual strengths were obtained

after 100K or 1M cycles with replicas taken at 100 1b. intervals.




ITI. STRESS ANALYSIS

3.1 Linear Elastic Homogeneous Transversely Isotropic (LEHTI)

Material Properties o

For fiber-reinforced composite laminates it has been experimentally
demonstrated [13] that damage initiates near the laminate free edge
in the form of ply cracking and interply delaminations. Finite element
and finite difference models and perturbation solutiuns [34,24,25] wer:
developed in order to predict stresses near the free edge prisr to the
formation of damage. Both the finite element and finite difference
models require all nine orthotropic iamina properties. If the 1initial
damage-frée stress state existing neaf thé free edge uniquely influences
the subsequent formation of damage then accurate out-of-plane elastic
properties (e.g. Vog and 623) must be used when evaluating this stress
state. Unfortunately all nine elastic lamina propevties are difficult
to obtain; therefore it is not uncormon to make simplifying approxima-
tions, such as Vp3=V10V3 and GZ3=G]2=G]3, in order to obtuin solutions.
A parametric evaluation by Kriz [26] of these approximations and other
prroperty variations on the interlaminar stresses in angle-ply laminates
demcnstrates that more emphasis should he placed on accurately calcu-
lating or experimehta]iy measuring all lamina elastic properties if
méaningful stress distribtuions are to be‘obtained from the varfous rodels.

In this investigation each laminate layer (lamina) is assumed to be
constructed of fiber reinforced materials as shown in Figure 1. When
the fibrous lamina are assumed to be homogeneous and transversely

isotropic, the number of independent material constants reduces to
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five. The most commonly used engineering constants are listed below:

E], E, =E., G

27 %30 %12 7 Gy3o vip = g Gy

The symbols, E, G, and v are Young's modulus, shear modulus, and
Poisson's ratio, respectively, and numbered subscripts refer to the
lamina coordinates, shown in Figure 1. For transversely isotropic
materials, the Poisson's ratio in the 2-3 plane is related to E2

and 623 by Equation (1)
Vo3 = Ep/26,5-1 - (1)

Reasonable estimates for Vo3 and 623 together with other laminate
elastic properties have been obtained experimentally using mechanical
and ultrasonic techniques [18,19,20]. A complete set of elastic
lamina properties, including v,3 and 623, can be calculated using
equations developed by Hashin [27] as Tisted in Appendix B given the
isotrdpic matrix and transversely isotropic fiber elastic properties.
Unfortunately the complete set of transversely isotropic graphite
fiber properties are difficult to obtain due to the smalllfiber
diameter.

Dean and Turner [18] demonstrated that most of the graphite fiber

properties could be determfned by curve fitting ultrasonically

.evaluated stiffnesses over a range of fiber volume fraction by using

Hashin's equations written in terms of ultrasonic stiffnesses.
Unfortunately, due to scatter in ultrasonic data, Dean and Turner
were unable to extrapolate for all fiber properties. Kriz and

Stinchcomb [20] improved on the extrapolation technique of Dear and




23

Turner and showed that although ultrasonic data are scattered, all
fiber properties can be determined and that five independently extra-
polated graphite fiber properties are consistent with the assumption
that fibers can be modeled as transversely iscotropic. However, there
is an error in the equations used by Kriz and Stinchcomb [20] to
calculate values of 623. The correct expressioh for By is shown
below in Equation (2) where By is used in Equation B.2(b) of

Appendix B to calculate 623. Fortunately all graphite/epoxy -

- @

lamina properties whicr depend on the correction for 82 are changed by
less than 1 percent. It is also noted that the corrections have no
effect on the ext}apo1ated fiber properties. . Therefore,‘éll observa-
tions and conclusions by Xriz and Stinchcomb [20] are unaltered. Although
these corrections are not numerically significant for the graphite/epoxy
materials evaluated in Ref. [20], there could be other fiber/matrix
systems for which these corrections could become significant.
Graphite/epoxy lamina properties were also experimentally measured
by Ishikawa et al [19] using hechanica] test techniques and fiber
properties were extrapolated. Compari;on.of extrapolated graphiie
fiber properties along with epoxy matrix properties is demonstrated
in Table 5. A final sct cof fiber and matrix elastic properties are
chosen and listed in Table 6.

Since fibers properties are assumed urchanged by moisture,
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the wet/dry lamina properties listed in Table 6 are cé]cu]ated by
substituting the fiber properties together with the wet/dry matrix
properties into the equations listed in Appendix B. The changes .in
elastic matrix properties due to meisture absorbtion are chosen such
that the corresponding changes in elastic lamina propérties, reflect
experimental differences in wet/dry lamina properties. For example,
an 11 percent reduction in lamina modulus, E2, is calculated when a
25 percent decrease in matrix modulus, Em, together with a 27 percent
reduction in matrix shear modulus, Gm, are substituted into the equa-
tions of Appendix B. The predicted decrease of 11 percent for E2 is
comparable with experimental reductions of 10.7 percent by Hahn [28]
and 11.2 percent by Hofer et al [29]. A decrease of 0.5 percent is
predicted for E; which does not compare well with a decrease of 4.5
percent measured by Hahn and Kim [28] and 16.3 percent measured by Hofer
[29]. An insufficient data base on wet/dry T300/5208 Ismina shear
properties dbes not provide meaningful comparison with the predicted
reductions of 23 percent for G]2 and 13 percent for 623. To date no
reliable and reproducible shear tesi method has been widely accepted
to verify the trends predicted for G]2 and G23.

Variations in test techniques together with variations in test
specimens due to manufacturing processes, quality control, etc. are
obvious problems which account for much of the variation in experimental
data. Variations in fiber volume fraction, temperature and duraticn of
cure [22] could provide additiocnal explanations for variations in

experimental data. For these reasons the author has choosen to select
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lamina properties as calculated from the equations in Appendix B which
model the change in experimentai data due to moisture absorption as a
reduétidn of matrix elastic properties. The experimental value of
18.8 Msi was chosen for E] corresponding to a fibar volume fraction of
55 percent as calculated from equations in Appendix B when fiber and
wet matrix properties were chosen. Wet aﬁd dry type I and type II
laminate stiffnesses were calculated from laminate plate theory using
the wet and dry lamina properties at 55 pe?cent fiber volume fraction.
To be consistent with previous analysis [16] a value of 0.65 msi was

chosan for the shear transfer layer medulus, GSL' Interestingly, a

‘value of 0.65 msi is calculated for G,. when at a fiber volume fraction

12
of 42 percent is used in Equation (13) of Appendix 8. It is reasonable
to assume that the shear transfer which scts over a small distance
above and below a resin rich interface should have a slightly lower
fiber volume fraction when compared to 55 percent in the plies adjacent
to the interface.

The fiber, matrix, lamina, laminate, aﬁd interface elastic
broperties were chosen to demonstrate how variations in wet and dry
conditioning of type I and type II laminates affect the free edge
stresses and subsequent developrent of dam2ge at thz free edge.
Variations in experimentally rezsured elastic lamina properties can
be large. For this veasen the lamina elastic properties were chosen
such that only variations due to moisture absorption are modeled
using the equations of Appendix B. Elastic properties chosen in

this way do not include the inherent variations in experimentally
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measured elastic properties. These properties provide a consistent set
of elastic propertiec to be used in the 2-D, 3-D, and crack spacing

models following this section.

3.2 Two Dimensional Thin Laminate Theory Stress State

The first approximation of a laminate stress state, neglecting
out-of-plane stresses (plane stress is assumed), is obtained by
laminated plate theory. Since the laminate thickness is much smaller
than its other dimensions Kirchhoff's hypothesis can be used. As a
result of these approximations each layer of the laminate is assumed
to be in a state of plane stress which can be direct]y‘re]ated to
inplane loads and mcments. A complete developmert of the‘classica]
thin laminated plate theory is given by Jones [30]. The objective of
this section is to predict the stresses existing in the thir laminate
plane prior to the damage event, using laminate theory, and assuming
no initial damage exists. The predicted stresses afe the result of
an applied in-plane mechanical load acting together with residual
stresses due to swelling from moisture absorption and curing at
elevated temperatures.

The combined effect of a mechanical load, Nx’ and residual stresses,
cR, on the individual p]}kstresées, G., 1S shown in Egquation (3) using

i i
the notation of Kim and Hahn {11].

I I
05 = &AM ¥ o (3)
where

Qij = reduced ply stiffnesses

BELTV ST e
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Aij laminate stiffnesses

N laminate stress resultants

f

k
0? residual ply stresses
The residual ply stresses, c?, can be represented in terms of

differences in lamina and laminate thermai and moisture strains.

of = yy(e3T-e]) + o (es™el) (4)
where
egT = laminate thermal strain
ch = laminate moisture strain
eg = lamina thermal strain
e? = lamina moisture strain

These strains can be defined in terms of coefficients of expansion.

o5 = Qij(&j—uj)AT + Qij(ﬁj-sj)AM (5)

where

o = lamina thermal coefficient of expansion

Bj = lamina moisture coefficient of expansion

4T = change in temperature

AM = percent weight gained by moisture absorption

&j = Jaminate thermal coeffizient of expansion

éj = laminate noisture coefficient of expansion

Laminate coefficients of expansion are defined by integrating the
lamina strains written in terms of coefficients cf exphansion through

the laminate tnickness, (-h/2, h/2), as shown below.
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sead S (6)
a; = A, Q adz 6
i in o 42 m'n

- 21 h/2 \
55 % Am Zh/2 Qn#nd2 (7)

For the type I and type Il laminates, damage first occurs in the
90 plies in the form of cracks transverse to the direction of the
uniaxial laminate tension load, NX. Since cracks first occur in the
90° plies we calculate the stresses in this ply by expanding equation
(3), as shown below,

Q29,.,-0,A _
S T A RS ,,0‘12 _ (8)

2 X
AxxPyy Py

Qy0R, ~QyoA
RNy L R 9

A A -A2

02 _
' xx"yy "xy

g = 0 (10)

where subscripts 1 and 2 refer to the lamina coordinates defined in
Figure 1 and subscript 6 is the contracted notainn for the lamina
shear stress in the 1-2 plane. The initial crack in the S0° ply is
labeled FPF for first ply failure and the corresponding laminate load
is labeled, N\'T.  Althougn oy and o, both exist in the 90° ply at FPF
the transverse stress, SPYRLER reached the transverse strength while

oy is much lower than the longitudinal strength. Therefore a maximum

stress failure criterion can be used which assumes FPF occurs when the
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value of Iy in equation (9) is equal to the unconstrained uniaxial

tensile strength, T, of a 90° test specimen. Using the maximum stress.

failure criterion, equation (9), can be used to solve for NipF by
replacing v, with T.
e Aod ‘Ai - R |
N = XX YY XY (T-C ) (1)

X 2

QZZAyy'QIZAxy

Prediction of the FPF Jaminate load, NiPF, depends on how accurately

og is predicted. From equation (5) the value calculated for og depends
upon approximations made for lamina thermal and moisture coefficients
together with realistic estimates of percent weight gafned due to
moisture absorption, aM, and changes in temperature, aT, from the stress
free temperature. By measuring the warpage of unsymmetric [+€]
laminates Pagano and Hahn [37] suggest a stress free cure temperature
of 250°F for T300/5208 which is considerab\y Jower than the 350°F cure
temperature. For T300/5208 graphite/epoxy Hahn [28] measured lamina

thermal and moisture coefficients of expansion, as shown below.

ay = ~0.17 ue/°F; a, = 15.6 ue/°F, By = 0: 8, - 5900 uc/%HZO
(12)
where By is calculated frém experimental data assuming a moisture
threshold, Cv’ of 0.4% as shown in Figure 2. Independently Crossman
[10] demonstrated that swelling of T300/5208 graphite/epoxy exhibits
the same moisture threshold wfth less scatter of data and measured

lamina thermal and moisture coefficients of expansion shown belcw.

ay = 0.16 ne/°F5 o, = 14.3 ue/°F; &y = 05 85 = 5000 we/%H,0 (13)
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The coefficients of thermal expansion shown below were the same as
used by Nagarkar and Herakovich [32] and moisture expansion coefficients
were obtained by curve fitting experimental data reported by Crossman

[10] assuming a moisture threshold of 0.4%.

ay = -0.23 ue/°F; ap = 14.9 ue/°F, oy = 05 8, = 5560 1e/%H,0
" (14)
The laminate thermal and moisture coefficients of expansion are
calculated for type I and type II laminates by substituting the wet and
dry elastic properties listed in Table 6 together with the lamina

expansion coefficients (18) into equations (6) and (7).

0t

= 484 uc/%HZO

aypry = @ypry = 1:09 »e/°Fi Bypey = Expry

OYWET = OYWET = 0.98 ue/°F; BYMET ° BYWET = 444 us/“HZO.,

It is now possible to calculate wet and dryAresidua1 stresses at
room température by using equation (5) where aM was measured as 1.2
percent in the fully saturated state and a temperature change of -180°F -
was estimated using Hahn's approximation of 250°F for the stress free
temperature. The Qij were calculated using wet and dry properties

listed in Table 6.

= 3.43 ksi -1.96 ksi (15)

R R -
92DRY Y2WET
The laminate FPF load is now calculated from equation {9) using

elastic properties in Table 6 together with the difference between the

transverse strength, T, and the residual stress state. The values for:
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the weakest or first transverse strengths, T, as described in Section
2.2 are listed in Table 10 and used in Equation {11) to calculate NiPF.
Using only dry properties in equation (11), a dry FPF laminate load,
N;SEY’ was calculated. Similarly a wet FPF lamirate load, N;EET, was

calculated using only wet properties.

FPF FPF

Nypry = 789 1b/in NyweT = 1900 1b/in (16)

The FPF laminate loads for type I and type Il laminates, predicted by
laminate theory, are identical since changing the stacking sequence
has no effect on 03.

It is interesting to note that the predicted wet residual stress
state ngET in the 90° ply is in compression by -1.96 ksi. For this
reason a higher laminate load is required to procuce FPF when the
laminate has absorbed 1.2 percent moisture by weight gain.

Although this section was primarily concerned with‘eva1uating the
stress state in the 90° ply prior to FPF, all 0° and 45° ply stresses
in the wet or dry state have also been calculated using equation (3)
in similar fashion. The calculated ply stresses for Niggy and N;EET
are listed in Tables 7 and 8 for comparison with the predicted finite

element stresses in Section 3.3 which use the sarme wet and dry FPF

laminate loads.

3.3 Three Dimensional Finite Element Theory (LEKTI) Stress State
The objective of this section is to predict, using finite element
theory, the stresses existing in the interior and along the edge of

type 1 and type II laminates prior to the first camage event. The



35

—_— (527 0-/v"914) (€0°0+/VE"9+) | (6L 9+/8G2+)(26°5+/2 L1+) (oS- )M
(vv'g-7 0 )ze'z-/ o0 ) _ ———— I-
—_— (90°0-/¥"91+)(2€ 04/ VE 9+) (08" £+/8°52+) (98734727 L1+) (SUW .
(gvo-/ 0 Y8t 18/ 0 ) ——— e I [S¥2/06/0) | W33
(12°4+¢/ © )48 2¢/ 0 ) (04 0-/8°0£-) (5207167 617) (21 9e/us ve) (VO RY/9Z7 Y1) (.06)H
(207147 © )Y(10°2¢/ 0 ) — H
—_— {0L°0+/01" 2-){EV 01/E2°€+) (0°CLL/0°ELL)(970V+/S Lb+) (.00
0 M - :,f.WM - \mm.fN M - “m.m?x - “N.:*w Jﬁ'w:
0 - Jprete)( - et (- /RUGEs At JSh)u Stey: .
0 (- /803 - U9t ) = vwe( - [19794) (354 Lsvi/c6/0] | Va1
0 (- 76 1= - swree) {0 - socett0 - Jetuve) (o0
Cotees 0 Me2ses 0 )b (zero-/8t0e-)(v10-/67517) (£2°64/9C p+) (g2 6+/L279¢) {06)K
{se-vs/ 0 Yvs'€+/ 0 ) — i ———— 1
—————— (2270470914 (1€ 04/9E79¢) (127 6+/8°G24){82° L+/27114) (oS- )W s
{tvres/ 0 Mot 0 0) it e 1 {og/op /0] | WH
——— (0L 0-/0- 910} (u07 0 /5E790) | (et ue /g see) (U6 90/ Lie) {.4¥)u
(g -/ 0 Msoo/ v ) ———— 1
e e (ne 0-70102-Y(euro /e ) R R LRI AN D] [WOP]
0 M B “,Z_TWM - :,S.W M - “E.SWM - “F.EW A?omwz
0 - v 9ty - /5E°94 AL - /2 LGb-)H s . N
0 (- ol - osseree) | (- setsen)( - el (L50)u [oo/9p+ /0] | vt
0 { - 76°t-)( - ssven) | - 7oE)( - /E7ve) {0)H
‘ x: X (a1buy Ald)
- 9oe)a0quy uojjeantiyyuoy | odAy
(15%) (55943 9Dp] J9M/S5041S A0pAaju] 19M) (359415 9bp] £40/359415 40}45u] AuQ) sue |dpiW ‘W djeupwe L3POKH

SILUNIWYT [T 3dAL QNY 1 3dAL 21d0dLOSI-TSVAU AYG ¥ L3N

04 SISSIULS A

X

wogny *Mo e 3003 NV YOT¥IIND JO AUVWWRS ¢ 3T8VL




36

(1571-/6°61-)(60°0-/10"y-) —e- —_—— (o5t~ )H
—_— (zz°6-/ 0 18°0-/ 0 ) (05°0+/ 0 )EE0+/ O ) I
(£€°0-7 0 Y{y0'0e/107E+) e T e {Se)s s

—_— (18 1v/ 0 Y120/ 0 ) (cvge/ 0 Noie/ 0 ) i [sv+/06/0] Wi
(te°0-/ o Yvo'e-/ 0 ) (z670+/ 0 J{wz'0+/ O y| (92-0-7 ¢ }{el'0+/ O ) (. U6)W
—ee (gv0+/ 0 Mitos/ o Yj(¥3o-/ 0 or'2-/ 0 ) 1
(60°0-/ 0 )(20°0¢/ 0 ) —— —— (OH
( - /e06t-)( - Nwees) 0 0 (¥ )W

. . - B 4 s ,

M . “N w:x ) “So,_; 0 g M“omvm [sv+/06/01 | Va3l
A-\o:-\ow 0 0 &Wz
(z€70¢/ 0 )(S0°0+/ O ) (90°0¢/ 0 )(toro+/ O )](50°0-/ O y(10°0-/ 0 ) (.06)H
— {ve'te/ 0 )(gotors/ 0 )| (1ew-/ 0O yeee-1 0 0) 1

(€57 1-/0"6L-)(60°0+/207¥) e —_— {o5¥-)H o

e (65°8-/ 0 )i80'0-/ 0 )} (L570-/ O yzeo-/ 0 ) I [o6/50+/0] | W34
:a.:;.m::s.o.\mo.z —_— —_— {oG¥)H
—— (26°1¢/ 0 ){92°0-/ 0 ) (e 1o/ 0 Meee-/ 6 ) 1
{vero=/ 0 o0/ 0 ) e s (.UMM
M - “ 0 WM - /70 W 0 0 A?,.Z:

- fitet- - [18°€- 0 ¢ JSb- s .

{ - feeun{ - /18°€s) 0 0 (Ceviw foe/spe/0] [ vaidi
{ - 70 ¥ -4740) 0 0 (.ClA
’ Ax, LA LLN {a1buy &14)

. o6 ja0u] *} uopjeanbljuo) | adAy

(1sA)(ssa41s abp] 12M/55043S 40}4aU] J9M) (550435 8bp3 £4(3/550435 201433 K4q) QuLLdpi ‘W Jjvupwe 1P O

SILVHIHVY 11 3dAL QWY T 3dAL 714081051 -15VND AdU U0 LM

¥y04 S3SSIULS

X A
LNV JTX A 3903 ONV YOIYILINI 40 AYUWANS 78 378Vl




37

pradicted stresses are the result of a wet or dry FPF laminate load,
which were calculated in section 3.2, acting tocether with residual
stresses due to swelling from moisture absorption and shrinking after
cooling down from an elevated stress free temperature.

The Finite Element Model (FEM) used in this section was developed
at Virginia Tech in the Engineering Science and Mechanics Department
by graduate students under the direction of Dr. Carl Herakovich. Several
thesis and dissertations [32,33,34,35] have been involved in the develop-
ment of this FEM. The current version of the FEM {NONCOM 111) was used
in this investigation. The general formulation of this FEM is reported
in the most recent reference [32].

The FEM represents the laminate in a state of generzlized plane
strain in the x lvad direction by using constant strain triaagles as
shown in Figure 3. Because of symmetry conditions for fype 1 and type
IT laminates only a quarter of the y-z plane is modeled. Boundary
conditions are imposed such that all nodes along y = 0 are
constrained from moving in the y-direction but are free to move in
the z-direction, and all nodes along z = O are constraired from
moving in the z-direction but are free to move in the y-direction.

The common node at y = 0, z = 0 is held fixed. The externally
applied nodal forces along Z = Hand y = B are prescribed to be zero.
These prescribed nodal forces represent the free edge and free
surface stress-free boundary conditions. The FEM grid usad to model
the four layer quarter plane as shown in Figure 3 uses 768 elements

and 438 nodes with 96 triangular elements at the lamirate edge. As
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showri in Figure 3 the size of the elemenis are reduced near the free
ecge in order to medel the stress gradients in this region. The
smallest edge element used in this dissertation is shown in Figure
3 such that 15-20 fibers fill the triangular area with at least 3
fibers along the triangular edge. |

Although the finite element method is not limited by how small
the elements are chosen, the smallest element was chosen, in this
investigation, such that the composite material imodeled within the
smaliest element shown in Figure 3 can be assumed to behave as a
homogeneous material. This is only a limitation on the idealization
of homogeneity used in the constitutive relations by the finite
element method.

The author chose not to model the nonlinearities of T300/5208

since Crossman [10] experimentally verified that the calculated

“linear elastic residual stress state can be used -as an approximation

for predicting the curvature of unsymmetric 7300/5208 laminates.

- Although the differences between the experimental and predicted

curvatures are most likely due to nonlinearities of T300/5208, these
differences are small and are ignored in order to minimize the number
of approximations introduced into an idealized FEM. The point is

made that these nonlinearities are not insignificants but that there

is much yet to be explained about FPF, as wiil be demonstréfed“in
Section 4.5, wher using only the linear elastic idealization. A
case in point is the crack spacing model developed by Reifsnider

et al [16] which us2s an idealized linear elastic shear lag model

“to predict the crack spacing following the FPF event.
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Only the linear elastic facility of the FEM (NONCOM III) is
utilized by using the wet and dry elastic properties listed in Table 6
together with the lamina expansion coefficients (14) from secticn 3.2
where AT = -180°F and aM = 1.2 percent. Since the present FEM is not
formulated with respect to Hahn's moisture threshold, év’ the By
expansion coefficient is recalculated to give thé same maximum swelling
strain as shown in Figure 2. For comparison with the FPF stress state
calculated in section 3.2, the same wet and dry FPF laminate loads
are used by the FEM to predict the edge stress state. In order to
study the combined effeét of the moisture, temperature, and FPF
laminate Toad on the edge stresses, the FEM calculates the edge
stresses due to moisture, temperature, and FPF load separately and
then superposes the stresses to idealize the final wet and dry
edge stress state for type 1 and'type IT Taminates.

Although it may be instructive to demonstrate how the initial
residual dry Stresses changes with stacking sequence, followed by
moisture absorption and mechanical load, only the final sunerposed
wet or dry edge and interior stress states existing prior to damage
formation are presented in the section. Crossman [10,14] has already
provided an interesting evaluation on how various stacking sequences,
uniformily distributed moisture levels and applied loads affect the
edge stress state. The emphasis in the present investigation is to
compare the final superposed wet or dry edge and interior stress
states existing prior to damage formation with the first formation

of damage as observed using the replica technigue.
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The free edge and ‘interior stress state for a type I wet laminate
with a wet FPF laminate load is graphically demonstrated in Figures
4-11. A four element averaging scheme outlined in reference [35] is

used to calculate average o_, t__, and 1__ stress distributions along

_ 2’ 'xz yz
the Taminate interfaces as shcwn in Figures 4-6. The same four

stresses

element averaging scheme is used to average o, , Oy and Tyy

along the midlayers as shown in Figures 7-9. Through the thickness
distributions plotted in Figures 10 and 11 use a two element averaging
scheme.

Only stress distributions for type I wet are shown in Figures
4-11. The edge and interior values of stress for the type 1 dry,
type II dry and type Il wet laminates aré summarized in Tables 7 and
8 along with the laminate plate theory stress state for comparison.
As a check all intérior FEM stresses are eqiivalent to stresses
predicted by Taminate theory, as shown in Tables 7 and 8. Minor
variations in the interior stresses between FEM and laminate theary
exist since laminate theory models the O oy, and'rxy siresses as
constants within the layer with a discontinuity in stress between

layers.
For later reference with respect to formation of edye damage,

the damage free o, and o, stress state for wet and dry type I and

type Il iami~ates are compared in Figure 12.

3.4 Characteristic Damage State Model Definition
The characteristic damage state (CDS) was first introducted by

Reifsnider et al [16] as a laminate property which could be defined
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as a predictable and regular pattern of ply cracks which exists prior
to fracture. Definition of the damage state pricr to fracture is
facilitated by a shear lag model, employed in reference [16], in

order to rredict the stable patterns of ply cracks which develop after
the FPF event. Although other damage in the form of interply cracks
and longitudinal ply cracks exists, the stable pattern of ply cracks
form the basis of the CDS. Understanding how this crack pattern and
subsequent stresses are distributed in this CDS prior to fracture

should explain the difference in fracture strengths for type I and

‘type 1 laminates. Talug [36] investiyated the states of stress

surrounding a partially damaged re~ion in type I and type IT laminates
and demonstrated the differences that exist in the response of these
laminates even in regions remote from the edges.

‘The shear lag model duveioped in references [37,33] predict crack
spacing in 90° plies with increasing load. This shear lag model was
developed for the specific case vhere the plies adjacent to the 90°
plies are of the same nrientation. Since this restriction prohibits
the use of these models for a type I! laminate, where the 90° plies
are constrianed by 0° and 45° plies, the more general shear iag modei
formulated by Re'fsnider et al [16] is used in this investigation.

The concept of a characteristic crack pattern which is introduced by

Reifsnider et al [16] is also utilized in tnis investigation.
Although much work is being done to further charactefize how

the CDS unicuely {nfluences the laminate response, the effort in this

investigaticn is to better define the CDS with respect to the effect of
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moisture. Since the stable pattern of cracks is the basis of the CDS,
the effects of moisture on the crack patterns will be demonstrated.
The shear lag model is developed by Reifsnider et al [16] in sufficient
detail such that only basic principles are restated below.

The shear 1ag model assumes that when a FPF crack forms in an
off axis ply the o, stress in the ply is recovered from zero at
the crack surface to the unbroken ply stress as shown in Figure 13.
The stress near the FPF is no Tonger carried through the cracked ply
but is transfered by shear through piies adjacent tc the cracked ply
until the stress in the cracked ply has recovered to 99.9 percent of
the unbroken stress which results in the formation of a second crack.
The distance between the first and second crack is referred to as the
crack spacing. Cracks continue to form in this manner with increasing
laminate load until no new cracks form at which point an equilibrium
crack spacing is reached. 'Ideal]y the cracked ply carries only 99.9%
of the unbroken stress uhti] equilibrium crack spacing is realized
and then the cracked ply no longer carries any stress. The crack
spacing is said to be characteristic of the laminate since ply and
laminate elastic properties are used together with the ply strength
to calculate distance between cracks. The effect of the stacking
sequence on the crack spacing is included in the shear lag model by
the constraining effect of adjacent plies on the redistribution of
stress near the crack.

For type I laminates the redistributicn of stress in the crack

ply due to a shear transfar is formulated by Reifsnider et al [16]




10

Stress in 90° Layer (ksi)

FIGURE i3.

53

Type II Dry
i 0.0143 1&' Type T Drv
— 0.0774 4n
Type 1 Wet

Type II Vet
0.0156 inY

0.0298 i

0.0

0.01

v \J T

0.02 0.03

Distance From 90° Crack, Inches

INFLUENCE OF WET AND DRY ELASTIC PROPERT
CRACKING SPACIHG IN TYPE I AND TYPE IT G

LAMINATES

0.0

4 0.05

IES ON THE PREDICTED
UAST-ISOTROPIC




54

in more general terms by using normalized displacement, u, where the

qoverning differential equations showi below are the result of an
eQui]ibrium element analysis analogous to the approach used in

Qeferences [39,4017. .
2

du
90 . -
A= ¥ upg < ugy = 0
d2u45
B dx2 + Ugq + X - 2u45 =@
Boundary conditions
du
20 (ko) =0
du
4
Oxs (x »=) =1
du
“5%9‘(X =0} =0
Uss (x =0} =0

where

A= (b Ego)/(Za Ex)

- 2 £y
B=(bcEs)(a E,.

U= [cza/VExSSL]u

X = #EX/GS; a X




x = normalized distance from crack surface
Ugg =.norma1ized displacement in 90° ply
Ugg = normalized displacement in 45° ply
U = displacement V

X = distance

o, = stress applied to laminate

EX = laminate stiffness

E90 = 90° ply stiffness

GSL = shear transfer layer shear modulus
a = 90° ply thickness

b = shear transfer layer thickness

¢ = 45° ply thickness

Soluticns to the differential equations are given below,

Ugg = % * c]e'ax + cze'EX - (27
Ugg = X * D]c]e'le + Dzrcze'BX (28)
where |
are = (P08 & g (8% ¢ FOVCES (29)
0, = 1 - Aa® (30)
¢y = D,/(8D; - aD,) (31)
D, - 1 - As® | (32)

Cy = D]/(SD] - uDz) (33)




h similar set of solutions for the displacements in the type 11 laminate
can be calculated from a different set of differential equations given
in reference [16] but are too lengthy to be listed here along with the
general solutions.

It can now be shown how moisture affects the crack spacing as

defined in this section.

3.5 Influence of Environmental Conditioning on CDS

The influence of environmental conditioning on the (DS for type I
and type Il laminates is demonstrated in this section by showiﬁg how
absorbed moisture changes the predicted crack spacing of the .£DS as
defined in section 3.4. |

The crack spacing is characteristic of the laminate since the
constraining effect of the stacking sequence is used together with the
ply and laminate properties to calculate the distance between cracks.
Although the shear lag model can be conveniently explained in terms of
shear stress transfer of adjacent plies anﬂ the redistribution of stfess;
the shear lag model is more general when formulated in terms of
normalized displacement, u. Stresses existing in a cracked ply are
unique tec the material type whereas solutions of the shear lag model,
when calculated in terms of normalized displacement, are moré genera]
and can be applied to any material type. For these reasons it is
more general to define the distance between cracks in terms of the
normalized distance, x, when the normalized strain, du/dx, reaches a
value of 0.999. Sincé the crack spacing is more generally defined in

terms of normalized strain, du/dx, and distance, x, it follows from

1
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the formulation in section 3.4 that the effact of meisture absorption
on x, when du/dx is equal to 0.999, can only be accounted for by a
reduction in ply and laminate elastic properties. A wet and dry
distance, x, at du/dx = 0.999 is calculated using wet and dry elastic
properties, respectively, as listed in Table 6. A decrease of 0.4
percent is calcuiated for the normalized distance., x, between cracks
when 1.2 percent moisture is absorbed. When the normalized distance,
x, is renarmalized by using equation (26), the differences in wet and
dry distance, X,vbetween cracks. as shown -in Figure 13 is increased by
. a net 9 percent. The redistribution of stresses plotted in Figure i3
is calculated by differentiating equation (25) with respect to X and
multiplying the resulting strain by E90 such that the undisturbed
stress in the cracked ply which has recovered 99.9 percent of its
value is equated to the ply strength.' As a result of these calculations,’
variations in the ply strength due to wet cr dry conditioning have no
effect on the predicted crack spacing model described in section 3.4.
The net increase in crack spacing due to roisture absorption is mainly
due to the factor /f;7CgL as shown in Equation {26) since the resin
rich shear transfer layer modulus, GSL’ is reduced more by moisture
than is the laminate modulﬁs, EX. Predicted crack spacing for wet and
dry type I and type 11 laminates is summarized in Table 9.

As a final note, the residual stress state in no way affects the
rate of recovery of the stress from the crack to the undisturbed
value of the ply stress (ply strength). The compressive wet residual

-~

90° ply stress, “gwET’ calculated in section 3.2, results in a higher
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laminate load to initiate FPF even thcugh the transverse strength is
reduced by moisture.absorption. After the residual wet compressive
stress has been eliminé*ed by the laminate tension load followed by
EPF the stress recovery from the cracked surface is unaffected by any
previous residual strecs state. As a result, the diétance between
cracks is unaffected by residuel stress states;

The predicted FPF laminate loads and crack spacirg discussed in
this section a4 previous sections can now be compared with respect to
the damage at tre laminate edge which is recorded using the replica

technique discussed in section 2.3.




IV. DISCUSSION OF EXPERIMENTAL RESULTS

4.1 Results of Environmental Conditioning

As discussed in section 2.1 all specimens listed in Table 1 were
either dried until all diffused moisture was desorbed (Dry) or
exposed to a 95% RH at 70°C until the maxihum amount of diffused
moisture was absorbed (Wet). Rep]icas_of specimens desighated with
asterisks in Table 1 were taken before and after environmental
conditioning. No damage was observed on rep?icas‘as a result of
environmental conditioning. Initial damage prior to environmental
conditioning was observed only for specimens 41 (3,4) as four transverse
cracks in the center.—45° plies of the type IT laminates. When
specimens 41 (3;4) were dried as previously described no additional
damage resulted from the»desorption.

Before continuing with the discussion of damage events in the
following sections, a clarification should be made on interpreta-
tion of damage as obéerved on replicas. The laminate edge damage
when transferred onto the acetate strip is assumed to be negligibly
influenced by the acetone dua to the short time of exposure. Seven
succesive replicas were taken while the laminate load was held
constant at a value greater than N;PF and no additioral damage was
observed to have occurred due to possible weakening of maierial at the
free edge surface during the exposure to acetone. The image of edge
damage as tfansferred onto the acetate is not as clearly seen when

compared tc image of edge damage when directly viewed through a
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microscope. For this reason the enlargement of a replica from the
surface of fiber ends in a 90° ply was used in Figure 3 to demonstrate
the loss of resolution. A trade off is made between quickly recording
edge damage for later observation as opposed to a more time consuming
but more detailed microscopic observation. Kim and Hahn [11] success-
fully used acoustic emissions (AZ) to record darage in the form of FPF
but AE is limited in this respect. The expe}imenter must ascertain
whether the resolution of damage as transferred onto an acetate strip
has sufficient clarity to demonstrate the demage of interest. In this
effort only damage in the form of cracks, one ply thicknéss in length
is of interest. Any cracks sma]]er than this are not considered to
have eventful influences on tne damage‘as dafined by the CDS. As
discussed in the introduction, cracks most }ikely originéte at the
fiber matrix interface; but until the cracks grow to the size of a

ply thickness the cracks smaller than a ply thickness will have no

effect on the CDS, as defined in sectinon 3.%.

4.2 Results of Unidirectional Tests

The wet and dry {08] and [908] specimens listed in Table 1 were
loaded to failure as described in section 2.2. Young's moduli for
both types of specimens; in the wet and dry conditions are listed in
Figure 15. Wet and dry strengths for both types of specimens are
listed in Figure 14, and compared graphically with other lamina and
laminate strengths in Figure 16. The wet and dry weakest link

strengths for the [908] specimens are listed in Table 10. The
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[908] Static Strength (ksi)
5 6 7 8 9 10 NOTE : [938] and [08)

& e A

static strength axes
oriented with respect
to laminate stress axis
ksi using laminate plate
DRY theory.

o2 STRENGTHS

15t [90,]
Failure 6. 47

[0,] Static Strength (ksi)

Correspording @ e
Laminate o s
Stress 17.5] ksi| 22.0 ksi 8¢ 200 220 z40
Strength Equilibrium
Type I Dry + 213 ksi
FPF . n "
L FPF .
Type 1 Type 1
Type 1I Dry First Ply Failure e @0 | ——r—]
FPE_ ¢ Laminate 90° Ply. _ 72.8i;si ~85.5¢ksi
[ iy J 1 4. 3 —d
LB ] \ 4 T 'y  §
0 20 40 60 30 100
Laminate Stress (ksi) 76.2 ks*‘% 33.9 ksi
Type 1 Uet 4
FPE 42.2%ksi - B Type I Vet
! o] Type 11 Met
FPF | e
Type 11 xé% —— .
—C—i ey |
-t cebkes
‘LEI_ ——t Zuuékvsl
STRENGTHS —e— nd e
S st o 2 oy
1 {908] [ N 180 2¢020 220 240
Failure 4.79lk$1 [Oq} Static Strength ksi)
Y “ '
T
3 4 5 6

[90 Static Strength (ksi)

FIGURE 16. CORRELATIOH OF WET AND DRY [08] and [908] STATIC
STRENGTHS WITH TYPE I AND TYPE IT LAMINATE STRESS
- STATE AND FIRST 90° PLY FAILURES.
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TABLE 10. SUMMARY OF [90], WET AND DRY WEAKEST LINK STRENGTHS
8

Break Dry/Vet Wet - Dry Dry/Wet Dry/Wet

No. Average Percent + Std. Dev. (ksi) No. of

Strength (ksi) | Difference Samples
1 6.47/4.47 -27 0.79/1.02 a/6
2 7.34/4.98 -32 0.64/0.48 4/6
3 7.65/4.70 -39 0.60/0.71 4/6
4 7.92/5.14 -35 0.68/0.79 4/6
5 7.€8/4.66 -39 0.36/0.58 4/6
6 7.39/5.13 -31 0.10/0.75 3/6
7 8.17/5.03 -38 - /0.87 1/6
8 7.13/5.16 -23 - /0.06 1/2
9 - /5.32 - -/ - -
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dry and wet Poisson's ratios, Vvips Were determined as 0.313 and 0.315
respectively.

Neither the wet nor dry elastic properties determined from these
tests were used in Chapter 3 for predicting the laminate stress state.
Properties representative of experimental changes in properties due
to wet and dry conditions where chosen, as described in section 3.1,
such that the experimental wet value of E] was used as a basis for
choosing wet and dry elastic properties. These large variations
between wet and dry values for E], as discuséed in section 3.1, are
reproduced for the [08] tests as shown in Figure 15. A reduction of
9.4 percent in wet transverse modulus, E2, from the dry state, as
shown in Figure 15, is also representative of experimental chonges
for E2 as discusséd in section 3.1. _

A]though the experimental elastic properties ¢etermined from the
unidirectional tests are not used in the stress analysis, the wet and
dry strengths are used, as described in section 3.2, to predict the
laminate load required for FPF. |

The weakest link strength tests for the dry [908] specimens appear
to reach an equilibrium value, as shown in Figure 14, which is
noticably higher than the first dry failure. This same trend is not
reproduced in wet strengths which is also graphically demonstrated in
Figure 14. The dry and wet [908] strengths are graphica]]yvreferenced
with respect to the laminate stress by using laminate théory as
shown in Figure 16. It is tempting to relate the experimentally

observed FPF plotted in Figure 16 with the first failure measured fov
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the [908] test. Although the graphical correlation of strengtis for
[081, [908], type 1 and type II tests, as shown in Figure 16, is
instructive, the correlation of individual failure events should

not be assumed since tﬁe [908] and [08] tests are not in the con-
strained state as are the 90° and 0° plies of a type I or type II
laminate. None the less, using the maximum stress theory, as
described in section 3.2, justifies comparing tﬁe [908] strengths and
experimental FPF as shown in Figure 16. There are obvious differences
in the wet FPF's and first wet {908] strength which obviously cannot
be justified on the basis of maximum stress theory. This wéu]d imply
that the edge stresses, which are larger than the interior stresses,
may be responsible for the Tower FPF's shbwn in Figure 16. These

differences will be discussed in detail in section 4.5.

4.3 Results of Static Tests

4.3.1 Preliminary Quasi-Isotropic Tension Tests

As discussed in the Introduction, previous studies [13,16] have
demonstrated that damage which develops along the edge of a type I
laminate is different than the damage whfch develops aiong the edge
of a type II laminate. For wet type I and type II laminates it was
chown in section 3.2 that the predicted residual stresses increase the
‘laminate load required to produCeIFPF. These differences in the pre-
dicted wet and dry stresses existing in the laminate interior or along
the edge are significant as demonstrated in sections 3.2 and 3.3 and
are summarized in Tables 7 and 8. Corresponding differences in edgs

damage should result from these differences in wet and dry stresses.
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The objectives of these static tension tests are to initially
isolate unique free edge damage states in wet and dry type I and type
I1 laminates and show how these unique damageostates develop into the
CDS when the laminate load is increased. Specimens 1jsted in Table 1
were tested as described in section 2.3. The results of these four
tension tests are listed in Tables 9 and 11.

As shown in Table 11 there is a substantial difference between
the predicted and observed damage in the 90° plies. The predicted

FPF
values of Oys Oy and NX

which were calculated in sections 3.2 and
3.3 assumed a damage free laminate with all plies having the same
-thickness. Only trands in damage events are predicted in Table 11
without reference to predicted values of Oys 9, and NiPF since the
90° plies in the type I laminate were only one ply thickness and a
large amount of initial damage in the type Il laminates existed in
the forﬁ of Iongitudina] énd transverse cracks. For 1nstan§e, the
trend in the damage predicted for type I wet speciren, S1¢, assumed
delaminations would occur as the first damage event followed by
transverse cracking since o, is much larger than Sy at the edge
(Y/B = 1.0). As a result of these irregularities a detailed
comparison between predicted and observed damage is not discussed
in this section. The necessary comparisoﬁs between predicted and
observed damage is discussed in the following section where the
test specimens were fabricated with the correct ply thickness and

no initial damage.

Although the differences in the predicted damage and experimental
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observations are most likely due to the irrcegularities in fabrication,
the damage initially isolated in each test is unigue. The growth of
these initially uniqﬁe domage states resulted in the same CDS ir the
laminate whether wet or dry. The final CDS prior to failure is
surmarized in Table 11, where the load level, (LL), and description
of damage near the fractured region are 1isted in an abbreviafed
format. Except for specimen S22, all damage leading tc the final
fracture was observed to grow from newly formed damage while under
load. The final fracture surface of the S22 specimens was

observed to grow from initial damage which was observed along the
free edge in the 90° and 45° plies prior‘fo the load. The damage,
whether induced by the load or existing prior to the load, does not
change the crack pattern of the CDS prior to fracture.

Contrary to the irregularities (ply thickness, initial damage)
discussed, the prelihinary tests provided evidence in the early part
of the experimental program that unidue damage states followed by
growth into the CDS with increasing load could be obhserved by using
the replica technique.

While under a quasi-static tension load all damage eventually

grew into the same crack patterns which were characteristic of thati

laminate (CDS). These patterns grew independently of the uniqueness of.

the first formation of damage. Even if the growth originated from
initial damage due to fabrication there was no appreciable differenca
in the crack patterns prior to failure. From the results of these

preliminary tests the following test and improvements were established:

CAFN

o ik i
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Using the interactive coaxing technique, described in section 2.5,
attempt to coax the first formation of damage (i.e. initial damage
due o fabrication) into a final darage state different than the CDS.
If the order of occurrence of individual damage events (FPF,
>equilibrium crack spacing, edge delamination) due toAquasi—static

or cyclic loads are to be recorded then more replicas should be
taken at smaller load intervals.

4.3.2 Development of CDS Due to a Quasi-Static Tension Load

The prelimivary tests demenstrated that unique damage states and
subsaquent growth could be recprded using the replice technique.
Unfortunately the stress state predicted in section 3.2 and 3.3 could
not be compared with the damage events observed in the preliminary
tests due to irregularities detected in the test specimens after fab-
rication. In this section specimens with no initial damage and correct
ply thicknesses are tested as described in section 2.4.

No replicas were taken for the specimens listed in Table 3 which
were quasi-statically lcaded to fracture.  The difference between
type I and type 1I laminate strengths is graphically demonstrated
in Figure 14 for both wet and dry conditions which are cumpared with
the experimental dry strengths from reference [14]. When these wet
and dry strengths are graphically referenced with respect to the
laminate stress state,‘as Jhown in Figure 16, the absorbtion of
moisture is observed to have reduced the differences between the
type 1 and type Il dry strengths. It is interesting to note that

a similar reduction in scatter is observed for the wet [08] tests also

8 1 A




72

shown in Figure 16. Since the type I and type Ii strengths are
dominated by the 0° plies these similarities in wet and dry strengths
are not surprising. Moduli determined for the wet and dry type I

and type I1I 1aminate§ are listed in Fiqure 15.

As discussed in the introduction the experimental differences
between type I and type Il laminate strengths provide a basis for
investigating how the damage develops under load and influences the
laminate strength. As previously noted in section 3.4, unaerstanding
how the different CDS crack patterns inf]uénce the distribution of
stresses prior to fracture is a formidable task which is still under
investigation. At best the effort in this section is to demonstrate
how the unique damage states due to the wet conditioning affect the
CDS as defined in section 3.4.

The last feur specimens Tisted in Table 3 were tested as described
in sectioh 2.4 such that first formation of damage and the subsequent‘
growth can be studied and compared with predictions for FPF and crack
ﬁpacing from section 3.2 and 3.4 respectively. The results ot these
tests are briefly summarized in Tables 9 and 12.

The predicted value for a9y and o_ stresses in the 90° ply as

Zz
FPF
X

section 3.2, are also listed in Table 12 as the laminate load, (LL),

listed in Table 12 are taken from Table 7. The predicted N , from
shown next to the T designation for 9C° ply transverse crack.
Although no predictions for the laminate load are made for edje
delaminations, the predicted oy and a, stress would indicate that

no delaminations would occur at a lower laminate load for the wet
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conditioned type I laminate.

Although no elevated temperaturé tests were included in the
experimental program, the trend at higher test temperatures for type I
wet laminates is to cause the predicted value of cx'to decrease more
than the value predicted for o, as temperature is increased with the
laminate load held constant. This trend would obvigusly increase the
taminate load reguired to cause FPF buf would lower the laminate load
required to cause delaminations. The effect of increasing test
temperatures is similar to the effect of swelling due to moisture
absorbtion. Hidher test temperatures stress relieve the curing
stresses. This results in a larger predicted residual value for the
compressive wet 90° ply stress, og. It may be possible to verify
this trend experimentally by testing type I wet laminates at elevated
temperatures and show edge delaminations occurring before transverse
cracking. Although no elevated temperature tests were performed the
swelling of the type I laminate due to moisture exberimenta11y
verifies this trend. The observed first occurrence of a wet transverse
crack (FPF) occurs between 1100 1b/in aﬁd 1200 1b/in which is con-
siderably higher than the first transverse cracks observed in the
interval (500-600) 1b/in for the dry case. Also the laminate load
required to cause delamination has dropped from (1800-2000) 1b/in for
the dry case to (1100-1200) 1b/in for the wet case.. Intéresting]y
enough both wet transverse cracks and wet delaminations appeér to
occur within the same replica load interval of (1100-1200) 1b/in, as

shown in Figure 17.
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A similar trend for the type Il wet and dry laminates is not
experimentally demonstrated as expected since the predicted value of
2.87 ksi for o, in a dry type Il 90° ply is larger than the wet
value, 1.71 ksi. Both wet and dry values for o, are much lower than
Oy at FPF and therefore delaminations are not likely to occur for the
type 11 wet cr dry laminates, as is experimentally verified in the
replicas shown in Figure 18 and 19 which were taken prior to
fracture.

The equilibrium crack spacing in the wet 90° plies for both type
1 and type II.laminates.is not affected by the compressive wet
residual stress, cg. As discussed in section 3.5 the residual
stresses in the wet laminates only result in increasing the laminate
load required for FPF and do not alter the crack spacing of the CDS
as defined in section 3.4. The results of the crack.spacing are
compared with the predicted_values listed in Table 9. Due to the
sihu]taneous occurence of delaminations and transverse cracks in the
type I wet 90° plies the.transverse cracks are not as clearly defined
as in the dry condition. The wet type I 90° ply crack shown in
Figure 17 appears to be less vertically inclined than the dry transverse
cracks and tend to interact with the delaminations resulting in an
equflibrium crack spaciﬁg which'is twice as large as the dry.
equilibrium crack spacing as shown in Tabie 9. Both wet and dry
equilibrium crack spacing are listed in Table 9 and are compared with
predicted crack'spacing from section 3.5. In summary the change in

the order of damage events due to moisture can obviously affect the
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equilibrium crack pattern in the 90° piy for the type I laminate.

Although the simultaneous occurrence of delaminations and transverse
cracks is the cause of the large crack spacing,uthe final pattern of
cracks recorded at 2200 1b/in for the type I dry and at 2400 1b/in for
the type I wet are strikingly similar as shown in Figures 20 and 21,
respective1y. Small hair like strands extend from the acetate surface
when the replica is removed beforz the acetone has evaporated. When
the acetate strip is sandwiched between glass plates for viewing,
these hair like strands are seen, as shown in Figure 21, as cracks
extending from the delamination cracks. Even though thev90° ply crack
pattern is substantially altered in the type I laminate due to
moisture absorption, the final crack pattern prior to fracture is
not significantly altered. If the characteristic wet and. dry crack
patterns are similar, it follows that the influence ofrthe‘wef and
dry damaged stress state on the laminate stfength should also be
similar. This.observation is experimentally verified in Table 14
where the average type I laminate dry strength is increased by only
4 percent when 1.2 percent moisture is absorbed. Similarly, the
type II wet and dry crack patterns prior to fracture are not sub-
stantially different as shown in Figures 18 and 12. In summary, the
effect of moisture can significantly alter crack patterns in the
type T, 90° plies but the effect on the final CDS and subsequent
laminate strength is negligible.

The cracks in the 45° plies were not included when predicting

the crack pattern of the CDS as defined in section 3.4. The 45° ply
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crack spacing predicted by the shear lag model [16] assumes that the
45° ply crack patterns deveiop independently of the 90° ply cracks.
For wet or dry type I and type II laminates, nearly all 45° ply
cracks which develop at the laminate edge appeared to be fnf]uenced
by transverse cracks in the adjacent 90° plies, as shown in Figures

18 through 21.

4.4 Results of Fatigue Tests

4.4.1 Coaxing Out Different CDS

Four specimens listed in Table 4 were cyclically loaded using the
interactive coaxing technique described in section 2.5. The basis for
this series of tests was suggested after observing the growth of
initial damage along the edge of the pretiminary quasi-i;otropic
tension tests of section 4.3.1.

As previously discussed in section 2.5, there is no ﬁ]ear]y
defined experimental procedure for the coaxing fatigue tests. The
material presented in Chapter‘III which has been compared with
experimental observation in sections 4.3.1 and 1.3.7 provides a better
basis at tﬁis time on wnich to outline the following guidelines. As
described in section 4.3.1, regardless of the uniqueness of the first
formation of damage, all damage developed into the same CDS prior to
fracture. This point was reinforced in section 4.3.2 as shown in
Figures 18 through 21. The objective of the coaxing tests is not to
observe the normal sequence of damage events but to preload the
specimens until a unique damage state is observed followed by a cyclic

Toad with a maximum load equivalent to or less then the preload. The

s K .



microfiche card reader was used to allow for interpretatioﬁ of the
damage during the test preload. The cyclic load which would peak at
or below the prelcad level would give thevexisting unique damage an
opportunity to grow into a damage state different than the normal
sequence of damage events demonstrated in section 4.3.2.

Each of the four laminates listed in Table 4 were preloaded as
described in Table 13. The guidelines for each of the four tests are
also listed in Table 13. Except for the type I wet test, the guide-
lines for coaxing the growth of new damage are reasonable when
considering the normal sequenca of damage events as discussed in
section 4.3.2. The inherent nature of the large equilibrium crack
spacing for the type I wet laminate was not understood wheﬁ the coaxing
fatigue tests were being conducted. As a result, the higher 2000 1b/in
laminate pre]oﬁd was applied and subsequently cycled. A rore
reasonable preload of 1100 1b/in with a maximum cyclicrload of 1000
1bs would have been a wiser choice. This 16wer cyclic load may have
aliowed the initial delaminations to grow independently of the
initial transverse cracks. As a result, the Tower cyclic load may
have produced an even larger equilibrium crack spacing than recorded
in Tabie 9 for the type I wet laminate.

The type II wet laminate was preloaded and cycled at a load such
that no damage could be observed af*er the preload. Although no
initial damage due to fabrication was present, the growth of micro-
scopic damage‘in the form of randomly spaced transverse cracks was

idealized; but, as shown in Table 13, this unique CDS never
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materialized, even after 2.5 million cycles. The only coaxiné
fatigue test that .demonstrated a damage evert different from the
normal sequence was the type II dry. The type II dry specimen was
preloaded such that equilibrium spacing was realized with no

- delaminations, ND, and no cracks in the 45° ply. No guideline was
set for the cyclic portion of the test. More 45° ply cracks, as
shown in Figure 22, appeared to grow independently of the 90° cracks
in the adjacent ply.

Regardiess of the guidelines used for coaxing, no large
differences in the crack patterns prior to fracture were observed.
Except for the type I wet test the residual strengths as listed in
Table 13 are not sigﬁif‘cantly different from the residual strengths
listed in Figure 16.

4.4.2 Development of DS Due to a Cyclic Load

The ;oaxing cyclic load described in the previous section
demonstrated an attempt to coax the growth of damage which was dif-
ferent than the normal sequence observed in the static tension tests.
In this section the normal sequence of damage events due to a steady
state cyclic load is‘demohstrated.-

A1l steady state fatigue tests listed in Table 4 were‘éested as
described in section 2.5. A1l replica specimens were preloadec to
2000 1b in 200 1b load increments followed by a 10 Hz cyclic load
at R = 0.1.- A1l remaining steady state fatigue tests which were not
replicated were preloaded to 50 ksi fol]owedrby a 10 Hz cyclic load

at R = 0.1. Replicas and moduli were recorded during the steady
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state fatigue tests as outlined in Table 4. Results of the replica
steady state fatigue tests are summarized in Table 14. Results of
the steady state fatigue tests with no replicas are summarized in
Figures 14 and 16.

A brief summary of the edge damage development as observed on
replicas due to the preload followed by a steady state cyclic load is
presented in Table 14. During the preload of type 1 drv and wet
tests, transverse cracking and delaminations occurred at laminate
load levels (LL) similar to LL reported for the static tension tests
in Table 12. Only 2000 cycles (2K) were required to grow the
initially formed delaminations into & single delamination, "full",
running the length of the laminate. Although the higher predicted

value for the wet o, as discussed in section 4.3.2 is responsible for

delaminations occurring sooner during the preload, these same

arguements can not be used to predict that the wet delaminations
should grow faster when cyclically loaded. For both wet and dry type
[ Taminates, delaminations grow into the fully deve]bped state after
the same number of cycles. This would imply that the damaged stress
state differs considerably from the undamage state with reference
to o, near the edge.

| The damage resulting from preloading wet and dry type 11
laminates occurs at loads similar to those reported in Table 12. No

delaminations occur in the type II 90° plies during the preload or

cycling. Transverse cracking in wet or dry 45° plies of the type II

Taminates results from the cyclic load and, in nest cases observed,
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occurs after the same number of cyt]es. In general, dé]aminations
between the +45 and -45° plies of the type IT wet laminate occurs
after a larger number of cycles when compared to the type II dry
laminate. Damage in the wet andldry type I 45° plies was not
recorded due to larac delaminations which occurred at approximately
2500 1bs. These large delaminations did not allew for accurate
replication of edge damage.

The final and most important observation was that the final
recorded damaged crack patterns of the CDS were not significant]y
altered by the wet or dry conditioning.‘ As a result the residual
stréngths of the nonreplicated test specimers listed in Figure 16
demonstrate negligible variations due to wet or dry conditioning.

A summary. of results for the nonreplicated steady state fatique
tests are listed in Tables 14 and 15. Not bn]y are the differences
small between wet and dry reéidua] strength after 100 K cycles but,
as compared in Figure 14, the difference in residual and stétic
strengths are small. These same observations are not true for changes
in static or cyclic moduli due to wet or dry conditioning, as shown
in Figure 15. The trend after a 100 K cycles is demonstrated as a
larger change of moduli for the wet and dry type I laminates, with

vthe smallest change in moduli occurring after 100 K cycles for the

type II dry laminate.

4.5 Comparison of Stress Analysis with Experimental Observations
As shown in Table 12 and Figure 16 there are cbvious differences

between dry and wet experimental laminate loads (Nx) required to
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prdduce the first transverse Cracks in the 90° nlies as observed on
the acetate strips. Although the data is scattered due to the load
increments over which replicas are taken, a trend is evident between
the wet and dry type I and type Il laminate loads (NX) required to
produce First Ply Failure (FPF) in the 90° plies. The difference
between NEPF for type I wet and type I1 wet is greaters than the

difference between NiPF

for type I dry and type II dry. Investigations
_ by Kim and Hahn [11] have shown differences hetween the dry and wet
type I laminate FPFF load but these were utﬁributed only to the

" interior residual stress state as predicted by two-dimensional

laminate plate theory.

It is particularly interesting that the differences between type I
and type II dry laminate FPF loads is larger for the same laminates in
the wet condition. This trend is not surprising when we recall the
through the thickness o, and o_ stress distributions near the laminate
free edge (Y/B=0.998) as shown in Figure 12. In Figure 12 there is an
obvicus difference between the interior and edge oy aﬁd a, stresses in
the 90° plies for the four laminates. The differences between the
interior and edge ay and o, stresses for the type I wet laminate is
much greater than the difference between the same interior and edge
stresses in the type II wet which is at the same laminate load (Nx).
The difference in 90° ply interior and edge stresses for type I wet
laminate is also larger than the differences shown for the type I

and type II dry laminates which are at lower larinate loads.

These predicted trends in the stress concentrations of oy and a,
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near the laminate edge as shown in Figure 12 could be used as a basis
for explaining the differences previously noted in the experimental
data. It is tempting to use these predicted edge stress states together
with some failure criterion in order to explain the experimental

;PF as previously discussed. Values of the free

differences in N
edge stresses predicted by finite element models are approximations.
Crossman [10] points out that only trends in the predicted stress

state can be utilized since approximations are made fgr properties

in the lamina 2-3 plane. Also the magnitude of g, or g, is questinnable
at the free edge, Y/B=1.0, since the composite material can no longer

be modeled as behaving as a homogeneous material one o+ two fiber
diameters from the free edge. With these peculiarities in the stress
state established, it is with great caution that the author proposes

the following model which will be used to predict FPF in 90° plies for
any laminate.

The proposed model assumes that first ply failure initiates in the

-90° ply near the iaminate free edge since the values predicted for

9y and 5, in the 94° ply are larger near the free edge then in the

laminate interior. Although more accurate predictions of'cx and o,

stresses are obtained in this dissertation by using better approxima-

‘tions for the elastic properties in the lamina 2-3 plane, these

improvements in predicting 9y and o, stresses are still incomplete

~from a continuum viewpoint near the edge. A medel is needed which

can predict failure without reference to an exact prediction of an

experimental stress near a stress concentration. Whitney and Nuismer




92

[41] point out that determining the strength of a material from the
maximum stress at a point is questionable, especiai]y when the maximum
stress is highly localized. Whitney and Nﬁismer further show that the
localized nature of a stress concentration near a hole of radius, R,
in any quasi-isotropic laminate can be empirically modeled by
evaluating a characteristic distance, dO’ from the elasticity

solution (34), where the stres¢ ratio cy/B in equation (34) is
redefined in terms of experimental notched, ay> and unnotchéd,

99> laminate strengths.

0, (£)/5 = 2/(2+£%436%) = oy /0, (34)
where
€ = R(Rtd,)
R = Hole radius
°y = Stress near the stress Concentration
& = Far-field stress
oy = Notched Strength

95 = Unnotched Strength

(=8
I

0= Characteristic distance from stress concentration
In summary Whitney and Nusimer demonstrate that although a critical
stress at some distance, do, is the cause of some lower laminate

strength, the changes in experimental strengths, 9\. can be predicted

for different hole radii, R, without predicting an experimental value

for this critical stress.

Although these stress concentrations were modeled near holes in
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quasi-isotropic laminates, the same phf]osophy can bz extended to
stress concentrations in individual plies near the laminate free edge.
The objective of the proposed model is to‘predict failure in the 90°
ply without reference to predicting an experirental stress near the
stress concentration. In the 90° ply, the stress concentrationAnear
the laminate edge is not as easily modeled as the stress concentration
near a hole in an isotropic plate. Consequently there i< no closed
form solution predicting 9y and o, in the 90° ply as a function of the
distance from the stress concentration since'cx and o, are predicted
from a finite element model. We do not require that the predicted
stress state near the laminate edge at some distance, gy must be

numerically egual to the actual stress state at that point; We only

_require that the variations of Oy and a, at some point near the edge

‘due to variations in stacking sequence together with wet or dry

conditioning be reaiistically predicted by the finite element model.
The point at which variations in 9y and o, are to be predicted is not
arbitrarily chosen. As suggested by Crossman [10] from a continuum
viewpoint the stresses evaluated at five fiber diameters from the

edge is more realistic than stresses predicted 7 1m from the edge.
Although there is no closed form equation for evaluating this distance,
the author chooses 7.7 fiber diameters or Y/B=0.998 as a reasonable
distance from the edge to evaluate the FPF stress state in the 90°

ply for wet or dry type I and type II laminates. When these predicted
90° ply FPF stress state§ for’each case evaluated in this investigation

are substituted into the tensor polynomial failurs criterion polynomial
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of Appendix A together with Fi and Fij listed in Table 15, then

the surviving terms of equation (A.Z) are written in equation (35).
The terms which reain énd cbntribute significéﬁt]y to the failure
function (FF) are in agreement with the work of Herakovich, Nagarkar

and 0'Brien [42].
20 /T - 26, /T - (0./T)% - (0/T)% = £ (35)
X Z X Z

where the transverse strengths of the 90° ply in the lamina 2-2 plane
are assumed equal (F2=F3=2/T; F22=F33=1/T2). |

The model uses equation (35) to empirically evaluate a parameter
T which is representative of the failure state for the 90° ply in any
wet or dry stacking sequence. The 9y and o, stresses are predicted by
the FEM at Y/B=0.998 using the experimentaT]y measured NiPF and the
failure function, ff, is assumed 1.0 since cracks in the §O° ply are
experimentally observed on fep]icas when the experimental laminate load
N;PF is applied to the laminate.

The proposed model does not imply that the 9y and 9, stresses

predicted at Y/B=0.998 by the FEM, when an experimental NiPF is

applied, are the same stresses which exist in the ‘naterial at>Y/B=0.998

when FPF occurs. Since the mode! requires that the FEM éccurate]y

‘calculate variations in Oy and 9, due to differences in stacking

sequence together with wet or dry conditioning then the transverse
strength, T, calculated from ay and o, is an effective parameter, Teff’
and the proposed model is used to show variations in NEPF due to
variations in stacking sequence together with wet or dry conditioning.
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If the values of Oy and 9, stresses predicted by FEM are the actual
stresses in the material and Y/B8=0.998 is the point where failure
occurs, then Teff is indeed a mechanical property of the laminate.

The model used to study trends and differences in this dissertation
ascribes no physical significance to Teff’ but requires that it be

a constant much the same as do was empirically evaluated as a

constant. With the character of the parameter-Teff established the
transverse strength, T, in equation (35) becomes an affective parameter

to be solved for as shown below in equation (36)._

T (02+c )2 - 02 - ci (36)

= + o %
eff = % z x 9z X

where 9y and g, are stresses caiculated at a dis*ance 7.7 fiber diameters -

from the 1aminate edge using the FEM described in Section 3.3.

As noted, the proposed model requires that only those terms listed
in equation (35) are numerically significant when calculating a value
for £f. Terms listed in (A.2) containing o which-are negligible near
the edge, become significant as the edge stresses recover to the stress
state in the interior of the laminate. Therefore the model as defined
in equation (35), is valid over a small distance from the edge. This
distance, 23g> cannot be smaljer than is realistic from a continuum
point of view and cannot be larger than a certain value for whici terms
other than those listed in equation (35) significantly contribute to ff.

1, ca, <] - (a7)

G u

vhere ]] is the minimum distance cver which the composite material can
be modeled as a continuum and ]u is the distance over which the four

terms in equation (35) contribute 99.9 percent of the failure function.
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>0bviously the lower 1imit is arbitrarily based on individual

interpretétion of the finite element grid together with the heterogeneous
nature of the fiber/matrix material system. The upper !imit depends on
values assigned to the tenscr polynomial coefficients Fi and F].j
(i,3=1,2,3) together with the stresses calculated from the FEM. For
the laminates studied in this investigation a lower limit of five fiber
diameters is chosen. In genera] the upper limit for the disﬁancc, 2
from the edge must be less than one laminate thickness since the ecge
stress state has recovered to the interior solution at this -distance
and other stress components coniribute to FF. At Y/B=0.992 or 7.7
graphite fiber diameters from the edge, the stresses calculated from
the FEM described in section 3.3 are combined with coefficients Fi and
Fij as listed in Table 15. For all wet and<dry laminate stress states
evaluated at Y/B=0.998 all terms other than those listed in equation (35)
contributed less than +0.1% to the final value of ff. Although 3
could be more rigorously defined, the value a0=1-Y/B=0.002 satisfies
the present definition expressed in the inequality (37).

The effective transverse strengths listed in Table 15 are calcu-
lated as a function of the experimental NipF laminate loads listed in
Table 12. The general linear reiationships for the N;PF laminate loads

and the transverse strengths for wet and dry type I and type I1

laminates are plotted in Figure 23 along with the experimental N;PF
in order to demonstrate the trend discussed at the beginning of tHis
_ section. Although the values calculated for Teff in Table 15 are

scattered due to the replica load increment, Figure 23 demonstrates
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that Teff can be used as a parameter to predict changes in the N§PF

due to stacking sequence, where'Teff for the wet case has a lower

value than the Teff for the dry case. The model verifies that the

FPF

difference between experimental NX for type I wet and type II wet

laminates is larger than the difference between experimental NEPF for
type I dry and type Il dry laminates. Therefore the trend is reproduced
by the model and the mechanism responsible for the differences in N§PF
is due to the variations in values predicted for oy and o, at
Y/B=0.998. |

kFigure 24 shows a final comparison of the effect that edge stresses
have on the laminate load (NEPF) requifed'to initiate crécking in the

90° plies. Of particular interest is that type I wet Oy and o,

stresses predicted at NEPF are near]y‘equal. A picture of a replica
taken at N;PF for the type I wet laminate is shown in Figure 17 and

demonstrates that both transverse cracking and delaminations occur
simultaneously which supports the approximation of equating transverse
strengths in the lamina 2-3 plane for wet 90° p]iés.

In summary, the variations in 9y and c, stresses near the laminate
edge are influenced by staéking sequence and environmental conditioning.
Variations of Oy and o, stresses in thg 90° plies near the edge of wet
or dry type I and type II laminates cause the differences in experimental
laminate lcads required to initiate cracking in the 90° plies. Although
the exact magnitude of 9y and 9, which initiate transverse cracking and
delaminations at the laminate edge are not known, the model developed

in this section can relate the experimentaﬁ lariinate FPF lopads by
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ca]cu1atiﬁg an effective transverse edge strength which is assumed
constant within a smail region near the 1aminate‘edge. Trends and
differences of the experimental laminate FPF loads are verified by
the model for the wet and dry conditions of type I and type II quasi-

isotropic laminates.




V. SUMMARY

The objective of this investigation was to demonstrate the effect
of moisture, residual fherma] curing stresses and mechanical lead on
the damage development in quasi-isotropic laminates. In particu?ér
this investigation was concerned with demonstrating how the maximum
moisture absorbed (wet) in type I and type II 1$minates, fabricated
from T300/5208 graphite/epoxy, significantly alters the dry stress
state and subsequent damage development along the laminate edge.

Emphasis is placed on using improved values for wet, dry, and out-
of-plane elastic properties since these properties are required to pre-

dict the damage free stress state at the laminate edge. Classical lam-

‘inate theory and a previously developed finite elewent model (FEM) were

used to predict stress states prior to the first formation of damage.
Crack patterns characteristic. of thé laminate in a wet or dry condition
were also predicted using a previously developed shear lag model.

Development of edge damage was récorded‘hy using an established
replicating technique which transfers an image of edge daﬁage on.to a
thin acetate sheet. Replicas taken during the test can be immediately
viewed on a standard microfiche card reader which allows the

experimentalist to interpret the edge damage and interact with the

test.

The effect of moisture on [08], [908], type I and type II test
specimens is summarized in Tables 14, 15, and i6. In general moisture
tends to reduce the m Julus, strength, and scatter of strength fof

all specimens tested. The difference between the type I and type II
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wet strengths is also observed to be less than the difference between
type 1 and»type IT dry strengths. This decrease in the difference
between type I and type II laminate strengths is compared as shown in
Figure 16 with the decrease in the scatter of [08] $trengths when
moisture is absorbed. The addition of moisture in the [908] tests
reduces the first fracture strength from a dry value of 6.47 ksi to
a wet value of 4.74 ksi And eliminates the dry strength equilibrium. -
The absorttion of moisture also causes swelling transverse to
the fipar direction such that in a type I or type 11 laminate the
residual transverse stress in the 90° ply changes from a dry value of
+3.43 ksi to a wet value of -1.96 ksi, as predicted by laminate theory,
when 1.2 percent moisture is absorbed. The laminate load which results
in the first 90° ply failure (FPF) can be calculated Ey using the
maximum stress theory which assumes FPF occurs when the laminate theory
prediction of transverse stress in the 90° ply reaches the [908] test
specimen strength. As a résuTt of the wét residual compressive stress
in the 90° ply, the predicted laminate load required to cause FPF fs
increaséd from a dry value of 789 1b/in to a wet value of 1900 1b/in
even though the 90° ply strength is reduced due to moisture. ‘
The first occurrence of a 90° ply transverse crack is a single
event after which the 90° ply continues to carry a portion of the FPF
laminate load. As the iaminate load is increased the failure process
continues due to the formation of transverse cracks until an equilibrium
spacing between cracks is.achieved. When equilibrium spacing is ob-
tained the 90° ply no longer carries the Oy stress due to the applied

laminate load.
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Moisture was also shown to significantly alter the dry type 1

laminate edge 9y and o_ stresses predicted by the FEM such that

z
delamination would occur at a lower laminate load due to an increase

of 9, when moisture is absorbed. Similarly FPF would cccur at a higher
laminate load due to a predicted decrease in 5, when roisture is
absorbed. Using the replica technique the first occurrence of wet FPE
was observed within the load interval (1100-1200) 1b/in which is

larger than the FPF laminate load of (500-600) 1b/in which was observed
for the dry case. A]Qo the laminate load requifed to cause delamina-
tions was observed to decrease from (1800-2000) 1b/in for the dry case
to (1100-1200) 1b/in for the wet case. As a result of moisture
absorbtion, transverse cracks and delaminations were cbserved to occur
simultaneously in the 90° plies of a type I laminate when-the laminate .
 load reached (1100-1200) 1b/in. _

- For wet and dry type'l and type II laminates, FPF laminate loads
were observed to occur at lower values than the FPF laminate loads
predicted using the maximum stress theory which considers only the
value of the 9y stress predicted by laminate theory. An improved
estimate of FPF laminate loads should include the 9, and 9y edge
stresses, calculated by an FEM using wet and dry elastic properties,
and interlaminar strengths.

For wet or dry laminates there is a difference between the type
I and type II FPF laminate loads. The difference between tﬁe type I

“and type Il wet FPF laminate loads was larger than the difference

between the type I and type Il dry FPF laminate loads. A model was
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developed which predicted these differences; The model demonstrated
that differences in the observed FPF laminate loads were accounted for
by the predictable changes in the FEM calculated values of o, and o,
edge stresses which were the result of changes in stacking sequence
together with wet or dry environmental conditioning.

The absorbtion of moisture was observed and predgicted to have
Tess than a 10 percent increase in the crack spacing between the 90°
ply transverse cracks in the type Il laminates. For the type I
Taminate the addition of moisture near]} doubies fhe djétance bétween
90° ply transverse cracks as a result of delaminations occurrir;
simultaneously and interacting with the transverse cracks;

Although moisture was shown to significantly alter the first
formation of damage inithe‘90° plies, the fully developed crack patterns
prior to frqcture, which deve]op from static or cyclic loads, were not
significantly altered by moisture. Consequently, the difference
between the redistributed stresses in damaged wet and dry laminates
prior to fracture will be smali; and as a result, these differences
will have a negligable effect on the laminate strength. This -obser-
vation was experimentally verified as small differences between wet

and dry laminate residual or static strengths.




VI. CONCLUSIONS

In genera: moisture tends to reduce moduli, strengths, and scatter
of strength for [08], [908], [0/r45/90]S and [0/99/:45]S specimens
fabricated from T300/5208 graphite-epoxy. Moisture also reduces the
difference between type I, [O/t45/90]s, and type II, [0/90/f45]s,
laminate strengths. The dry equilibrium strength, which is experi-
mentally cbserved for the dry [908] tests, is eliminated when moisture
is absorbed..

The first formation of edge damage such as first 90° ply failures
(FPF) and delaminations can be recorded by using an established replica
technique. Damage recorded on replicas taken during the test can be
immediately viewed on a standard microfiche card reader such that the
deve]opmeht of edye damage'can be convenient]ylinferpreted during thé
test. |

Moisture was observed to significantly alter the dry type 1 laminate
edge residual stress state predicted by a FEM such that deiaminations
would occur at a lower laminate load and FPF would occur at a higher
laminate load. These predicted trends due to moisture absorbtion were
experimenta]]y verified using the replica technique. |

For the type I wet laminate delaminations were observed to occur
simultaneously and interact with transverse cracks in the 90° plies
such that the equilibrium spacing was twice the value observed fcr the
type I dry laminate.

The absorbtion of moisture was observed and predicted to have less
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than a 10 percent increase in the equilibrium crack spacing in the 90°
plies of the type Il laminate. . |

By using the model developed in this investigation it is pnssible
to predict changes in FPF laminate loads due to differences in stacking .
sequence tqgether with wet or dry environmental conditioning. These
differences in FPF laminate loads were accounted for by the predictable
change in *he FEM calculated values of Oy and o, edge stresses due to
changes in stacking sequence together with wet or dry environmental
conditionirg. . |

Although moisture content affects the load at which damags initi-
ates in graphite epoxy laminates, the complete damage state which
develops from static»and cyclic loads Qrior to fracture is a charac-
teristiq of the laminate stacking sequence and is not a function of
loading history (monotonicror cyclic 1oads) and environmental condi-
tioning (wet or dry). For the laminates and conditions examined in
this investigation, the experimental data show that the tensile strengtb
of monotonically loaded specimens and the kesiduaT tensile strength of
cyclically loaded, fully damaged, specimens are deperdent on stacking
sequence and are jndependent of the hygro-mechanical history of speci-
mens with the same stacking sequence. The results suggest that strength
of a composite Taminate is not influenced by the details of individual
damage events but rather is dependent on the collective form of the
‘various damage details as described by the concept of a damage state
which is a taminate property and how the damage state affects the

strength state of & Taminate.
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"~ APPENDIX A
TENSOR POLYNOMIAL FAILURE CRITERION

The tensor polynomial failure criterion in the contracted tensor
notation (for an orthotropic material in the principal material

directions) has the form

2. 2
FroytFaoptFgoa#F 10#F5005

2 2 2 2
*F3393*F 447234 55713466712 | (A7)

+2F]Zc]02+2F13o]c3+2F23c203 =]

where the Fi and Fij terms are as prevfous]y defined in Table 15.

In the xyz (laminate)} coordinate system, the tensor po]ynbmial failure
criterion transforms (from the 1-2 to x-y by anticlockwise rotation of
+8) into

] 5 1 ' ] 2
F]0x+F20y+F3GZ+F60xy+F1]cx

] 2 1 2 t 2 T 2
920, F 330, F 447 4 Fes Tyz

! 2 ]
+F661xy+2F
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+2F 3,0 0 +2F)

139x%2*F 39,0, = 1

where the F' terms, as functions of the unprimed F's and -8, are as

foliows (m = cose, n = sing)
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Fy = Fy

-
!

6 = -2mn(F]-F2)

Fly = m“F”+m2n2(F66+2F]2)+n4F22
Fyp = N1Fy in’ (FeeH2Fy ) Fp
F33 = F33

Faa = "°Faqgtn Fs

2 2
Fgg = NFaptm Fes

AN 4 Naf ol n2)2
Fre = Am°n®(F  #F,5-2F )+ (m"=n Y Fee

Fie = -ml2(nfF)q-n7F )= (nf=n’) (25, +Fg)
Fbg = -n[2(n2F,  -n2F ) +(nf <) (2F; #F o)
Fyg = -mn(Fy3-Fp3)

Fag = m(Fgq-Fye)

Fi, = on?(Fy #F pp-Feg)Hmtn)Fy,

Fig = n°F gt Foy

R
Fa3 = Mgt Fps

These are transformations from the right handed 1-2 coordinaté system
into another right hand coordinate system obtained by an anticlockwise
rotation of 0° about the 3 axis. If a ply is oriented at +6° from the
Jaminate axis, the Fij are obtained by using the above equations with

the sines and cosines of -6°.
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APPENDIX B
ELASTIC LAMINA PROPERTIES

Equaticns developed by Hashin [27] are listed in terms of fiber
and matrix properties denoted by subscripts f and b, respectively.
The fiber properties are further denoted by_subSckist L and T which
correspond to the longitudinal and transverse fiber coordinates de-
fined in Figure 1. Fiber and matrix volume fractions are denoted by
Vf and Vb' -

The upper and lower bounds for the plane strain bulk modulus in

the 2-3 plane shown in Figure 1 are given as

(-)* f -
K33’ = K+ - v (a)
‘ + ENA
SN
. (B.1)
v
(+) b
Kok s (b)
23 frp 1, s
X P
R frr frp

Where * indicates the equation used for curve fitting and the (+) and
(-) signs indicate upper and lower bounds respectively.

The remaining equations are written using similar notation.

6{x) =g 4 't (a) (B.2)
23 b 1 Vb(K.+ZGb) :
+26(E' D)
G -G +G
fTT b b'Y"b b
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3 2.2
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