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EFFECTS OF MOISTURE, RESTDUAL THERMAL CURING STRESSES AND
MECHANICAL LOAD ON THE DAMAGE DEVELOPMENT IN
- QUASI-ISCTROPIC LAMINATES

ABSTRACY

This investigation demonstrates how the maximum mpisture absorbed
{that is the "wet" condition) in E@/i45/90]s and [0/90/:45]S laminates
fabricated from T300/5208 significantly alters the dry stress state and
subsequent damage development along the Taminate free edge.

Emphasis is ulaced on using reasonable approximations for wet, dry,
and out-of-plane (v23,623) zlastic properties since these properties are
required to predict the damage free stress state at the 1aminate edge.
Classical laminate theory and a finite element model were used to
predict stress states prior to the first formation of damage. Crack
patterns characteristic of the laminate in a wet or dry condition were
also predicted using a shear lag model. Development of edge damage was
recorded and observed during the test by transferring an image of the
damagé from the edge surface on to a thin acetate sheet {replica
technique), such that the damage imprinted on the acetate sheet could
be immediately viewed on a microfiche card reader.

Moisture was shown to significantily alter the interior and edge
dry stress states due to swelling and a reduction of elastic
properties. Moisture also reduces the transverse strength in the

90° plies such that the first formation of damage in a wet [0/145/90]S
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laminate is a simultaneous occurrence of delaminations and transverse
cracks in the 90° pilies. A model was developed in order to predict
changes in first piy failure laminate loads due to differences in
stacking sequence 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 lamirnate static or residual experimental strengths

were small.
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I. IWTRODUSTIC

Recent emphasis on environmental degradation of graphite/epoxy
fiber-reinforced composites is due to the increased use of these high
performance materials in aerospace 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 accumulative moisture absorbed
by T300/5208 draphite/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 7iber, matrix, or fiber/matrix interface. It is
generally accepted that fiber properties are unaffected by moisture
[1] since moisture has little effect on lamina properties which are
fiber dominated. The fiber/matrix interface strength is readuced 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 aoplied
load in graphite/epoxy materials initiate at the fiter/.wc*iix interface.
When 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 g]ass
transition temperature, ultimate strength, and stiffness properties
[1,6].

Degradation of the epoxy matrix and fiber/matrix interface is
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the result of volumetric diffusion [7] of water molecules which attach

themselves as hydrogzr bonded molecules onto the long epoxy polymer ’
chains. This diffusion increases the epoxy "free volume" [1] which
results in swelling. The rate of moisture absorbtion can be conven-
iently accelerated by exposure at elevated temperatures. Unfortunately
accelerated moisture absorption will produce mutrix 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 moisture concentration profiles causes the

dryv syrface to shrink upon desorption [9]. Although there are many
more interesting damage mechanisms which explain the formation of
cracks in epoxy resins, many of these mechanisms are worst cases of
laboratory induced degradations. Once these worst case damage

mechanisms are understood they are usually eliminated from a materials

application viewpoint.

TETENReLLTT

Although it is instructive to study these worst case mechanisms,

the emphasis in this study is to choose a material system which

AT T PRSI AT

minimizes these worst case cracking events. Eliminating these worst

case events resuits in a less complex model which can then be used to

AT SIW T T R e

explain how damage developes in an environmentally conditioned Tamin-
ate when a mechanical load is applied. Crossman [10] demonstrated
that the strength and elastic properties of quasi-isotropic laminates
fabricated from T300/5208 were reduced when moisture was absorbed (that

is, the "wet" condition), and that no damage resulted from the
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absorption of moisture. Crossman also showed that the viscoelastic
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response of the wet T7300/5208 laminates was negligible when con-

R

pared to the viscoelastic response of wet T300/5209 laminates. This
is partially due te the lower glass transition temperature of T300/5209.

In summary quasi-isotropic laminates fabricated from T300/5208 will

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 1300/5208 will be the result of an applied mechaniéa]
Toad acting together with the residual hygro-thermal stress state.
Since wet or dry quasi-isotropic laminates fabricrted from T300/
5208 behave elastically, tﬁe interior in-plane stress state existing
prior to the initial formation of damage can be calculated from

classical laminate plate analysis using wet or dry elastic properties.

Using a Taminated plate analysis Kim and Hahn [11] predicted the stress
state in a wet and dry [0/+45/-45/90]S laminate fabricated 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 conditions was demonstrated by using averaged wet and
‘ dry elastic lamina properties. In Kim's model the wet residual stress

state was assumed zero after absorbing 1.3 percent moisture (by weight

gained) which implies that all damage is due to a state of stress
resulting only from an applied load. The first ply failurz loads

were predicted using a stress failure criterion along with the laminate
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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 Taminate 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
Tayer in the laminate when loaded mechanically or thermally. The
magnitude of the out-of-plane tensile stresses near the free edge
can cause interply cracks [12] which are called delaminations. No
delaminations occur when the stacking sequence is altered to give

compressive out-of-plane stresses. Depending on the stacking sequence

the damage which develops along the free edge of the laminate when
loaded can be a combination of delaminations between layers 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 laminate (type I) is entirely different from the free
edge damage for a [0/90/+45/—45]S laminate (type II). Differences in
damage states 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
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to final laminate failure, the emphasis changes from individual trans-

verse cracks to the development of an entire damage state near the

free edge prior to failure. In this investigation only damage at

the laminate free edge is investigated. No attempt was made to
investigate damage away from the free edge.

Due to the heterogeneous nature of fiber-reinforced laminates the
damage which develops in a laminate when loaded is a composition of
interply delamination cracks and cracks within individual plies which
grow transverse, longitudinal, or at an angle to the load axis. Unlike
the single critical crack in homogeneous materials, 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 & damage state, and the
Taminate 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 tﬁat different crack types consistently develop into a stable
pattern or "damage state" which is characteristic of the 1aﬁinate. A
rational mechanistic approach can be used to predict a stable pattern
of cracks in the off-axis plies prior to laminate failure [17]. This
characteristic damage state (CDS) 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 iaminate property. In summary, the

philosophy of CDS is best stated by Reifsnider and Masters [17],
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"From the standpoint of mechanics, the CDS has the same significance
as the single crack for homogeneous materials in 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 primarily
concerned with the effect of residual cure stresses, swelling due to
moisture .absorption, and mechanical loads on the CDS in type I and
type II laminates fabricated from T300/5208 graphite/epoxy. The
objectives of this study are to initially isolate unique 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 uniquely influence the free edge damage which
develops when the laminates are mechanically loaded. While the laminate
load 1is 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 sfrip, Analytic models which 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
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recorded on the replicas while the laminates were cyclically loaded
or incrementally loaded to failure. ?
If the initial damage free stress state existing near the free ?
1 edge uniquely influences the subsequent damage state and laminate ?
3 g' ) strength then accurate out-of-plann elastic properties must be used
E; % when evaluating this stress svate. To date only Dean and Turner [18],
%’ E Ishikawa, Koyama, and Kobayashi [19], and Kriz and Stinchcomb [20] have {
% § obtained reascnable estimates of out-of-plane lamina properties. As
% % pointed out by Crossman [14], out-of-plane properties used in most
?' ? free edge stress analyses are rough approximations; therefore, only v}
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 from the free edge.

R As (AR bty

e IR TR R I

R

HL e e e o




TR K S T S L e e e g e e S e T R e o .
s L e e e e m pem

A g B s gty

r. TR
g
5
£
{
]

II. EXPERIMENTAL PROCEDURE

2.1 Environmental Conditioning

The specimens listed in Table 1 were fabricated by Southwest Research

Institute and McDonnell Douglas using the same recommended procedure

for curing Narmco T300/5208. Half of the specimens were exposed to 95%
RH at 70°C, and the remaining specimens were dried in a dry nitrogen

gas oven at 65°C. Although vacuum ovens have been commonly used for
moisture desorption at elevated temperatures, damage is minimized

when dry nitrogen gas is used [21]. Moisfure absorbed or Tost was
measured as a change in weight. A1l specimens labeled as "WET" were

in a condition of maximum absbrbed moisture which occurred when no
additional increase in specimen weight could be measured. All specimens
labeled as "DRY" were in a condition of total absence of diffused

moisture which was obtained when no additional loss in specimen weight

could be measured.

2.2 Unidirectional Tension Tests
Both wet and dry [08] and [908] specimens listed in Table 1 were
Toaded to failure in tension using an Instron l1oad frame with a
crosshead speed of 0.1 inches per minute. Biaxial strains were measured
at the center of each specimen using Micro-Measurement WA-00-120WT-350
strain gages. Young's moduli and Poisson's ratios were determined.
Static strengths were obtained for both [08] and [908] specimens
in the wet and dry conditions. However, a series of strengths were

obtained from each [908] specimen. This was accomplished by testing
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TABLE 1. SPECIMENS TESTED
Laminate
Item No., Length Configuration
(Specimen No.) | Quantity | (Inches) Env. Condition Test Type
M38(1-6) 6 12.0 [0 1/Dry Unidirectional Tension Test
M38(28-33) 6 12.0 ]/Wet Unidirectional Tension Test
M39(1-6) 6 12.0 [908]/Dry Unidirectional Tension Test (Weakest Link)
M39(16-12) 6 12.0 [90 J/Wet Unidirectional Tension Test (Weakest Link)
S1i* 1 7.0 [0/+45/90] /Dry Preliminary Quasi-Isotropic Tension Tests
S12* 1 7.0 [0/+45/90] /Wet Preliminary Quasi-Isotropic Tension Tests
S21* 1 7.0 [0/90/+45] /Dry Preliminary Quasi-Isotropic Tension Tests
S22* 1 7.0 [0/90/+45] /et Preliminary Quasi-Isotropic Tension Tests
Mao(4-7,12-21,
34,35,36) 17 5.0 [0/+45/90] /Dry Quasi-Isotropic Static Tension Tests
MA0(34*,35,36) 3 7.0 [0/+45/90] /et Quasi-Isotrepic Static Tension Tests .
MA0(4-7)* 4 7.0 [0/+45/90]5 /Dry Quasi-Isotropic Fatigue Tests
M4a0(12-21) 10 7.0 [0/« 45/90]S/Dry Quasi-Isotropic Fatigue Tests
Ma0(8-11,24-33, g
37,38,40) 17 5.0 [0/+45/90] /Met Quasi-Isotropic Static Tension Tests
M40(37*,38,40) 3 7.0 [0/+45/90} /et Quasi-Isotropic Static Tension Tests
M40(8-11)* 4 7.0 [0/+45f90] /Wet Quasi-Isotropic Fatigue Tests
M40(24-33) 10 7.0 [0/+45/90] /et Quasi-Isotropic Fatigue Tests
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TABLE 1. SPECIMENS TESTED
(continued)
Laminate
Item No., Length Configuration
(Specimen No.) ! Quantity| (Inches) Env. Condition Test Type
M41(1-4,9-18,
34,35,36) 17 5.0 [0/90/+45] /Dry Quasi-Isotropic Static Tension Tests
M41(34*,38,40) 3 7.0 [0/90/+457° o/Dry Quasi-Isotropic Static Tension Tests
M41(1-4)* 4 7.0 [0/90/+45]° /Dry Quasi-Isotropic Fatigue Tests
M41(9-18) 10 7.0 [0/90/+457° /Dry Quasi-Isotropic Fatigue Tests
M41(5-8,24-33,
37.,38,40) 17 5.0 [0/90/+45] /Wet Quasi-Isotropic Static Tension Tests
M41(37*,38,40) 3 7.0 [0/90/¢45]s/Wet Quasi-Isotropic Static Tension Tests
M41(5-8)* 4 7.0 [0/90/+45] /et Quasi-Isotropic Fatigue Tests
M41(24-33) 10 7.0 [0/90/+45] /et Quasi-Isotropic Fatigue Tests

S and M indicate specimens manufactured at South West Research Institute

McDonnell Douglas, respectively

* indicates specimen polished for replicas to be taken during test
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the remaining sections after each failure. Using a minimum specimen j /
length requirement of 1.5 incheﬁ, up to eighf valﬁes of tensile
strength could 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

f . the subsequently higher strength values. Correlation of lamina strength

values with Taminate crack spacing equilibrium models developed by

Reifsnider [17] was the objective of the weakest 1ink [908] tests.

COTETESTORRAR BIGRe TT

Elastic medulus 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 Quasi-Isotropic Laminates 51
The objectives of these static tests are to initially isolate

unique free edge damage states in type I and type Il laminates and show

W e e e emheesme

?? how these unique damage states develop into the characteristic damage
T state (CDS) when the laminate load is increased. The replica technique
?? . as utilized by Stalnaker and Stinchcomb [13] is best suited for
recording and observing damage which 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 is transferred onto

the acetate strip under pressure by simultaneously wetting the polished
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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 oxide particles using a standard metallographic
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polishing wheel with felt cloth.

The specimens used in the preliminary static tests listed in Table
2 were fabricated by Soutwest Research Institute. Each specimen was
incrementaily loaded in tension by a hydraulic-load controlled Tinius
Olsen machine. The rzplica technique was used to record the damage
state before and after the wet and dry conditioning as well as at the
various static load 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 10ad 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 ioaded to faiiure.

2.4 Quasi-Isotropic Static Tension Tests

As shown in Table 3 the specimens were divided into two groups.
The first group of specimens were quasi-statically loaded to failure
with no replicas. The second group of specimens were incrementally
loaded to failure with replicas taken at 100 Tb. intervals. The
objective of the quasi-statically loaded tests was to statistically
demonstrate the differences in wet or dry Taminate strengths for type

I and type II laminates. As discussed in the introduction, the difference

between type I and type II experimentally determined laminate strengths

provides a basis for investigating how the free edge damage develops
under load and influences the laminate strength. It follows that the

objective of the second group of tests is to demonstrate how the
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TARLE 2. PRELIMINARY QUASI-ISOTROPIC TENSION TESTS

Laminate
Length Configuration/ Replica
| Item No. (Inches) Env. Condition Load Leve1 (]bs X 100)
s11 7.0 [0/.4:45/90]S/Dry (0.2.3.6.8,10,12,14,20,22.,24,26,27)
S12 7.0 [0/i45/90]slwet (0,2,10,15,20)
S21i 7.0 [0!90/#45]S/Dry (0,2,3,6,8,]0,12,14,20,26,30,32)
522 7.0 [0/90/+45]¢/Wet | (0,2,10,15,20,30,32,33)

et o

S indicates specimens

fabricated by Southwest Research Institute
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TABLE 3.

QUASI-ISOTROPIC STATIC TENSION TEST

Laminate
Item No., Length Configuration Replica
(Specimen No.) | Quantity ]|(Inches)| Env. Condition Load Level (1bs x 100)
Ma0(4-7,12-21,
34,35,36) 17 5.0 [0/+45/50] . /bry No Replicas; Load, Quasi-Static to Fracture
M40(35,36) 2 7.0 [O/r45/90}5’0ry No Replicas; Load, Quasi-Static to Fracture
Ma0(8-11,24-33,
37,38,40) 17 5.0 [0/+45/90] /Het No Replicas: Load, Quasi-Static to Fracture
M40(38,40) 2 7.0 [0/+45f90] /et No Replicas; Load, Quasi-Static to Fracture
M41(1-4,9-18),
34,35,36) 17 5.0 [0/90/+451 /Dry No Replicas; Load, Quasi-Static to Fracture.
M41(35,36) 4 7.0 [0/20/+457° /Dry No Replicas; Load, Quasi-Static to Fracture
M41(5-8,24-33,
37,38,40) 17 5.0 [0/90/+45] Jvet Mo Replicas; Load, Quasi-Static to Fracture
M41(38,40) 2 7.0 [0/90/+45] /Wet No Replicas; Load, Quasi-Static to Fracture
M40 (34*) 1 7.0 [0/+45/90] /Dry Replicas (0',0,1-10,12,14,16,18,20,22)+
M40 (37%) 1 7.0 [0/+45/90] /et Replicas (0',0,1-22,24,25,26)+
M41(34%) 1 7.0 [0/90/+45]5/Dry Replicas (0',0,1-20,22,23,24,26,28,30,32,24)+
M41(37*) 1 7.0 [0/90/*45] /et Replicas (0',0,1-20,22,24,26,28,32,34)+

+ indicates specimens are incrementally load to fracture
0f indicates replica taken prior to Env. Condition

NOTE:

A1l other symbols defined in Table 1
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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 Tor only one specimen which was conditioned
into a wet or dry state of stress. The four 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 damage in wet and dry quasi-isotropic laminates when cyclically
loaded. As shown in Table 4, replicas were taken for two types of cyclic
loads. The coaxing cyclic load when usad 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 regular sequence of damage events on replicas and does not interact
with the fatigue test. The remaining fatigue tests are 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. Initial Young's modulus is
measured using a MTS clip-on extensometer while the specimen is being
quasi-statically preloaded up to the maximum cyclic load. All tests
were cycled at 10 Hertz on a load controlied MTS machine. 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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TABLE 4. QUASI-ISOTROPIC FATIGUE TESTS
Laminate

Item No., Length Configuration Cyclic Load Type
(Specimen No.) | Quantity |(Inches)} Env. Condition Load Level (1bs x 100)

Ma0(4*) 1 7.0 [0/+45/90] /Dry Coaxing (0',0,A [16 ,10K,50K,100K)*
M40(5-7)* 3 7.0 [0/+45/90] /Dry Steady State 0',0,A [20],5K,10K,50K,]00K,]M)*
M4a0(12-20) 9 7.0 [0/+45/90] /Dry Steady State (1[50] 5K,10K,50K,100K)AE%

M40(21) 1 7.0 [O/+45/90] /Dry Steady State (1[50], 5K,]0K,50K,]00K)AE%

M40 (8*) 1 7.0 /+45/90] /Wet Coaxing (0',0,A [2(1 5K,10K,50%,100K)*

M40 (10*) 1 7.0 L0/+45/90] /Met Steady State (0 0 Aé[ZO] 5K,10K,50K,100K)*
Ma0(9,11)* 2 7.0 [0/+45/90] S/we+ Steady State (0',0,a [20] 5K,10K,50K,T00K,1M)*
M4a0(24-31,33) 9 7.0 [0/+45/90] /Wet Steady State (1[50] 5¢,10K,50K, ]OOK)AE%

M40(32) 1 7.0 :0/145/907 /wet Steady State (1[50],5K,10K,50K,100K,1M)AE%

M41(1*) 1 7.0 [0/90/+45] /Dry Coaxing (0',0,A [18]25K 10K, 50K,100K,1M,1.5M)*
M41(2,3)* 2 7.0 :0/90/145'S/Dry Steady State (O ,0,4 [20] 5K, 10K,50K 100K)

M4 (4*) 1 7.0 [0/90/+45] s/Dr‘y Steady State (0',0,4 [20] 5K,10K,50K, 100K, 1M)*
M41{9-17) 9 7.0 :0/90/t457’/Dry  Steady State (1[50] 5K, 10K, 50K 100K)AE%

M41 (10} 1 7.0 [0/90/+45] s/Dry ' Steady State (1[50],5K,TOK,50K,100K,1M)AE%

M41(8*) 1 7.0 | [0/90/+45] /Wet Coaxing (0',0,A [12] 2.5M,2.6M,2.7M)*
M43 (5,7)* 2 7.0 [0/90/+45] /WEL Steady State (0 »0 AQLZO] 5K, ]OK 50K,100K)*

M41(6%) 1 7.0 [0/90/+45] /WEt Steady State (0',0,A [90] 5K,10K,50K,100K,1M)*
M41(24-32) 9 7.0 [0/90/+45] S/Wet Steady State (1[50] 5K,10K,50K 100K)AEA

M41(33) 1 7.0 [0/90/+45] /et Steady State (1[50],5K,10K,50K,100K,1M)AE%
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TABLE 4. QUASI-ISOTROPIC FATIGUE TESTS
(continued)

-replicas taken before wet or dry Environmental Conditioning

200 1b Toad increments up to max. load (1bs x 100) as indicated in brackets
quasi-static preload up to max. stress (ksi) as indicated in brackets

only a change in modulus recorded at load levels or cycles

replicas and modulus recorded at load level or cycles indicated in paranthesis
a thousand cycles

a million cycles
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the maximum cyclic load. A constant stress ratio of 0.1 was used for
all fatigue tests. The drying out of all wet specimens during the
fatigue tests was eliminated by simply wrapping a wet paper towel

f around the test specimen. ]
» In order to coax the desirad unique free-edge damage sfate the |
= experim .talist should be able to stop the test momentarily and observe
; § the development of damace. The author discovered that the image of

damage replicated onto an acetate strip can be immediately viewed on

BT T

a microfiche card reader with sufficient magnification and clarity

for interpretatiori. The experimentalist can then interpret the state
of damage during the test and decide which test variables should be

changed in order to further isclate or alter the observed damage. As
a result of this interactive test technique, no clearly defined test
procedure is established. Although the test proceddre is open ended,

"~ the experimentalist must base his interpretation of damage on a rational

AR O

mechanistic appreach. This requires an understanding of the initial
damage free stress state and the CDS which will be explained in Chapter
I111. Therefore the guidelines or rationale used to interpret the damage

state when using the coaxing cyc:ic load is outlined in Section 4.4.1

AR

following Chapter III. One specimen from each wet and dry stress state

INEREEY

was fatigued by a coaxing cyclic load. Replicas at 200 1b. intervals

%_, and residual strengths were obtained by incrementally loading the
specimens to failure.
The objective of the steady state cyclic lcad tests is to record . ?

the regular sequence of damage events which develop into the
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characteristic damage state. Replicas are taken at 200 1b. intervals
during the initial preload 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 state, two specimens were cycled to 100K cycles and
one specimen cycled to IM cycles. Residual strengths were obtained

after 100K or 1M cycles with replicas taken at 100 1b. intervals.
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I7I. STRESS ANALYSIS

3.1 Linear Elastic Homogeneous Transversely Isotropic (LEHTI)

Material Properties |

For fiber-reinforced composite laminates it has been experimentally
demonstrated [13] that damage initiates near the laminate free edge
in the form Pf ply cracking and interply delaminations. Finite element
and finite difference models and perturbation solutions [34,24,25] were
developed in order to predict stresses near the free edge prior to the
formation of damage. Both the finite element and finite difference
models require all nine orthotropic lamina properties. If the initial
damage-free stress state existing near the free edge uniquely influences
the subsequent formation of damage then accurate out-of-plane elastic
properties (e.g. Vo3 and G23) must be used when evialuating this stress
state. Unfortunately all nine elastic lamina properties are difficult
to obtain; therefore it is not uncommon to make simplifying approxima-
tions, such as Vo397V 3 and GZ3=G12=GI3’ in order to obtain solutions.
A parametric evaluation by Kriz [26] of these approximations and other
property variations on the interlaminar stresses in angle-ply laminates
demonstrates that more emphasis should be placed on accurately calcu-

lating or experimentally measuring all lamina elastic properties if

meaningful stress distribtuions are to be obtained from the various models.

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

jsotropic, the number of independent material constants reduces to

20
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five. The most commonly used engineering constants are 1isted below:

)
: E
:

= 1 E

2 = Egs Byp = Gy3s iy = Vg, Gy

The symbols, E, G, and v are Young's modulus, shear moduius, 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 E,

and G,, by Equation (1)

Vo3 = E2/2G23-] (1)

T SRR LI I g e g T s

Reasonable estimates for v23 and G23 together with other laminate
elastic propérties have been obtained experimentally using mechanical
and ultrasonic techniques [18,19,20]. A complete set of elastic
lamina properties, including Vo3 and 623, can be calculated using

; § equations developed by Hashin [27] as listed in Appendix B given the

R

isotropic matrix and transversely isotropic fiber elastic properties.

a0 g

Unfortunately the complete set of transversely isotropic graphite

fiber properties are difficult to obtain due to the small fiber

‘i/"{'ZZA""?

diameter.

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

properties could be determined by curve fitting ultrasonically
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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 Dean and
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Turner and showed that althqugh ultrasonic data are scattered, all
fiber properties can be detérmined and that five independently extra-
polated graphite fiber properties are consistent with the assumption
that fibers can be modeled as transversely isotropic. However, there
is an error in the equations used by Kriz and Stinchcomb [20] to
calcylate vaiues of G23. The correct expression for By is shown
below in Equation (2) where B, is used in Equation B.2(b) of
Appendix B to calculate 623. Fortunately all graphite/epoxy
K
= i (2)

8
2 T KT 28
fet  Tit

Tamina properties which depend on the correction for B, are changed by
less than 1 percent. It is also noted that the corrections have no
Therefore, all observa-

Although

effect on the extrapolated fiber properties.
tions and conclusions by Kriz and Stinchcomb [20] are unaltered.
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 mechanical test techniques and fiber
properties were extrapolated. Comparison of extrapolated graphite
fiber properties along with epoxy matrix properties is demonstrated
in Table 5. A final set of fiber and matrix elastic properties are
chosen and listed in Table 6. |

Since fibers properties are assumed unchanged by moisture,
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TABLE 5. SUMMARY OF GRAPHITE FIBER AND EPOXY MATRIX ELASTIC PROPERTIES

oo Experimental Method Matrix Properties

I‘ Reference | Used to Determine Matrix

i No. Elastic Properties En (Msi) G, (Msi) m Kn {Msi) Material
- Ultrasonic 0.836 0.306 0.368° 1.16° 5208
2w - Ultrasonic 0.766° 0.283°% 0.353% 0.963% LY558
19 Mechanical 0.498 0.180 0.380 0.750° Epikote 828°
i 22 Uttrasonic £0.573 0.212 0.355 0.658¢ DER 322°
. AR WL WL WO Wb N Wb |
: Experimental Method Fiber Properties
] Reference { Used to Determine Fiben:
§ No. Elastic Properties Eﬂ_ (Msi) GfLT (Msi) GfTT (Msi) VETT KfTT (Msi) Material
%
£ 20 Ultrasonic 33.7% 3.48% 0.728° 0.29% | 0.49% 2178 Modomore 112
19 Mechanical 32.48 6.68% 0.950°% 0.30% | 0.42° 2.93% 1300 A3
' 1 Narmco Brand Name
L 2 Rolls Royce LTD
i 3 TORAY Industries, Inc., dJapan
4 Dow Chemical Branch Name
: c indicates value calculated from experimental data
- e indicates value extrapolated from experimental data
?r
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i TABLE 6. WET AND DRY ELASTIC PROPERTIES

;

% Type Material Elastic Properties Dry/Wet

: (% Difference)

E (Msi) G (Msi) v

5208 m m

; Matrix Epoxy

: 0.776/0.575 0.283/0.207 0.353/0.388

3 (-25%) (-27%) (+10%)

?. 300 Eq (Ms1) Gep 7 (Ms1) Gy (Msi) Ve T VeTT Eer (Ms1i)
: Fiber Graphite _

b 33.71 - 3.481 - 0.7281 - 0.2901 - 0.4901 - 2.171 -
é 7300/5208 E] (Msi) G]Z (Msi) 623 (Msi) V1o Vo3 E2 (Ms1)
& Lamina Graphite/

’ Epoxy 18.9/18.8 0.782/0.603 | 0.472/0.410 | 0.308/0.323 1 0.492/0.323 7 1.41/1.26
’ vf=0.55% (-0.5%) (~23%) (-13%) (+4.6%) (+8.1%) (-11%)
: s ]
} T300/5208 EX, Calculated from Laminate Theory using Lamina Properties

. Laminate | [0/+45/90]

- [0/90/i45]s 7.41/7.18

(-3.1%)

%; ‘ GSL’ Dry Property obtained from Reference [16]

2 Shear T300/5208

- Transfer vf~0.42% 0.650/0.488

2 Layer (-25%)
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1 i ‘ the wet/dry lamina properties listed in Table 6 are calculated by
substituting the fiber properties together with the wet/dry matrix
3 . properties into the equations 1isted in Appendix B. The changes in P

elastic matrix properties due to moisture absorbtion are chosen such

that the corresponding changes in elastic lamina properties, 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 percert

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 E1 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/dr& T300/5208 lamina shear

properties does not provide meaningful comparison with the predicted

reductions of 23 percent for G12 and 13 percent for 623. To date no
reliable and reproducible shear test method has been widely accepted
to verify the trends predicted for G]2 and 623.

Variations in test techniques together with variations in test

KRG M e L R S AL

specimens due to manufacturing processes, quality contrel, etc. are

if; obvious problems which account for much of the variation in experimental
data. Variations in fiber volume fraction, temperature and duration of

cure [22] could provide additional explanations for variations in

experimental data. Fer these reasons the author has choosen to select
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1
H

lamina properties as calculated from the equations in Appendix B which
model the change in experimental data due to moisture absorption as a
reduction of matrix elastic properties. The experimental value of
18.8 Msi was chosen for E1 corresponding to é fiber volume fraction of
55 percent as calculated from equations in Appendix B when fiber and
wet matrix properties were chosen. Wet and dry type I and type II
Taminate stiffnesses were calculated from laminate plate theory using
the wet and dry lamina properties at 55 percent fiber volume fraction.
To be consistent with previous analysis [16] & value of 0.65 msi was
chosen for the shear transfer layer modulus, GSL' Interestingly, a
value of 0.65 msi is calculated for (:I]2 when at a fiber volume fraction
of 42 percent is used in Equation (13) of Appendix B. It is reasonabie i
to assume that the shear transfer which acts 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 tﬁe plies adjacent
to the interface.

The fiber, matrix, lamina, Taminate, and interface elastic
properties 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 development of damage at the free edge.
Variations in experimentally measured elastic lamina properties can
be large. For this reason the lamina elastic properties were chosen b

such that only variations due to moisture absorption are modeled

using the equations of Appendix B. Elastic properties chosen in 3o

this way do not include the inherent variations in experimentally

PRI S S
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measured elastic properties. These properties provide a consistent set )
of elastic properties to be used in the 2-D, 3-D, and crack spacing ‘

o models foilowing this section.

3.2 Two Dimensional Thin Laminate Theory Stress State
The first approximation of a Taminate 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

,E ; result of these approximations each layer of the laminate is assuined
o to be in é state of plane stress which can be directly related to
inplane loads and moments. A complete development of the classical
thin laminated plate theory'is given by Jones [30]. The objective of
this section is to predict the stresses existing in the thin laminate
é § plane prior to the damage event, using laminate theory, and assuming
¢ no initial damage exists. The predicted stresses are 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,
o?, on the individual ply stresses, a5 is shown in Equation {3) using
the notation of Kim and Hahn [11].
g; = QijAglNk + o? | (3)

where A |

Qij = reduced ply stiffnesses
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Taminate stress resultants

residual ply stresses
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;

AT

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

T e IR T e T e T

differences in lamina and laminate thermal and moisture strains.

eg’-el) + Qy5(es™elh (4)

S T_T
| = Qy(es’-el) +
where

ol

€ .

laminate thermal strain

M

e Taminate moisture strain

[+]

j
L T
J

M

lamina thermal strain

Es lamina moisture strain

,mwﬁ
.

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

R _
Ui = Q'IJ( 0‘!« )AT + Q1J(BJ BJ) aM (5)

Q
It

lamina thermal coefficient of expansion

lamina moisture coefficient of expansion

w0
[

>
e |
]

change in temperature

percent weight gained by moisture absorption

&>
=
i}

Qt
i]

laminate thermal coefficient of expansion

B. = laminate moisture coefficient of expansion

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

the laminate thickness, (~h/2, h/2), as shown below.

PR Y LU LR M S T Rt T PO P S s Sy Oty




R TR T
&
P .

- TER e TR B At e

3

k

T

el

5
i
7
5
:
3
2

Ay TR PLT T AT T T Ay

IE Sl

T

s

i
:
£
3
g
?
2
g
£
Z

?
r
; :

30

i %m0, QpntndZ (6)

} -1 h/2 ,
By = Ay Zh/2 Qi BdZ (7)

For the type I and type II 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,

020,70,

gy = l; L3 N + o? (8)
AXXAyy Axy
Q -0, A

0y = 22 N2y R (9)
AXXAMY Axy

og = 0 (10)

where subscripts 1 and 2 refer to the lamina coordinates defined in
Figure 1 and subscript 6 is the contracted notation for the lamina
shear stress in the 1-2 plane. The initial crack in the 90° ply is
labeled FPF for first ply Tailure and the corresponding laminate Toad

EPF. Although oy and o, both exist in the 90° ply at FPF

is labeled, N
the transverse stress, Tos has reachad the transverse strength while
9y is much lower than tie longitudinal strength. Therefore a maximum

stress failure criterion can be used which assumes FPF occurs when the
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value of gy in equation (9) is egua1 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 NQPF by
replacing Ty with T.

2

FPF _ Py Axy R
NX - Q A _Q A (T-Cz) (11)
22°yy 127y
Prediction of the FPF Taminate load, N;PF, depends on how accurately

cg is predicted. From equation (5) the value calculated for cg depends

upon approximations made for lamina thermal and moisture'coefficients
together with realistic estimates of percent weight gained due to
moisture absorption, AM, and changes in temperature, AT, from the stress
free temperature. By measuring th2 warpage of unsymmetric [+6]
Taminates Pagano and Hahn [31] suggest a stress free cure temperature
of 250°F for T300/5208 which is considerably lower than the 350°F cure
temperature. For T300/5208 graphite/epoxy Hahn [28] measured lamina

thermal and moisture coefficients of expansion, as shown below.

ap = -0.17 ue/°F; o, = 15.6 ue/°F; 8y = 05 B, = 5900 ue/%H,0
(12)
where B, is calculated from 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 with less scatter ofvdata and measured

lamina thermal and moisture coefficients of expansion shown below.

ay = 0.16 ne/°F; ay = 14.3 ne/°F; By = 0; By = 5000 ue/%HZO (13)

s . . . . 5
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1.0-|

0.8 1

p _ -2 . .
@ 1.2% HZO’ Aemax =0.667 x 10 = in/in
0.6 4 ey
Finite Element Model -————— ~
‘\‘1;_,/'

8y = 0.371 x 1072 in/in/% P

By =
0.44 2

Linear Elastic
Laminated Plate
Analysis

Swelling Strain, e x 1072 in/in

0.2 1
- 0.556 x 1072 in/in/%

0 . . . 0.8 1.0 1.2

Percernt HZO Weight Gained

FIGURE 2. MOISTURE COEFFICIENT OF EXPANSION
APPROXIMATION
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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; o, = 14.9 ue/°F; By = 0; By = 5560 us/%HEG
(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 (14) into equations (6) and (7).

oxpRy = ypry = 1-09 we/°F3 Byppy = Byppy = 484 we/&Hy0

oy = Oywer = 0-98 we/°F5 Byyper = Byypr = 444 ne/EH,0

It is now possible to calculate wet and dry residual stresses at
room temperature 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 dvy properties
listed in Table 6.

R

} R .

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

i/ 2.2 are listed in Table 10 and used in Equation (11) to calculate NiPF. 5 ;
Using only dry properties in equation (11), a dry FPF laminate load, ; 'é
f ‘ Niggv, was calculated. Similarly a wet FPF laminate load, NESET, was | é ;
calculated using only wet properties.

NpRy = 789 Tb/in  NEFE. = 1900 1b/in (16) | \

R ST,

e N

The FPF laminate loads for type I and type II laminates, predicted by

Taminate theory, are identical since changing the stacking sequence

has no effect on cg.

MG R s

It is interesting to note that the predicted wet residual stress : %

;
f
1

state “gNET in the 90° ply is in compression by —1.§€ ksi. For this

reason a higher laminate load is required to produce FPF when the

i ' Taminate has absorbed 1.2 percent moisture by weight guin.

i ; Although this section was primarily concerned with evaluating the

stress state in the 90° ply prior to FPF, ail 0° ard 45° ply stresses

in the wet or dry state have alsc been calculated using equation (3)

. e . . : FPF FPF
in similar fashion. The calculiated ply stresses for NXDRY and NXNET

; i are listed in Tables 7 and 8 for comparison with the predicted finite

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

taminate loads.

3.3 Three Dimensional Finite Element Theory (LEHTI) 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 . ﬁ

type I and type II laminates prior to the first damage event. The

it e
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TABLE 7. SUMMARY OF INTERIOR AND EDGE Oy oy, AND o, STRESSES FOR ?
WET OR DRY QUASI-ISOTROPIC TYPE I AND TYPE IT LAMINATES i’
Model Laminate M, Midplane (Dry Interior Stress/Dry Edge Stress)(Wet Interior Stress/Wet Edge Stress)(ksi) ¥
Type | Configuration |1, Interface I
(P1y Angle) o, oy g, 15
Mng')) {+41.35 - ;2113.0/ - ; %leggg; - %-}ésl/ - ; 0 g
M(45° +11.2/ - +25.8/ - +6. - +16.4/ - 0
LELPA § [0/:45/90] M(-a5°) | (+11.27 - )(+25.8/ - )|(+6.35/ - ){+16.4/ - ) 0 :
#(90°) (+6.47/ - )(+4.74/ - )Y1(-16.17 - )(-30.8/ - ) 0
M(0°) (+41.5/+40.5)(113.0/113.0) | (+3.23/+0.07){-2.10/-0.28) —————
——— —— { 0 /0.05} 0 /-1.37)
M(45°) (+11.2/46.90) (+25.8/+8.32) | (+6.35/+0.05)(+16.4/-0.10) —
FEM | [0/:45/90] U MU —_— ( 0 743.92)( 0 /-2.41)
M(-45°) (+11.2/47.28)(+25.8/+9.21) | (+6.35/+0.37)(+16.4/+0.22) *
—— e - —_— ( 0 /+3.58)( 0 /+4.38) .
M(90°) (+6.27/49.22)(+4.56/+9.27) | (-15.9/-0.14)(~30.8/-0.37) | { 0 /+5.25)( 9 /+7.64)
M%O") §+41.3§ - ;%1}‘3.25 - ; 2-3.4111; - 3%46915 - % 0
: M(90° +6.47/ - )(+4.74/ - -16.1/ - )(-30.8/ - 0
LELPA} [0/90/:45), | y(ase (+11.2/ - )(+25.8/ - )| (+6.35/ - )(+16.4/ - ) 0 :
M(-45°) (+11.27 -~ }(+25.8/ - }}{(+46.35/ - )(+16.4/ - ) 0 3
M(0°) (+41.5/+40.6)(113.0/113.0) { (+3.23/40.43}(-2.10/+0.10) :
et e ————— { 0 /+2.01}( 0 /+41.02) 3
. M{90°} (+6.26/+8.04)(+4.55/+6.12) } (-15.9/-0.25)(~30.8/-0.50) | { O /+2.87)( 0O /+1.7) £
FEM [0/90/+45] I ——————— e msren ( 0 /+1.18)( 0 /-0.48) B
s M(45°) (+11.2/+6.46) (+25.8/+7.80) | (+6.34/+0.32)(+16.4/-0.06) B e . 4
—_——— —— ( 0 /-2.22)( 0 /-6.48) f
M(-45°) {+11.2/45.92)(+25.8/+6.79) | (+6.34/+0.03)(+16.4/-0.25) _
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TABLE 8. SUMMARY OF INTERIOR AND EDGE Tyz* Txz? AND Ty STRESSES FOR

WET OR DRY QUASI-ISOTROPIC TYPE 1 AND TYPE I1 LAMINATES

‘ Model Laminate M, Midplane {Dry Interior Stress/Dry Edge Stress)(Wet Interior Stress/Wet Edge Stress)(ksi) :
! Type { Configuration | I, Interface -
(Ply Angle) Tyz Txz “xy ﬂ
e, ; ; ) 2 bl T
g; : . ° +3, - (19, - ‘
LELPA| [0/245/90] M(-45°) 0 0 (-3.81/ - )(-19.77 - )

; M(90°) 0 0 (oy/s - )Xo/ -)

M(0°) —— ( 0 /+0.07)( 0 /-0.44)

i I ( G /-3.39)( 0 /+1.47)( 0 /-0.26)( O /+1.52) —————

Y - M(45°) —_— (+4.02/+0.02)(+19.9/+1.58) w

d FEM [()/’:45/90]s I ( 0 /-0.22)( 0 /-0.57)]( o /-0.08)( O /-B.59) —_———— o0

v M(-45°) —_— (-4.02/40.09)(-19.9/-1.53)

. I ( 0 /-2.77)( 0 7-4.21) }( 0 /+0.03)( 0O /+1.34) —_— ;
b M(90°) ( 0 /-0.01)( 0 /-0.05)}( O /+0.0%)( O /+0.06}1( O /+0.05)( O /+0.37) ;
o 3 : ETE
‘ LELPA | [0/90/+45] M(45°) 0 0 (+3.81/ - )(+19.7/ - )

M(-45°) 0 0 (-3.81/ - }-19.77 - )

‘ M(0°) — _— ( 6 /+0.02)( 0 /-0.09)

I ( 0 s-2.18)( o /-0.64)}}( 0 /+0.11){ 0O /+0.48) —_— 4

.i,- M(90°) ( o /+0.19)( 0o s-0.26)1( o0 s+0.20)( 0 /+0.97)}{( 0 /-0.06)( © /-0.37)

i FEM [0/90/145]5 1 { 0 /+2.70)( 0 /+3.43){( 0 /40.21)( O /+1.81) -_—

: M(45°) ——— (+4.01/+0.08)( 0 /-0.37)

-, 1 ( 0 /40.33)( 0 /+0.50)}( 0 /-0.61)( 0O /-9.22) —— ,
M(-45°) —_— _— (-4.01/-0.09)(~19.9/-1.51)
! S
; - £ .
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predicted stresses are the result of a wet or dry FPF laminate load,

which were calculated in section 3.2, acting together with residual

SRR Sk S o e )

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

- f . at Virginia Tech in the Engineering Science and Mechanics Department B
; : by graduate students under the direction of Dr. Carl Herakovich. Several

i § thesis and dissertations [32,33,34,35] have been involved in the develop-

1 § ment of this FEM. The current versfon of the FEM (NONCOM III) 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 generalized plane
strain in the x Toad direction by using constant strain triangles as

shown in Figure 3. Because of symmetry conditions for type I and type

W N S T T At e ST

IT Taminates only a quarter of the y-z plane is modeled. Boundary

o

conditions are imposed such that all nodes along y = 0 are

5 constrained from moving in the y-direction but are free to move in

7.
i

»
>

the z-direction, and all nodes along z = 0 are constrained 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 = H and y = B are prescribed to be zero.

2 y These prescribed nodal forces represent the free edge and free
| surface stress-free boundary conditions. The FEM grid used to model
the four layer quarter plane as shown in Figure 3 uses 768 elements

and 438 nodes with 96 triangular elements at the laminate edge. As
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shown in Figure 3 the size of the elements are reduced near the free E
edge in order to model the stress gradients in this region. The f -
smallest edge element used in this dissertation is shown inyFigure ? !
3 such that 15-20 fibers fill the triangular area with at least 3 i ?

|

fibers along the triangular edge.

Although the finite element method is not 1im5ted by how small

=
F

the elements are chosen, the smallest element was chosen, in this i .

investigation, such that the composite material modeled within the

I i o 1 S T

smallest element shown in Figure 3 can be assumed to behave as a

homogeneous material. This is only a limitation on the idealization

P e
+

of homogeneity used in the constitutive relations by the finite

element method. - i C
The author chose not to model the nonlinearities of T300/5208 : |

since Crossman [10] experimentally verified that the calcuiated ;

linear elastic residual stress state can be used as an approximation |

for predicting the curvature of unsymmetric T300/5208 laminates.

Although the differences between the experimental and predicted

curvatures are most 1ikely due to nonlinearities of T300/5208, these

differences are small and are ignored in order to minimize the number é

of approximations introduced into an idealized FEM. The point is

made that these nonlinearities are not insignificant; but that there -

is much yet to be explained about FPF, as will be demonstrated in

: Section 4.5, when using only the Tinear elastic idealization. A
?'5: case in point is the crack spacing model developed by Reifsnider V't %
et al {16] which uses an idealized linear elastic shear lag model ‘

to predict the crack spacing following the FPF event.

K
®
ks
i
¥
}
i
N
&
b
=l |
B - o i |
; R SRV S r VR N o o o o ’ o
e i T e L g # .
N T AR et EX ’
B b S ey [ S A wk 'kb ; P o
R e A ST PP P - Py |



St 4

s G SRR O3 W e TN IR AR S LR T
Eﬁ, R A 2 S R I
S

A

<
13
i
i
t
|
1
i
i
i

Rl L it 2

i Thdd

40 '

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 section 3.2

3 where AT = -180°F and AM = 1.2 percent. Since the present FEM is not
formulated with respect to Hahn's moisture threshold, Cyo the By

g ‘ expansion coefficient is recalculated to give the same maximum swelling

strain as shown in Figure 2. For comparison with the FPF stress state

e

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 effect of the moisture, temperature, and FPF

»
§
§
H

laminate l1oad on the edge stresses, the FEM calculates the edge )
stresses due to moisture, temperature, and FPF Toad separately and g'
then superposes the stresses to idealize the final wet and dry |
edge stress state for type I and type II laminates.

Although it may be instructive to demonstrate how the initial

residual dry stresses changes with stacking sequence, followed by

2 moisture absorption and mechanical load, only the final superposed
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,

B A TR A AT

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 technique.
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w 4 41 j
? " The free edge and interior stress state for a type I wet Taminate ;;
i with a wet FPF laminate load is graphically demonstrated in Figures ’é
; 4-11. A four element averaging scheme outlined in reference [35] is ?J
g used to calculate average Tys Typs and Tyz stress distributions aleng ji
; ) the laminate interfaces as shown in Figures 4-6. The same four
; X element averaging scheme is used to average o, oy and fxy stresses %2
;‘ along the midlayers as shown in Figures 7-9. Through the thickness f
% distributions plotted in Figures 19 and 11 use a two element averaging !
3 { scheme. :
; Only stress distributions for type I Wet are shown 1in Figures é%
? 4-11. The edge and interior values of stress for the type I dry, ? |
é type Il dry and type II wet laminates are summarized in Tables 7 and % 
; 8 along with the Taminate plate theory stress state for comparison. J
% % As a check all interior FEM stresses are equivalent to stresses
g‘ ? predicted by laminate theory, as shown in Tables 7 and 8. Minor f
4 ; variations in the interior stresses between FEM and laminate theory ’;T
| ? exist since laminate tneory models the gy Gy’ and Txy stresses as »Ev
Ez ,é constants within the layer with a discontinuity in stress between %
é_ § Tayers. | é
% ; For Tater reference with respect to formation of edge damage, g :
? i> the damage free o, and o, stress state for wet and dry type I and ; 7
3 i type II laminates are compared in Figure 12. é
éA 3 3.4 Characteristic Damage State Model Definition g i
é“ ? 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 énd regular pattern of ply cracks which exists prior
to fracture. Definition of ‘the damage state prior to fracture is
facilitated by a shear lag model, employed in reference [16], in
order to predict the stable patterns of ply cracks which develop after
the FPF event. Although other damage in the form of interply cracks
and Tongitudinal piy 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 II laminates. Talug [36] investigated the states of stress
surrounding a partially damaged region in type I and type II laminates
and demonstrated the differences that exist in the response of these
laminates even in fegions remote from the edges.

The shear lag model developed in references [37,38] predict crack
spacing in 90° plies with incﬁeasing load. This shear lag model was
developed for the specific case where the plies adjacent to the 90°
plies are of the same orientation. Since this restriction prohibits
the use of these models for a type II laminate, where the 90° plies
are constrianed by 0° and 45° plies, the more general shear lag model
formulated by Reifsnider 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 this investigation.

"Although much work is being done to further characterize how
the CDS uniquely influences the laminate response, the effort in this

investigation is to better define the CDS with respect to the effect of
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moisture. Since the stable pattern of cracks is thevbasis 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 lag model assumes that when a FPF crack forms in an
off axis ply the Oy 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 plies adjacent to 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 distanceAbetween the first and second crack is referred to as the
crack spating. Cracks continue to form in this manner with increasing
laminate 1oad until no new cracks form at which point an equilibrium
crack spacing is reached. Ideally the cracked ply carries only 99.9%
of the unbroken stress until 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
Taminate 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 redistribution of stress in the crack

ply due to a shear transfer is formulated by Reifsnider et al [16]
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in more general terms by using normalized displacement, u, where the
governing differential equations shown below are the result of an
equilibrium element analysis analogous to the approach used in

references [39,40].
2

d-u
90
A—s—+u =0 (17)
dx2 a5 ~ 90
dzu45
B 2 * gy X - 2y =0 (18)
X
Boundary conditions
du
2 (x » =) =1 (19)
du
2 (x> =) =1 (20)
du
?%%x=m=0 (21)
Ugg (x =0) =0 (22)
where
A= (b Ego)/(Za EX)' (23)
B =(bcEp)(aE) (24)
a5 X
U= [oza/VE G ]u (25)
vE x SL a x (26)
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= normalized distance from crack surface
= normalized displacement in 90° ply

= normalized displacement in 45° ply

= displacement

= distance

= stress applied to laminate
= laminate stiffness

= 90° ply stiffness

= shear transfer layer shear modulus

= 90° ply thickness

= shear transfer layer thickness

= 45° ply thickness

Ugg

- -oX
Ug = X + D]c1e

B+2A
= hp ¢ 2AB (8°

D,

C‘} = Dzj(BD-‘ - Oﬁnz)

D,

cy = D,/(8Dy - oD,)

= x + c]e'“x + cze_

=1 ~ Ao

-1 - A8
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(28)

(29)

(30)

(31)

(32)

(33)
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A similar set of solutions for the displacements in the type II 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 CDS for type I
and type II laminates is demonstrated in this section by showing how
absorbed moisture changes the predicted crack spacing of the CDS 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 and the redistribution of stress,
the shear lag model is more general when formulated in terms of
normalized displacement, u. Stresses existing in a cracked ply are
unique to the material type whereas solutions of the shear lag model,
when calculated in terms of normalized displacement, are more general
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. Since the crack spacing is more generally defined in

terms of normaiized strain, du/dx, and distance, x, it follows from
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the formulation in section 3.4 that the effect of moisture absorption
on x, when du/dx is equal to 0.999, can only be accounted for by a
reduction in ply and Taminate elastic properties. A wet and dry
distance, x, at du/dx = 0.999 is calculated using wet and dry elastic
properties, respectively, as Tisted in Table 6. A decrease of 0.4
percent is calculated for the normalized distance, x, between cracks
when 1.2 percent moisture is absorbed. When the normalized distance,
X, is renormalized by using equation (26), the differences in wet and
dry distance, X, between cracks, as shown in Figure 13 is increased by
a net 9 percent. The redistribution of stresses plotted in Figure 13
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 or dry conditioning have no
effect on the predicted crack spacing niodel described in section 3.4.
The net increase in crack spacing due to moisture absorption is mainly
due to the factor /E;7§gL as shown in Equation (26) since the resin
rich shear transfer layer modulus, GSL’ is reduced more by moisture

than is the laminate modulus, E Predicted crack spacing for wet and

e
dry type I and type II 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, OSWET, calculated in section 3.2, results in a higher
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SUMMARY OF PREDICTED AND EXPERIMENTAL CRACK SPACING IN 90° PLIES

OF TYPE I AND TYPE II QUASI-ISOTROPIC LAMINATES

Laminate Experimental/Predicted
Test Configuration/ Laminate Load (1b/in) 90° Ply
Type Env. Condition

Equil. Crack Spacing (Inches)

[0/i45/90/;45/0]T/dry

2000* 0.0145/ -
Preliminary
[0/i45/90/345/0]T/wet 2000 0.0259/ -
[O/90/i45]s/dry 3200 0.0113/ -
Preliminary
[O/90/i45]s/wet 3200 0.0251/ -
[O/i45/90]s/dry 1200* 0.0278/0.0274
Static
[0/i45/90]s/wet 1700* 0.0627/0.0298
[0/90/i45]s/dry 1400* 0.0128/0.0143
Static
[0/90/&45]S/wet 3000* 0.0130/0.0156

*Indicates 1oad

corresponds to equilibrium crack spacing.
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Tfaminate load to initiate FPF even though the transverse strength is
reduced by moisture absorption. After the residual wet compressive
stress has been eliminated by the laminate tension load followed by
FPF the stress recovery from the cracked surface is unaffected by any
previous residual stress state. As a result, the distance between
cracks is unaffected by residual stress states.

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

technique discussed in section 2.3.
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EL : ‘ 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 maximum amount of diffused

moisture was absorbed (Wet). Replicas of specimens designated with

asterisks in Table 1 were taken before and after environmental

conditioning. Mo damage was observed on replicas as a result of

Pt ) s o e

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 II 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 observed on replicas. The laminate edge damage

when transferred nnto the acetate strip is assumed to be neglicibly
f{ influenced by the acetone due to the short time of exposure. Seven
succesive replicas were taken while the Taminate load was held

constant at a value greater than N;PF and no additional damage was

observed to have occurred due to possible weakening of material at the

free edge surface during the exposiure to acetone. The image of edge

L REEETRNG AR T TS R yr
K KA

damage as transferred onto the acetate is not as clearly seen when

compared to 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 (AE) to record damage in the form of FPF
but AE is limited in this respect. The experimenter must ascertain
whether the resolution o7 damage as transferred onto an acetate strip
has sufficient clarity to demonstrate the damage of interest. In this
effort only damage in the form of cracks, one ply thickness in length
is of interest. Any cracks smaller than this are not considered to
have eventful influences on the damage as defined by the CDS. As
discussed in the introduction, cracks most likely originate 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 section 3.4.

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 moduii for
both types of specimens, in the wet and dry conditions are Tisted in
Figure 5. Wet and dry strengths for both types of specimens are
listed in Figure 14, and compared graphically with other Tamina and
laminate strengths in Figure 16. The wet and dry weakest 1ink

strengths for the [908] specimens are listed in Table 10. The

B R S € I s e Gl Twireedoa ks L 8 ame L sk A L, ey e

’




o SR AR T AT BRI SN YA A T T T g e

gg‘vmvﬂ: s, f;‘;l'v‘*’f""““v FO L TN . 25’“
4
E
by §
Data Description Mat'l Condition Average Strength % Stand. Dev. {(Msi) { 4
Ref. (14) Or oy P
{0,245,90]_ Type I 4 N
Static Tomsite Strength Dry 72.8 + 3.8 e | P
ati ile Stre :
cens "l Wet 76.2 + 4.2 e I .
et 83.9 £ 4.4 —— i
[(),9&),&4‘5}s Type 11 TN :
Static Tensile Strength Ory > . aaess
Ref. (14) Ory o »
Type 1 Dry 72.3 % 3.3 |
Residual Strength 100K Cycles et 69.2 + 4.0 e o e !
— 70— 80— 90— ;
Type 11 Wet 80.4 £ 5.0 . e e | ;
Residual Strength 100K Cycles Dry 80.4 + 4.9 s o v
[0g] Dr 213 + 26.0 = = g :
¥ . g :
. . — — 200 b— 220 +— 240 b—
Static Tensile .Str‘engths Wet 206 £ 21.0 = or i ) -
1 6.47 % 0.79 —e—i :
2 7.34 £ 0.64 it i ‘
3 7.65 £ 0.60 ——
> 4 7.97 < 0.68 — %
y 5 7.68 £ 0.36 ’ a2
6 7.39 % 0.10 8
30 7 8.17 - ° ‘
[30g) 8 7.13 - ® !
Weakest Link Break No. — 4= bk~ g~ T B~ G~ '
1 4.74 + 1,02 [ S V— :
Static Tensile Strengths 2 2.98 = 0.48 —e—t ‘
3 4.70 % 0,71 b—8—i
W 4 5.14 # 0.79 b
E 5 4,66 = 0.58 A
T 6 513 £0.75 —e—rt
7 5.03 +0.87 ——i i
a8 5.46 =+ 0.06 @ B
9 5.32 - ® { i
FIGURE 14. SUMMARY OF STRENGTH DATA ;
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Mat'l Condition

Average Modulus + Stand. Dev. (msi)

Dry 21.2 + 0.74 o1 T
Modulus [04] Wet 18.8 + 0.30 S & o | ' '
Dry 1.60 £ 0.26 | 3'_].‘%_1 — ';_] — 8'_13‘9"
. . I, 6. . .
Modulus [90g] Wet 1.45 + 0.07 ]
Modulus Type I Dry 7.39 = 0.16 ]
Quasi-static load 2 44 2 0.14 =
Rate=20 1b/sec Wet . = U. 6.0 2 01 5.0 1
Modulus Type II Wet 7.68 ¥ 0.39
Quasi-static load t:::DE::j
Rate=20 1b/sec Dry 7.68 + 0.22 )
Initial 7.55 + 0.21 e m
Modulus Type I G.L.=4 in. Dry 6 70 + 0.28 o m—
Cyclic Load Took i
R=0.1 Took 6.25 + 0.26 o s
Oax 20 ks Wet Initial | 6.90 + 0.43
nitla o 6.0 ——— 7.0 f}—— 8.0 p——

0 Initial 7.61 + 0.25 I
Modulus Type II G.L.=4 in. ry
CyC]iC Load ]OOk 7-]3 + 0.25 m
R=0.1 7.10 = 0.3]
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[908] Static Strength (ksi) ;
5 6 7 8 9 10 NOTE: [90g] and [0g]
, static strength axes :
1st [90,] oriented with respect b
8 _ to laminate stress axis ]
Failure 6.47 | ksi st using Taminate plate
i k—Tw-i1 nd BRY theory.
' Ho2"  srRenGTHS
| YIS
| | +e- P
Corresponding % ': : [08] Static Strength (ksi) '
Laminate :
Stress 17.54 kst | 22.0 ks 180 200 220 240
Strength Equilibrium
Type I Dry f 213 ksi
FPF N b ;
= FPF Type 1 Type 11 &
Type II Dry Firgt Ply Failure : '
FPF y Laminate 90° Ply. 72'8ik53 85.54!(51’
t. [ 2 & i} &
1) 3 v L] | § | 4
0 20 40 60 30 100
Laminate Stress (ksi) 76.2 ksi? f83.9 ksi
Type I Vet é '
FPF ¢ 42.2%ksi =cy Type I Wet
! b= Type II Wet
FPF | o
Type II W —e—
T el
-t .
WET 20§l¥s1
——i
STRENGTHS " ant S S
1 [908] pmee@eef  } 180 200 220 240
Failure 4.79}ksi [08] Static Strength (ksi)
e p———
34 5 6

[908] Static Strength (ksi)

FIGURE 16. CORRELATION OF WET AND DRY [08] and [908] STATIC
STRENGTHS WITH TYPE I AND TYPE II LAMINATE STR.SS
STATE 4ND FIRST 90° PLY FAILURES.
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TABLE 10. SUMMARY OF [90]8 WET AND DRY WEAKEST LINK STRENGTHS

Break Dry/Wet 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 4/6
2 7.34/4.98 -32 0.564/0.48 4/6
3 ’?.65/4.70 -39 0.60/0.71 476
4 7.92/5.14 -35 0.68/0.79 4/6
5 7.68/4.66 -39 0.36/0.58 4/6
6 7.38/5.13 -31 0.10/0.75 3/6
7 8.17/5.03 -38 - /0.87 1/6
8 7.13/5.46 -23 - /0.06 1/2 |
9 - /5.32 - -/ - -/
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dry and wet Poisson's ratios, Vigs Were determined as 0.313 and 0.315
respectively.

Naeither the wet nor dry elastic properties determined from these
tests were used in Chapter 3 for predicting the Taminate 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 discussed 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 theAdry state, as
shown in Figure 15, is also representative of experimental changes
for E2 as discussed in section 3.1.

Although the experimental elastic properties determined 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 Tink strength tests for the dry [908] specimens appear
to reach an equilibrium vaiue, 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 graphically referenced
with respect to the iaminate stress by using laminate theory as
shown in Figure 16. It is tempting to relate the experimentally

observed FPF plotted in Figure 16 with tie first failure measured for
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the [908] test. Although the graphical correlation of strengths for
[08}, [908], type 1 and type II tests, as shown in Fiéure 16, is
instructive, the correlation of individual failure events should

not be assumed since the [908] and [08] tests are not in the con-
strained state as are the 90° and 0° plies of a type I or type Il
laminate. None the less, using the maximum stress theory, as
described in section 3.2, justifies comparing the [908] strengths and
experimental FPF as shown in Figure 16. There are obvious differences
in the wet FPF's and fivct wet [908] strength which obviously cannot
be justified on the bss*c € maximum stress theory. This would imply
that the edge stresses, which are larger than the- interior stresses,

may be responsible for the lower FPF's shown in Figure 16. These

T SIS e

differences will be discussed in detail in section 4.5.

4,3 Results of Static Tests

4.3.17 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 which develops aleng the edge
of a type II Taminate. For wet type I and type II laminates it was
shown in section 3.2 that the predicted residual stresses increase the ;
Taminate load required to produce FPF. 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 edge

damage should result from these differences in wet and dry stresses.

$o i ; e e b
AT AR SR e w el n SO LT,

vl




TR i, Bt T T
e Tl LI L R ML L B el S WL AR LS S nom, TR U ISR RS R DOV RO T dr vk ki
T TR 750 A, TR R S A T < M ] A E . . o 3 Ty 2 ¥ s 3 s
R AT RS RS 7 !
i v e SEET 8 e s LTS R A 3 g T TR TR VAR he k¥ s o o
R e >

Sl Sl S

68 ]

Mo\ . ' R

; . The objectives of these static tension tests are to initially

isolate unique free edge damage states in wet and dry type I and type
IT Taminates and show how these unique damage states develop into the
CDS when the laminate load is increased. Specimens listed in Table 1

were tested as described in section 2.3. The results of these four

;.
i
s
]
3
3
.
;
1
3

tension tests are listed 1in Tables 9 and 11.

As shown in Tabie 11 there is a substantial difference between
the predicted and observed damage in the 90° plies. The predicted
values of Oy Ty and N;PF which were calculated in sections 3.2 and

3.3 assumed a damage free laminate with all plies having the same

T TR ARRRIA D N LT At S AR

thickness. Only trends in damage events are predicted in Table 11
; without reference to predicted values of Oy Oy and N;PF since the
90° plies in the type I Taminate were 6n1y one ply thickness and a
large amount of initial damuge in the type II laminates existed in

the form of longitudinal and transverse cracks. For instance, the

AT A T

trend in the damage predicted for type I wet specimen, S12, assumed
delaminations would occur as the first damage event followed by
transverse cracking since 7, is much larger than 9y at the edge

(Y/B = 1.0). As a result of these irregularities a detailed

O B ek s agtari

comparison between predicted and observed damage is not discussed

Za g aame e g7,

in this section. The necessary comparisons between prédicted and
% observed damage is discussed in the following section where the

: test specimens were fabricated with the correct ply thickness and
i no initial damage.

Although the differences in the predicted damage and experimental
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TABLE 11. DAMAGE DEVELOPMENT INTO CHARACTERISTIC DAMAGE STATE FOR %,
PRELIMINARY QUASI-ISOTROPIC TENSION TESTS L
Predicted 90° Ply §—
‘ Laminate Item No. Edge Stress State Unique 90° Damage State CDS (LL) { i
S Configuration/ (Specimen Prior to i
1 Env. Condition No. o o, Predicted | Observed (LL) Fracture P
[O/i45/90/¥45/G]T/dry S11 +? +? T,FB-D ID,T(6),FB,D(20) }(27).T,FB-D %
[O/¢45/90/¥45/0]T/wet S12 +7? +? D,FB-T I1D,T(10),ND (20},T,FB-D {
i [0/90/i45]s/dry S21 +? -7 T,ND ID,T(14),ND (32),T,FB-D o f
< |
[0/90/i4513/wet S22 +? -? T,ND G-1D,T(30),ND (34),T,FB-D ;
. Symbol Definitions: Symbol Prefixes:
? Iy Stress in load direction G Growth ;
{ o, Stress through the thickness N Ho :
: += Tension P Possible ;
{ -  Compression FB Followed by :
s ?  Unknown value : 45 45° ply !
‘ Esp Equilibrium Crack Spacing 90 90° ply !
5 I Initial Damage ;
) T  Transverse cracks
N D Delaminations
; i Interface .
FPF First ply failure r
{LL)(Laminate load, 1bs x 100) at which damage occurs P
‘ CDS Characteristic damage state 5
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observations are most 1ikely due to the irregularities in fabrication,
the damage initially isolated in each test is unique. The growth of
these initially urique damage states resulted in the same CDS in the
laminate whether wet or dry. The final CDS prior to failure is
summarized in Table 11, where the load level, (LL), and description
of damage near the fractured region are listed in an abbreviated
format. Except for specimen S22, all damage leading to 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 to the load. The damage,
whether induced by the 1oad or existing prior to the Toad, does not
change the crack pattern of the CDS prior to fracture.

Contrary to the irregularities (ply thickness, initial damage)
discussed, the preliminary tests provided evidence in the early part
of the experimental program that unique damage states followed by
growth into the CDS with increasing load could be observed 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 that
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 difference
in the crack patterns prior to failure. From the results of these

preliminary tests the following test and improvements were established:
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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 to fabrication) into a final damage state different than the CDS.
If the order of occurrence of individual damage events (FPF,
equilibrium crack spacing, edge delamination) due to quasi-static

or cyclic lToads 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 preliminary tests demonstrated that unique damage states and
subsequent growth could be recorded using the replica 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 loaded to fracture. The difference between
type I and type II laminate strengths is graphically demonstrated
in Figure 14 for both wet and dry conditions which are compared with
the experimental dry strengths from reference [14]. When these wet
and dry strengths are graphically referenced with respect to the
Taminate stress state, as shown in Figure 16, the absorbtion of
moisture is observed to have reduced the differences between the
type I and type II dry strengths. It is interesting to note that

a similar reduction in scatter is observed for the wet [08] tests also
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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 II laminates are listed in Figure 15.

As discussed in the introduction the experimental differences
between type I and type II 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, understanding
how the different CDS crack patterns influence 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 wei conditioning affect the
CDS as defined in section 3.4.

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

The predicted value for oy and o, stresses in the 90° ply as
Tisted in Table 12 are taken from Table 7. The predicted NiPF, from
section 3.2, are also listed in Table 12 as the laminate load, (LL),
shown next to the T designation for 90° ply transverse crack.
Although no predictions for the laminate Toad are made for edge
delaminations, the predicted . and o, stress would indicate that

no delaminations would occur at a lower laminate load for the wet
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TABLE 12. DAMAGE DEVELOPMENT INTO CHARACTERISTIC DAMAGE STATE é

FOR QUASI-ISOTROPIC STATIC TENSION TESTS §

Predicted 90° Ply* CDS (LL)/

Laminate Item No. (Edge Stress/ Unique 90° Ply Damage State Fig. ;
Config./ |(Specimen Interior Stresses) No. 2
Env. Cond. No.) :
g (ksi) o, (ksi) Predict (LL) Observed (LL) !

;

. §

Type I/dry | M40 (34) (9.22/6.27) | (5.25/0) T(8),FB-D(?) | T(5-6),Esp(12),D(18-20) (22)/17 %
Type I/wet | M40 (37) (9.27/4.55) | (7.94/0) T(19),FB-D(2)IT(11-12),Esp(17),D(31-12) | (24)/18 %
a3 :

Type 11/dvy| M&1 (34) | (8.04/6.27) | (2.87/0) | T(8),ND T(7-8),Esp(14) ,ND (34)/19 :
Type II/wetl Ma1 (37) (6.1274.55) } (1.71/0) T(19),ND T{15-16),Esp(30),ND (34)/19 %

*Stresses in 90° ply predicted by FEM with laminate load (800,1900) 1b/in choosen such that
90° ply interior stresses are equivalent to wet or dry [9083 specimen fracture stress.

NOTE: Al11 other symbols defined in Table 11.
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conditioned type I laminate.

‘§ | Although no elevated temperature tests were included in wie

| experimental program, the trend at higher test temperatures for type I
wet laminates is to cause the predicted value of gy to decrease more
than the value predicted for o, as temperature is increased with the

laminate load held constant. This trend would obviously increase the

laminate Toad required tu cause FPF but would lower the laminate load

required to cause delaminations. The effect of increasing test
~3
temperatures is similar to the effect of swelling due to moisture

LT TR R e S

absorbtion. Higher test temperatures stress relieve the curing
stresses. This results in a larger predicted residual value for tne
compressive wet 90° ply stress, og. It may be possible tc verify

this trend experimentally by testing type I wet laminates at elevated

] temperatures and show edge delaminations occufring before transverse

’ cracking. Although no elevated temperature tests were nerformed the
swelling of the type I Taminate due to moisture experimentally

verifies this trend. The observed first occurrence of a wet transverse

crack (FPF) occurs between 1100 1b/in and 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) 1ib/in for

3 the dry case to (1100-1200) ib/in for the wet case. Interestingly

enough both wet transverse cracks and wet delaminations appear to

occur within the same replica load interval of (1100-1200) 1b/in, as

shown in Figure 17.
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(a) Transverse Cracks Occurring with (b) Transverse Crack and Delaminations
No Delaminations for a Type 1 Dry Occurring Simultaneously for a
Laminate with NX=1100 1b/in

Type I Wet Laminate with Nx=1100 1b/in
FIGURE 17

TRANSVERSE CRACKS AND NELAMINATIONS FOR WET AND DRY TYPE I LAMINATES
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A similar trend for the type II wet and dry laminates is not

experimentally demonstrated as expected since the predicted value of
2.87 ksi for a, in a dry type II 90° ply is larger than the wet

value, 1.71 ksi. Both wet and dry values for o_ are much lower than

z
Iy at FPF and therefore delaminations are not likely to occur for the

R RLE AR £ Tk R n A Ry

: type II wet or dry Taminates, 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
I and type II laminates is not affected by the compressive wet
residual stress, og. As discussed in section 3.5 the residual
stresses in the wet laminates only result in increasing the laminate
i 1oad 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
4 compared with the predicted values Tisted in Table 9. Due to the
simultaneous 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 9G° ply crack shown in
Figure 17 appears to be less vertically inclined than the dry transverse
cracks and tend to interart with the delaminations resulting in an
equilibrium crack spacing which is twice as large as the dry
equilibrium crack spacing as shown in Table 9. Both wet and dry
equilibrium crack spacing are listed in Table 9 anc are compared with

<radicted crack spacing from section 3.5. In summary the cheange in

the order of damage events due to moisture can obvicu:ly affect the
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FIGURE 18

FULLY DEVELOPED CHARACTERISTIC DAMAGE STATE FOR
DRY LAMINATE WITH Nx=3400 LB/IN

TYPE 11
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FIGURE 19.

FULLY DEVELCPED CHARACTERISTIC DAMAGE STATE FOR TYPE
[T WET LAMINATE WITH Nx=3400 LB/IN
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~equilibrium crack pattern in the 90° ply for the type I laminate.

Although the simultaneous occurrence of delaminations and transverse
cracks is the cause of the large crack spacing, the 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,
respectively. Small hair like strands extend rfrom the acetate surface
when the replica is removed before the acetone has evaporated. When
the acetate strip is sandwiched between glass plates for viewing,
these hair like stiands are seen, as shown in Figure 21, as cracks
extending froh the delamination cracks. Even though the 9C° 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 of the wef and
dry damaged stress state on the laminate strength 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 19. In summary, the
effect of moisture cén significantly alter crack patterns in the
type I, 90° plies but the effect on the final CDS and subsequent
Taminate strength is neg]igib1e.

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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FIGURE 21. FULLY DEVELOPED CHARACTERISTIC DAMAGE STATE FOR TYPE [
WET LAMINATE Nx=°.400 LB/IN
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crack spacing predicted by the shear lag model [16] assumes that the
45° ply crack patterns develop 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 influenced
by transverse cracks in the adjacent 90° plies, as shown in Figures

18 through 21.

4.4 Results of Fatigue Tests

4.4.1 Cecaxing Out Different CDS

Four specimens listed in Table 4 were cyclically Toaded using the
interactive coaxing technigue 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 preliminary quasi-isotropic
tension tests of section 4.3.1.

As prévious]y discussed in section 2.5, there is no clearly
defined experimental procedure for the coaxing fatigue tests. The
material presented in Chapter I1II which has been compared with
expérimenta] observation in sections 4.3.1 and 4.3.2 provides a better
basis at this time on which 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

A 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
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microfiche card reader was used to allow for interpretation of the
damage during the tést preload. The cyclic load which would peak at
or below the preload level would give the existing 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 Taminates 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 nofmal sequence 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 when the coaxing
fatigue tests were being conducted. As a result, the higher 2000 1b/in
laminate preload was applied and subsequently cycled. A more
reasonable preioad of 1100 1b/in with a maximum cyciic load of 1000
1bs would have been a wiser choice. This lower cyclic Toad may have
allowed the initial delaminations to grow independently of the
initial transverse cracks. As a reéu]t, the lower cyclic joad may
héve produced an even larger equilibrium craék Spacing than recorded
in Table 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 after 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 CBS never

T e g N R aE e T o T T A T L T e O e A L B

A




H
£
b
H

T AU o T 1 e PRI TR P h e o oA

R R TR I LU ST S

e e

from ID undetected
on edge

after 2.5M

NOTE:

A1l symbols defined in Table 11.

A ST T I
TABLE 73. DAMAGE DEVELOPMENT INTO CHARACTERISTIC DAMAGE STATE
FOR THE COAXING FATIGUE TESTS
Maximum
Laminate Item No. | Preload (LL)/ | Cyclic | Quidlines for coaxing | Cyclic Damage {Residual
Config./ | (Specimen | Isolated Damage| Load | Growth of new damage Growth Strength
- Env. Cond. No.) 1bsx100 from cyclic load... Observed (ksi)
Type I/dry M40 (4) (16)/T,Esp 16 Without casuing 90° | Full Delamin. 71.4
ply deiaminations after 50K
Type I/wet M40 (8) {20)/T N-Esp 20 Crack spacing below | Crack spacing 80.6
Esp never reached
Esp; CDS at 5K ®
Type I1/dry M4i (%) (18)/Esp, ND, 16 No guidelines 45° cracks grow| 75.9
N45T Indep. of crack
in 90° ply
Type I1/wet M41 (8) (12)/No 10 Such that new No new damage 84.0
damage damage grows only growth 1is obs.
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materialized, even after 2.5 million cycles. The only coaxing

fatigue test that demonstrated a damage event differsnt 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 1in Figure 22, appeare& to grow independently of the 90" cracks
in the adjacent ply.

Regardless 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 significantly different from the residual strengths
listed in Figure 16.

4.4.2 Development of CDS Due to a Cyclic Load
The coaxina 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 demonstrated.

A1l steady state fatigue tests listed in Table 4 were tested as

described in section 2.5. Al1l replica specimens were preloaded to

2000 1b 1in 200 1b load increments followed by a 10 Hz cyclic load

at R = 0.7. A1l remaining steady state fatigue tests which were not

replicated were preloaded to 50 ksi foilowed by a 10 Hz cyclic load

at R = 0.1. Replicas and moduli were recorded during the steady
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TABLE 14, DAMAGE DEVELOPMENT INTO CHARACTERISTIC DAMAGE STATE FOR
THE STEADY STATE CYCLIC FATIGUE TESTS
Laminate Item No. Preload 2000 1bs Max. Cyclic Load 2000 1bs Residual
Config./ (Specimen Damage State Cyclic Damage Growth Strength/Cycles
Env. Cond. No. Observed (LL) Observed (cycles) (ksi)
M40 (5) T(4-6), FB-D(18) Full D(50K) 61.4/1M
Type I/dry M40 (6) T(4-8), FB-D(16-20) Full D(2K) 69.0/1M
M40 (7) T(4-6), FB-D(16) Full D(2K) 76.8/1M
M40 (9) T(8-12), FB-D(8-12) Full D(2K) 57.6/1M
Type I/wet Mao (10) | T(8-12), FB-D(8-12) Full D(2K) 75.7/100K
M40 (11) | T(8-12), FB-D(8-12) Full D(2k) 78.9/1M
MAT (2) T(6-8), ND 45T(2K) ,-45T(10K) ,-45D45(50K) 76.5/100K
Type II/dry M4T1 (3) ID,-45T, Two cracks 45T(5K),-45T(10K) ,-45D45(100K) 76.2/100K
Ma1 (4) ID,-45T, Four cracks 70.6/1M
M41 (5) T(14-16), ND 45T(50K) 80.5/100K
Type II/wet M41 (6) T(12-16), ND 45T (2K) ,~45D45(50K) ,~45T(100K) 71.3/1M
Ma1 (7) T(12), ND 45T(2K),-45T(50K) ,-45D45(100K) 74.6/100K

Symbols: 45T
-45T7

NOTE:

Transverse cracks in 45° ply
Transverse cracks in -45° ply
-45D45 Delaminations between 45° and -45° plies

A11 other symhols defined in Table 11.
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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. Resuits of | A
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 lcad is
osresented in Table 14. During the preload of type I dry and wet )
tests, transverse cracking and delaminations occurred at laminate
Toad levels (LL) similar to LL reported for the static temnsion tests
in Table 12. Only 2000 cycles (2K) were required to grow the T 'j
initially formed deiaminations into a single delamination, "full", : |
running the length of the laminate. Although the higher predicted 5‘
value for the wet a, as discussed in section 4.3.2 is responsibie 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
I laminates, delaminations grow into the fully developed state after
the same number of cycles. This would imply that the damaged stress
state differs considerably from the undzamage state with reference
to o, near the edge.

The damage resulting from preloading wet and dry type II . §
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 most cases observed,
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occurs after the same number of cycies. In general, delaminations
betwezen the +45 and -~45° plies of the type I1 wet laminate occurs
after a Targer number of cycles khen compared to the type II dry
laminate. Damage in the wet and dry type I 45° plies was not
recorded due to large delaminations which occurred at approximately
2500 1bs. These large delaminations did not allow 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 significantly
altered by the wet or dry conditioning. As a result the residual
strengths of the nonreplicated test specimens listed in Figure 16
demonstrate negligible variations due to wet or dry conditioning.

A summary of results for the nonreplicated steady state fatigue
tests are listed in Tables 14 and 15. Not only are the differences
small between wet and dry residual strength after 100 X cycles but,
as compared in Figure 14, the difference in residual and static
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
the smallest change in moduli occurring after 100 K cycles for the

type II dry laminate.

4.5 Comparison of Stress Analysis with “sperimental Cbservations
As shown in Table 12 and Figure 16 there are obvious differences

between dry and wet experimental laminate loads (Nx) required to
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produce the first transverse cracks in the 90° plies 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 11 laminate loads (Nx) required to
produce First Ply Failure (FPF) in the 90° plies. The difference
between N§PF for type I wet and type II wet is greater than the
difference between NiPF for type I dry and type II dry. Investigations
by Kim and Hahn [11] have shown differences between the dry and wet
type 1 laminate FPF load but these were attributed only to the

interior residual stress state as predicted by two-dimensional

laminate plate theory.
It is particularly interesting that the differences betuwsen type I

and type II dry laminate FPF loads is lavger for the same laminates in
the wet condition. This trend is not surprising when we iecall the
through the thickness oy and 9, stress distributions near the laminate
free edge (Y/B=0.998) as shown in Figure 12. In Figure 12 there is an
obvious difference between the interior and edge a9y and o, stresses in
the 90° plies Tor the four laminates. The differences between the
interior and edge 9y and g, stresses for the type I wet laminate is
much greater than the difference between the same interior and ecge
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 laminate loads.

These predicted trends in the stress concentrations of 9y 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 praviously noted in the experimental
data. It is tempting to use these predicted edge stress states together

with soma failure criterion in order to explain the experimental
//

differences in NiPF as previously discussed. Values of the free

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 for properties

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

be modeled as behaving as a homogeneous material one or 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 laminate free edge since the values predicted for

9y and o, in the 90° ply are larger near the free edge then in the

Taminate interior. Although more accurate predictions of o_ and a,

X
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 oy and o, streéses are still incomplete
from & continuum viewpoint near the edge. A model is needea which
can predict failure without reference to an exact prediction of an

experimental stress near a stress concentration. Whitney and Nuismer
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[41] point out that determining the strength of a material from the
maximum stress at a point is questionable, especially when the maximum
stress is highly localized. Whitney and Nuismer fuither show that the
localized nature of a stress concentration near a hole of radius, R,
in any quasi-isotropic laminate can be empiricaliy modeled by
evaiuating a characteristic distance, d,, from the elasticity
soluticn (34), where the stress ratio ay/§ in equation (34) is
redefined in terms of exparimental notched, N and unnotched,

9gs laminate strengths.

o (£)/s = 2/(2+543c") = o/ 9 (34)

where

£ = R(R+d,)

R = Hole radius

oy = Stress near the stress Concentration

o = Far-field stress

ay = Motched Strength

9 = Unnotched Strength:

d, = Characteristic distance from stress concentration

Ir 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, oy, 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 philosaphy can be extended to
stress concentrations in individual plies near the iaminate free edge.
The ebjective of the proposed model 1is to predict failure in the 90°
ply without referance to predicting an experimental stress near the
stress concentration. In the 90° ply, the stress concentration near
the laminate edge is not as easily modeled as the stress concentration
near a hole in an isotreopic plate. Consequently there is no closed
form solution predicting 9y and 9, in the 90° ply as a function of the
distance from the stress concentration since 9y and a, are predicted
from a finite element modei. We do not require that the predicted
stress state near the laminute edge at some distance, ay» must be
numerically equzl to the actual stress state at that point. We only

require that the variations of 9y and o, at some point near the edce

z
due to variations in stacking sequence together with wet or dry
conditioning be realistically predicted by the finite element model.
The point at which variations in Oy 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 um 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 states for each case evaluated in this investigation

are substituted into the tensor polynomial failure criterion poiynomial
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of Appendix A together with Fi and Fij Tisted in Table 15, then
the surviving terms of equation (A.2) are written in uquation (35).
The terms which remain and contribute significantly to the failure

function (FF) are in agreement with the work of Herakovich, Nagarkar

and 0'Brien [42].
20,/1 - 20T - {o

ST - (0T = 1t (35)

where the transverse strengths of the 90° ply in the lamina 2-3 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 seauence. The Sy and g, stresses are predicted by

the FEM at Y/B8=0.998 using the experimentally measured N;PF and the
failure function, ff, is assumed 1.0 since cracks in the 90° ply are

experimentally observed on replicas when the experimental laminate lvad

N;PF is applied to the laminate.

The proposed model does not imply that the 9, and 7y stresses
predicted at Y/B=0.998 by the FEM, when an experimental NipF is
2uplied, are the same stresses which exist in the material at Y/B=0.998
when FPF occurs. Since the model requires that the FEM accurately

calculate variations in 9y and a, due to differences in stacking

sequence together with wet or dry conditioning then the transverse

strength, T, calcuiated from Ty and 9, is an effective parameter, Teff’

and the proposed model is used to show variations in NiPF due to

variations in stacking sequence together with wet or dry conditioning.
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TABLE 15. EFFECTIVE TRANSVERSE EDGE STRENGTHS, LAMINA STRENGTHS
: AND DEFINITIONS OF Fi AND Fij
é f Laminate Item Number Laminate Load, ﬂiPF Effective Transverse
¢ Configuration/ (Specimen Number) Replica Interval Strength (ksi)
i . Env. Conditioning 1bs x 100
Type 1/dry M40 (34) 5-6 3.35 - 4.00
i Type Il/dry M41 (34) 7-8 3.85 - 4.10
Type 1/wet M1 (37) 1 - 12 2.37 - 2.71
: Type 11/wet M4l (37) 15 - 16 2.26 - 2.50
w————;—m—m £ T — o
é Definition of F. and F;; Tensor Polynomial Terms used by Equations in Appendix A
; Fi F F11 Fo2°F33 Faa=Fs5"Tes | F12°F13°F23
j L -2 172 1/52 -0.58x1070 psi
i P - =
Wet/Dry Lamina Strengths (ksi) Used to Calculate Values for 'F,i and Fij
Lamina Longitudinal Strength, L jiamina Transverse Strength, T Lamina Shear Strength, S
218/206 5/47/4.74 9.8/7.8
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I¥ the values of o, and o, stresses predicted by FEM are the actual
stresses in the material and Y/B=0.998 is the point where failure
cccurs, then Teff is indeed a mechanical property ef 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 d0 was empirically evaluated as a

AT T IET T e T

constant. With the character of the parameter Teff established the
transverse strength, T, in equation {35) becomes an effective parameter

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

Teff =0, + o, + V{;§+cz)2 - oi - ai (36)

wnere 7y and o, are stresses calculated at a distaiice 7.7 fiber diameters
from the laminate edge using the FEM described in Section 3.3.
As noted, the proposed modei requires that only those terms listed

in equation (35) are numerically signiTicent when calculating a value

i RIE

for ff. Terms listed in (A.2) containing oy which are negligible near

the edge, beceme significant as the edge stresses recover to the stress

? state in the interior of the Taminate. Therefore the model as defined

?
A
i
H
¥
f

b other than those listed in equation (35) significantiy contribute to ff,

i
7
fe
3
J
’.
L3
N
i
Fe
#
g
4
I

:

in equation (3%), is vaiid over & small distance from the edge. This
distance, ays cannot be smaller than is realistic from a continuum

point of view and cannot be larger than a certain value for which terms

1,28, <1, (37)

whare 11 is the minimum distance over 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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Obviously the lower limit i. arbitrarily based on individual
interpretation of the finite element grid together with the heterogzneous
nature of the fiber/matrix material system. The upper limit depends on
values assigned to the tensor polynomial coefficients Fi and Fij
(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 general the upper limit for the distgnce, 2
from the edge must be less than one laminate thickness since the edge
stress state has recovered to the interior solution at this distance
and other stress components contribute to FF. At Y/B=0.998 or 7.7
graphite fiber diameters from the edge, the stresses calculated from
the FEM described in section 3.3 are combined with coefficients F. and

i
Fﬁj as listed in Table 15. For all wet and dry laminate stress states
evaluated at Y/B=0.998 all terms other than those Tisted in equation (35)
contributgd less than +0.1% to the final value of ff. Although a,
could be more rigorously defined, the value a0=1-Y/B=0.002 satisfies
the present definition expressed in the inequality (37).
The effective %iransverse strengths listed in Table 15 are calcu-

Tated as a function of the experimental N;PF laminate loads listed in

Table 12. The general linear relationships for the N;PF laminate loads
and the transvefse strengths for wet and dry type I and type II
Taminates are plotted in Figure 23 along with the axperimental NiPF

in order to demonstrate the trend discussed at the beginning of this

section. Although the values calcuiated 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 sequznce, where Teff for the wet case has a lower

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

difference between experimental N;pF for type 1 wet and type 1l wet

Taminates is larger than the difference between experimental NiPF for
type I dry and type II 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 volues predicted for o, and o, at
Y/B=0.998.

Figure 24 shows a final comparison of the effect that edge stresses
have on the laminate load (NiPF) required to initiate cracking in the

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

x z -
stresses predicted at NiPF are nearly equal. A picture of a replica
taken at N;PF for the type 1 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° plies.

In summary, the variations in Ty and c, stresses near the laminate
edge are influenced by stacking sequence and environmental conditioning.
Variations of oy and g, stresses in the 90° plies near the edge of wet
or dry type I and type II laminates cause the differences in experimental
laminate loads required to initiate cracking in the ¥0° plies. Although
the exact magnitude of 9y and a, which initiate transverse cracking and

delaminations at the laminate edge are not known, the model developed

in this section can relatz the experimental laminate FPF loads by
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calculating an effective transverse edge strength which is assumed

constant within a small region near the laminate edge. Trends and
differences of the experimental laminate FPF loads are verified by

g A the model for the wet and dry conditions of type I and type II quasi-

]
rT isotropic Taminates. : :
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V. SUMMARY

The objective of this investigation was to demonstrate the effect
of moisture, residual thermal curing stresses and mechanical load on

the damage development in quasi-isotroyic laminates. In particular

. this investigation was concerned with demonstrating how the maximum

moisture absorbed (wet) in type I and type.II laminates, 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—p]aﬁe elastic properties since these properties are required to pre-

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

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

used to predict stress states prior to the first formation of damage.
Crack patterns characteristic of the laminate in a wet or dry condition
were also predicted using a previously developed shear lag model.
Development of edge damage was recorded by using an established
replicating technique which transfers an image of edge damage on to a
thin acetate sheet. Replicas taken during the test can be immediately
viewed on a standard microfiche card reader which allows the
experinientalist 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 160 In general moisture
tends to reduce the modulus, strength, and scatter of strength for

all specimens tested. The difference between the type'I and type II
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wet strengths fs also observed to be less than the difference between
type I and type II 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] strengths 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 absorbtion of moisture also causes swelling transverse to
the fiber direction such that in a type I or type II'Iaminate 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 iheory,
when 1.2 percent moisture 35 absorbed. The jaminate load which results
in the first 90° ply failure (FPF) can be ca?cd]ated by 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 result of the wet residual compressive stress
in the 90° ply, the predicted laminate Toad required to cause FPF is
increased from a dry vaiue 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 laminate load is increased the failure process
continues due to the formation of transverse cracks unth an equilibrium
spacing between cracks is achieved. When equilibrium spacing is ob-
téined the 9G° ply no Tonger carries the o, stress due to the applied

laminate load.

PR

]




3
"
<

ST IS N IR R e

=

B\ itk
SN

PN

Vi e A WA SO

DR - B ok e - o R e L L A i e P IR A N S Rk
" Piaih N . e A v 3 - B X

104

Moisture was é]so shown to significantly alter the dry type I
laminate edge Oy and oz'streSSes bredicted by the FEM such that
delamination would occur at a lower laminate load due to an increase
of o, when moisture is absorbed. Similarly FPF would occur at a higher

laminate load due to a predicted decrezse in ay when moisture is

" absorbed. Using the replica techniqU@ tha first occurrance bf wet FPF

‘was observed within the load interval (1100-1200) 1b/in which is

IArger than the FPF laminate load of (500-600) 1b/in which Qaé observed
for the dry case. Also the laminate load required 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
absérbtien, transverse cracks and delaminations were observed 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 I and type II laminates, FPF laminate loads
were observed to occur at lower values than the FPF laminate Toads
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 a, and Oy 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 the type I

and type II wet FPF Taminate loads was larger than the difference

between the type I and type II dry FPF ]aminaté lToads. A model was
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developed which predicted these differences. The model demonstrated
that differences in the observed FPF laminate lcads were accounted for
by the predictabie <hanges in the FEM calculated values of oy and g,
edge stresses which were the result of changes in stacking sequence
together with wet or dry environmental corditioning.

The absorbtion of moisture was observed and predicted to have
less than a 10 percent increase in the crack spacing between the 90°
ply transverse cracks in the type II laminates. For the type I
laminate the addition of moisture nearly doubles the distance between
90° ply transverse cracks as a result of delaminations occuvring
simultaneously and interacting with the transverse cracks.

Although moisture was shown to significantly alter the first
Tormation of damage iﬁ.the 90° plies, the fully developed crack patterns
prior to fracture, which develop from static or cyclic loads, were not
significantly alitered by moisture. Consequently, the difference
between the redistributed stresses in damaged wet and dry laminates
prior to fracture will be small; and as a result, these differences

will have a negligable effect on the Taminate strength. This obser-

‘vation was experimentaily verified as small differences between wet

and dry laminate residual or static strengths.
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VI. CONCLUSIONS

In general moisture tends to reduce moduli, strengths, and scatter
of strength. for [08], {908], [0/:45/90]s and [0/9?’i45]s specimens |
fabricated from 7300/5208 graphite-epoxy. Moisture also reduces the
difference between type I, [0/:45/90}5, and type II, [0/90/145]5,
laminate strengths. The dry equilibrium strength, which is experi-
mentaI]y_observed 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
development of edge damage can be conveniently interpreted during the
test.

Moisture was observed to significantiy alter the dry type I Taminate
edge residual stress state predicted by a FEM such that delaminations
would occur at a Tower laminate load and FPF would occur at a highar
laminate load. These predicted trerds due to moisture absorbtion were
experimentally 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 for 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 50°

:‘::T‘)v«qmw'v TSARSFARR

plies of the type II laminate.

LB OREER

By using the model developed in this investigation it is possible.

to predict changes in FPF Taminate loads due to differences in stacking

Rt SN SR i

sequence together with wet or dry environmental conditioning. These

differences in FPF laminate loads were accounted for by the predictable

ot s lid T o
O T Y T S R T A R TR TR

change in the FEM calculated values of Iy and o, edge stresses due to

AT A

changes in stacking sequence together with wet or dry environmental

T PRI BRI T T T ST A WA

; conditioning.
Although meisture content affects the load at which damage initi- - #

. . ates in graphite epoxy laminates, the complete damage state which

LR AN

develops from static and cyclic loads prior to fracture is a charac- R

teristic of the laminate stacking sequence and is not a function of -

AN S S e

Toading history (mzaotonic or cyclic loads) and environmental condi-

tioning (wet or dry). For the laminates and conditions examined in

T TR "
R it TR

this investigation, the experimental data show that the tensile strength

e

? : of monotonically loaded specimens and the residual tensile strength of
cyclically loaded, fully damaged, specimens are dependent on stacking
sequence and are independent of the hygro-mechanical history of speci-

A mens with the same stacking sequence. The results suggest that strength

of a composite laminate is not influenced by the details of individual

R TT o R

- 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 laminate property and how the damage state affects the

P Y W
.

strength state of a laminate.
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APPENDIX A
TENSOR POLYNOMIAL FAILURE CRITERION
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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
F’c +F, o, F,0,+F 02+F 62
1°17°2°27°3°3 "1171 2272

2 2 2 : /
+F3393*F 447234 557 13+F66 12 \A.1)

+2F]20}62+2F]36103+2F236203 = 1]

where the F and F . terms are as previously defined in Table 15,
In the xyz (Tamwnate) coordinate system, the tensor polynomial failure

criterion transforms (fyom the 1-2 to x-y by anticlockwise rotation of
+g) into

! ' 2
F1UX+F Uy+F3G +F6°xy ]]Gx

2.y 2 2 2
+Fgp0)+F 33"2"1:&43:2“’ 55 xz
] 2 =1

+2F yeo_ 1, *+2F;

3692 xy <" 45Tyz xz+2Fi2“x?y

2OF! - %
r2F130x62+2Fé30ycz i

where the F' terms, as functions of the unprimed F's and 6, are as

follows (m = cos®, n = sing)

L2 .2
Fi = m°Fy#n7F,

2r

) 2
F2 n F1+m 2

g

4
:
£
| Mﬁﬁﬁ

2.

RS
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Lkl Sk b
R

F3=F3 . -

4. 22 4
Fi] = r11+m n (F66+2F]2)+n F22

Vo= a4 2.2 4

-n
y -
I

-
]

Fa3 -7

20 .2
YA 2
Fog = M Fgqtm

2(

m%,m..,,1_-..-.,,‘,,_,&“‘,‘_.,-.‘,,__
-
u

Fss

2 2 2,2
T 2,2 !
1g = “ML2(MFy-n"Fpp)-(m"-n") (2Fy,+Fee) ] |

Fog = ~mL2(n7Fy;-n2F o) +(n2-n?) (2F | ;+F )]

TATTRTE T e T
i

! Fie = -mn(F; o-F

K 36 = “M(Fy3-Fp3)
; Fig = mn(Fgy-Fgg)
. ' VoL 22,0 4, 4
= | Flz = mono(Fy #Fpp-Fgg )+ (m+n")Fy,
. " o2 2
:;‘ ] - 2 2
3 Fag = M Fy3tm Fag :

These are transformations from the right handed 1-2 coordinate system

into another right nand coordinate system obtained by an anticlockwise

rotation of 6° about the 3 axis. If a ply is oriented at +6° from the

3

i
y
e
&

;
&
.
;
b

laminate axis, the F1.j are obtained by using the above equations with

the sines and cosines of -8°.
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APPENDIX B
ELASTIC LAMINA PROPERTIES

Equations 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 denotedvby’subscrist~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
Ve and Vy-

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

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

. v
{-)* _ f
+
(B.1)
y
(+) _ b
Ke3” = Keo ¥ 73 v (b)

+ -
K36
v fr o

KK

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.
v

65:) =6 + u
23" = Gy ] V(R ¥26,)

G

(a) (B.2)

+
-G 26, (K, 4G, )
fTT b b*'b b
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2.2
£'b81

(140 V3) (ay-Ve) - 3va§ef

ot o (oY )(“2+B1 Ve) - 3V
623" = G

where
_ Byvey 1 ) f

17 TTRE, 0 BT 3

Y8, _
@ = g, and y = G

o /G
v-1 fTT b

v
61" = 6 ¢ ——T

4K§§) 6t
X +we(+7"

E, =E
2 = By =
K23

VeEs b1+ VpEplyvy
Vo =
27 VE TR

. e e oy .

E TR R I S P R e R s L

(b) (B.2)

(a)

(B.3)

(b)

(B.4)

(B.5)

(B.6)
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2 Y
5 ¥ =14 4K§3) vf2/51
% ., 5 ; |
{ Ly = VfLT(]'Vb)vf + V (T+vp vy :
] o 2
: L, = Vo(l-v, -2v.2 )
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