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Abstract

Space facilities of the next decade will require
appiications of highly advanced materials which have
properties exhibiting excellent fracture toughness and high
strength~to-weight ratios. The recently introduced

thermoplastic composite material, graphite polyetherether-

ketone (Gr/PEEK) APC-2, promises lower costs, lower par

ct

weirght, and higher operating temperatures. This new class
of organic material has fracture toughness properties
superior to those of graphite epoxy. This thesis examines
the failure characteristics of Gr/PEEK through an
axperimental investigation and through the application of a
fully nonlinear ply-by ply finite element technique.
Laminates 1nvestigated were [016J and [90163 unidirectional
lay-ups and Et45]4s angle-ply lay-ups. An experimental
investigation was also done on [G/45/90/~45]2$ and
ZG/t4S/QGJZS quasi-isotropic lay-ups to study failure
zharacteristics.

\The experimental investigation of Gr/PEEX APC-2
involved the testing of 34 tension and compression Coupons
“o derive basic material properties for use with the {inite

a.ement program. To i1nvesti:gate failure characteristics

axperimentally, 78 tensile specimens were manufactured with

X1iv

N
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d.4-inch diameter holes. A portion of thege unidirectional,

shear, and quasi-lisotropic specimens where tested at room
temperature to ultimate sitrength. The remaining specimens
were tested to percentages of average failure stress to
investigate the initiation and progression of laminate
failure. To supplement the test results, two post-fa:ilure
analyses were conducted. Videotapes were made of each test
to ultimate strength. Also stereo x-rays were taken of each
est speci.men subjected to a percentage of failure load.

For comparison to experimental results, a fully
nonlinear progressive-ply-failure finite element program
was employed. The models of stress-sirain responses and
Zrowth of failure were found to closely approximate the
results of the experimentation.

This investigation provided futher data on the
appl:cation of tensile loads to Gr/PEEK contain:ing circular
discontinuities. This study aisc proved that a nonlinear

finite eiement program can cliosely approx

o
]

ate progress.ve

.

v

ve
+3

ol aziure n a Gr/PEEK laminate. he excessive
nonlinear:ty <f this mater:al. proved *“he need for us:ng
non..near technigques when analyzing laminates of Gr/PEEXK.

ol
s

urthermore., th:s research reinforced the proposition that
the thermoplastic matrix does produce a reliable composite

~“hat should be considered for use on aircraft:, spacecrafs,

and space facliities.

Xv
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A STUDY OF FAILURE CHARACTERISTICS IN
THERMOPLASTIC COMPOSITE MATERIAL

I. Introduction

Man has studied materials and their failure mechanisms
since he began building facilities, seeking transportation,
and manufacturing goods. Knowing how a material fails under
given loading conditions leads to i1mprovements in mater:ial
capabilities. The study over time of earth, wood, metals,
and plastics has led to more advanced materials; and often
materials have been combined to produce optimum effects.
Over the past few decades, this idea of combination has led
researchers to develop advanced composite materials.

in the next decade, space facilities and spacecraft
will require application of highly advanced materials that
have properties which exhibit high fracture toughness, high
strength-to-weight ratio, and low thermal expansion. The
recently :.ntroduced polyether-based thermoplastic composite
materia., graphite polyetherether-ketone (Gr/PEEK) promises
lower costs, lower part weight, and hidher operating
temperatures. This new class of organlc'materlal has a
{racture toughness much higher than that of graphite epoxy
(Gr/Ep) [1i]. In general, thermopiastics promise lower
production costs and i1mproved maintainability over similar

~hermosets such as Gr/Ep [2].
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By studying the stress-strain response to ultimate
strength and the initiation and progression of failure in
this new composite material, this thesis contributes to the
vigorous research effort being conducted by many &#roups to
evaluate Gr/PEEK thermoplastic composite material for

practical applications.

A, Purpose

The purpose of this thesis 1s to i1nvestigate the
initiation and progression of failure in Gr/PEEK containing
a circular discontinuity and subjected to tensile loading.
With this purpose i1in mind, the objectives of this study
were:

(1} To determine basic material properties for the
Gr/PEEK at room temperature (RT),

(2) To determine the experimental stress-strain
response of [0‘6] and [9@161 unidirectional laminates,

£:45]‘ angle-ply laminates. and [@/+45/9®/—45]2s and

s
[0/:45/90]2s quasl-isotropic laminates of Gr/PEEK specimens
containing a @#.4-1inch diameter circular discontinuity and
loaded to ultimate strength at RT,

(3) To experimentally i1nvestigate the i1nitiation and
progression of failure in similar spec1méns containing a
hole and loaded to percentages of average failure stress,

(4) To analytically model the failure process of the

unidirectional and angle-ply laminates using a fully

a ol -
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noniinear, progressive-ply-failure finite element program,
and

(5) To compare experimental results of the
quasi-isotropic spécxmens and to investigate their potent:ial
for delamination by comparison to Gr/Ep.

These objectives were accomplished; and the report of
all theories. procedures, results, and conclusions 1is

contained i1n this thesis.

B. Background and Overview

A composite material, as defined in this thesi1s, 1s a
material consisting of reinforcements, such as fibers, 1n a
continuous matrix, such as a polymer. These two
constituents are combined on a macroscopic scale to form a
useful material.

Composites have a long history of use. Prehistoric
civilizations used straw 1n mud bricks; plywood existed 1n
early Egyptian construction; and medieval knights used
combinations of various metals in their swords [3]. In the
last century, reinforced concrete began to give engineers
greater applications in construction.

Conventional composite materials, or ‘reinforced-

pilastic”™ (RP), was first commerc:ialized as fiberglass 1n
1339. Fiberglass still accounts for 90% of the RP market
t4]. But the emphasis on research 1n the past few decades

has been on advanced composite mater:a.s.

3
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adlective "advanced’ is used %o distinguish between
composites of new ultrahigh strength and stiffness fibers
and composites of familiar fibers such as glass. The matrix
of these new composites can be either a plastic, such as
epoxy, or a metal, such as aluminium. These advanced
composites have two major advantages among many others:

(1) 1improved strength-to-weight and stiffness-to-weight
rati1os and (2) the ability to tailor a composite to meet
desi1Zn requirements.

Composite components can be made that have the same
strength and stiffness as high strength steel components but
are 70% lighter. Some advanced composlites are up to three
times stronger than aluminum but are 60% lighter. These
advanced composite materials are ideal for weight-sensitive
structural applications such as space structures and space
vehicles. Some examples of current use include the motor
casings on the space shuttle solid-fuel rockets (4] and the
wings cf the X-29 forward-swept-wing developmental aircraft.
The F-15 and F-16 have proven the vaiue of composites 1in
their use as hor:i:zontal and vertical stabilizers.

Tailoring a composite to meet strength and stiffness
requirements in particular directions léads to economy of
manufacturing. Because fibrous composites are an.sotropic.
i1.2.., material properties are different 1n all d:irections.
components can be des:gned for strength and stiffness 1n a

varticular direct:ion. There 13 l:i1t%.e waste. Par-*
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consolidation and reduction of post-fabrication machining
provide up to 5@% cost savings over analogous machined-metal
assemblies [3]). Conventional isotropic materials must be
designed for the worst case, resulting in excess strength,
stiffness, and weight in all other directions [3]. These
advantages of composite materials promise to lead to new
aircraft and spacecraft designs that significantly depart
from past efforts based on conventional isotropic materials.
In the composite industry, the dominant reinforcement
of composite materials is continuous fibers (as opposed to
whiskers, filaments, or spheres of reinforcing material).
Throughout this thesis, reference to composites will imply
continuous-fiber-reinforced composite materials. Also
throughout this thesis, reference to composites will imply
the use of a polymer-based matrices, such as epoxy or PEEK.
In applications of composite materials, the
conventional problems of design and analysis arise. As 1n
any structure, composite components, or laminates, have to
have holes to serve various purposes. In practice,
composite components are connected through adhesively bonded
Joints, through bolited )oints, or through a combination of
each. Whether caused by bolts, or 1n heostile environments
oy bullets or even meteorites, holes 1n laminates lead to
analysis and design problems i1n composites that are unigue
f{rom conventional 1sotropic metals. Loads are not easily

redistributed around a hole i1n the non-homogeneous mater:ial,

[$)]
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and discontinuous fibers cause shear lag effects which lead
toc design difficulties [3].

The numerous difficulties 1n determining the tensile
strength of notched composite laminates involve the
consideration of an i1nfinite number of parameters which
1nclude:

1) The i1nfinite number of possible ply lay-ups, or
stacking sequences,

(2) The great variety of fibers, matrices, and
fiber/matrix combinations,

(3) The uncertain and inconsistency of failure
criteria,

{4) The i1infinite variety of geometries (thicknesses,
notch si1ze and shape, width-to-hole size, etc.), and

(5) The great variety of environmental conditions
influencing the behavior of composites.

The techniques ava:lable for the prediction of sgstrength
reduction or ultimate strength i1in a material with a hole are
almost as numerous. In general, the techniques 1nclude
finite element methods [S5, 6, 7, 8] and fracture mechanics
approaches (3, 9, 10, 11, 121].

Fracture 1s caused by higher stresses around holes,
cracks, or flaws 1n the material. Fracture has a new
dimension 1n composite materials because of the presence of
t.Wu Oor more constituents. In analyzing the failure of

compos.“es, one can consider fracture of the i1ndividual
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constituents or the separation of the interface between the
constituents [31]. In analyzing the effects of a hole, the
classical approaches to analysis that are used with metals
and other 1sotropic materials do not work in general with a
composite. The differences exist because the stress
concentration factors (SCF's) for composites have not been
characterized successfully [131]. Isotropic SCF's are based
on the conditions at the hole boundary, while the strength
of composite laminates seems related to the in-plane elastic
stress region adjacent to the hole boundary. The measure
of strength for composites containing circular disconti-
nurties must be based on a more complete description than
simply stress concentration factors [13].

Early attempts at predicting the strength of composites
containing notches involved the application of a linear
f{racture mechanics concept. These attempts evolved 1nto the
two-parameter fracture theories that became popular in the
sarly 1970's [8]. Some particular fracture mechanics models
1nclude the linear elastic fracture mechanics (LEFM)
approach [9], the point stress criterion [9], the average
stress criterion (9], a “"three parameter model” [13], and a
first-ply-failure (FPF) model [11]). But from further
rev:iew, 1t was seen that the fracture mechanics approaches
cornfine themselves to particular ranges of parameters, such

as geometry, notch size, 9tc. In general, these theories

~3




required the use of crack length corrections to reflect the
presence of damage zones.

Awerbuch [10] reviews several fracture models for
predicting notch strength of composite laminates, and notes
that emphasis is placed on semi-empirical techniques which
are simple to use. But as References [5-8] point out,

with the development of accurate non-destructive

evaluation methods, it became apparent that the

damage zone corrections (of fracture theories)

were arbitrary and subject to gquestion. As a

result, attempts were made to develop analys:is

methods that model the actual damage accumulation

process [(8].

Thus, to obtain a satisfactory design incorporating the
use of fiber-reinforced composite laminates, one must know
the entire stress-strain behavior to ultimate strength of
the component. Although experimentation and repeated
testing will yield this knowledge, it is both expensive and
inconven:ient considering the large variety of parameters
iisted above. As an alternative, another technique would be
to analytically relate the properties of the individual
piles, or laminas, to the laminate. With this technique,
one would have to know the material biaxial properties of
the laminas for various load combinations, which can easily
be obtained by experimentation [(51].

To obtain these biaxial properties of 1individual lamina
under simple loading conditions (uniaxial tension, uniaxial

compression, and pure shear), one may estimate these

properties from “he properties of the constituent materials.



Ha 'Ryle of Mixtures 13 a well known estimat.on scheme

(6]

{3.. Fan and Knapp [14) provide an alternative to the rule

(8}

mixtures 1n the estimate of composite properties,.
Starting with the Second Law of Thermodynamics, and leading
the development through a heat balance equation, they use
variational calculus to derive an ultimate strength equation
that 1ncorporates nconlinearity present in the material.

However, %this approach :5 advocated for advanced des:gn

ct

curpvoses; and verification testing :1s still necessary [14:.
These estimation procedures were not effective for this
study so mechanical properties of the laminas were obtained
by experiment.

Even i1f the behavior of the lamina can be accurately
predicted, the problem of determining the performance of
aminas 1n a laminate sti1il remains. The degradation of
strength of 1ndividual laminas may not precipirtate the
farlure cf the laminate. For example, i1n the case of a
cross-ply laminate (a composite laminate with alternating
rayers of 2 and 90 orientations of pires) subjected to
normal stresses (o‘.az) acting 1n the direction of the
f{1bers, the degradation of strength of laminas in the
transverse direction does not result i1n the failure of the
iaminate; the laminate 13 capable of sustaining stresses
higher than those causing transverse degradation »f the

individual laminas (S]. In general, the behavior of the

amina under complex stress states 1s predicted by using a
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criterion to relate the parameters of s%rength obtained tfrom

vhe s31mple tests to the states of stress 1n the laminate

=

s

This lamina-laminate response has been the subject of
many theoretical and experimental studies {8]. Noyes and
Jones modified Hill's failure criterion (3, 9] to determine
the onset of failure in a ply or plies. Chiu modified th:is

appronach to reduce the affected stiffnesses and strengths

gradually, instead of instantaneously [5!.
These early attempts assumed linearity of 3tress-strain
response, even though tests i1ndicated significant nonliinear
behavior of the composite iamina under transverse and shear
loadings. Pet1t and Waddoups relaxed this linearity
assumption. They used properties of unidirectional laminae
1n conjunction with a piece-wise linear approach to
determine response of the laminate. In their method. the
lcading 1s proportional and 1s applied in small 1ncrements
tc compute the current stress-strain states. Biax:ial
strains are used to obtain tangent modul: from stress-strain
data dgenerated under simple load conditions [(6]. However,

this method does not consider that strains i1n the

t

stress-s%raln curves are simple, while the lamina strains in
the iaminate are not. (Thi1s aspect will be discussed 1in

more detain 1n Section I[I F.) Additionally, stress-strain

curves of laminates obtained by this method are very much
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Hahn and Tsai {15])] proposed a method which allows only
for the nonlinearity of the shear stress-stra.n response by
the equation

3

€ = ) o4 * S lod 1)
o oS S SOES (-]

where Jd and 56 are shear stress and shear stira:yn,

respectively, and S and S . Are constants. This
56 5566

approach does not distinguish between tens:le and

compressive behaviors of the lamina, and 1t does not deal

with the problem of failure [5, 6.
In the composite i1ndustry, at least 3@ fairlure theories
ex:st for laminated composites (as of late 1986) [16]. Some

>I *hese +theories are applied directly to the laminate,
wh:le the others are applied to the individual laminas. in
add:it1on, at i1east 12 theories ex13t of post-failure

-
'
L

Sehavior of ilaminated composites 161. Nahas concludes that
some failure theories are special cases of the maximum
stress theory. He also found that some thecories are based
on assumptions that are not always true for composite
materials. Some of the more general theories have been used
oniy for special cases, which reduce them to +the Tsa:-Wu

vheory. For theories such as Sandhu’'s stra.n energy f{ai.ure

or

-

terion, theory-experiment correlation coefficlents are

included which make calculated and test results agree

ol
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)
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Al%hough such coefficienss must be determ:ined Ior
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each material [16], once they are obtained, the f:ini-e
eiement method using Sancdhu's cr:iteria may be used for a

varlety of gZeometries. Rowlands [17] remarks 1n his survey

in the Handbook of Composites that

whereas most of the strength predictions assume a
linear stress-strain relationship i1n the assoc:irated
lamination analysis, those by Sandhu and Petit-
Waddoups provide for nonlinear lamina material

10

response [17].
The composite strength analysis proposed bv Sandhu

ers from the more conventicnal formulations :1n the

0.
e

‘e
(RN

respects [171]:

(¢}
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(i) The nonlinear lamina stress-strailn responses %o
fa:lure are represented analytically by cubic-spi:ine
functions. The tangent modul:i of these functions are
employed to evaluate lamina and laminate stiffnesses and
scmpliances during load 1ncrements.

(2) In keeping with the nonlinear provision, ply
degradation 1s based on an energy to failure criterion.

{(3) Equivalent strain 1ncrements are defined. (See
Section I F.)

Thus considering the above justificaticns, this study
uses Sandhu's fully nonlinear progressive-ply-failure finite

alam

]
3

t method to analyze the damage accumulation process 1:in

'

~
a

~

»
H

P
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to

K tension specimens containing a circular disconti-

3

Uity.  This ztudy uses the techn:gque ¢f Sandhu for
gredicting the response to failure. Previous works have

iescribed this technique 1n detail I3, 6], and others have

used this technigque for predicting behavior in Gr/Ep [5., 7,
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18, 191. In applying this technique to predict the
behavior of Gr/PEEK, no previous work could be found.

As a general description of this analytical technique,
cubic spline interpolation functions are used to represent

basic stress-strain curves obtained from simple tests [5]:

i Longitudinal tension and compression.
2. Transverse tension and compression.
3. Shear.

Cubic spline functions yield smooth composite stress-strain
curves (from sets of three data points) from which the
computer program can determine accurate moduli of elasticity
over the entire range of the curves {6].

This functional form of stress-strain curves provides
an accurate representation of stresses, strains, and modul:
over the entire range of curves. This representation s
used 1n conjunction with an i1ncremental constitutive law.
This law, which relates the 1ncrements of stresses and
strains, .s used to generate the response of Gr/PEEK
laminates subjected to tensile loads. The basic data and
constitutive relations are then used to determine the
ultimate load-carrying capaclty of the laminates under
incremental loading by a plywise applicwution of Sandhu's
failure criterion using strain energy under longitudinal,
transverse, and shear loadings as independent parameters
5,61, The theory behind this technique 1s discussed 1n

detai1l 1n Chapter II. and the procedure used 1n this thesis

13
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for accomplishing the analysis 1s described in Chapter III.
The results obtained by this technique are compared with
experimental results of this study.

The laminates studied through both analysis and
eaxper:mentation were the [thl and [96151 unidirectional
lay-ups and the [i45]‘s angle-ply lay-up. The two
quasi-1sotropic lay-ups, [®/+45/9®/—45]zs and [0/:45/90]23,

were only studied experimentally for comparison to similar

Gr/Ep laminates. All test specimens contained 16 layers and
were symmetric about their mid-plane. Also, they allil
contained a 9.4° diameter hole at their centers. Thus the

laminate geometry represented a finite-width plate
containing a stress concentrator subjected to uniax:al
tension. Furthermore, bending was not i1nduced 1n the
specimens by tension because of the symmetry of the lay-ups.
Basic properties were f{first derived with the exper:i-
mentation process, and then the five types of laminates with
holes were tested to the:r ultimate loads and to percentasges
»f ultimate load. Testing to ultimate yielded the laminate
stress-strain responses for the entire range of strength.
Testing to percentages of failure load yrelded partially
failed specimens which could be examined by stereo x-ray.

Iin addition to the x-rays., one other medium allowed for

a post-failure analysis. A video camera filmed each test to
ultimate strength. Through repeated viewing of the tape and
14
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through sti1lls, or photographs, taken of{ the tape, one
could deduce further results from the experimentation.

A description of the procedures used in the
experimentation phase of this thesis 1is presented 1in
Chapter IV. Results of both experimentation and analys:is

are presented and discussed in Chapter V. Conclusions on

the entire study are reported i1n Chapter VI.

2. Materi1a. Choice

A poliyaromatic resin, such as poiyetheretherketone
(PEEK), combined with a continuous fiber 1s known as an
aromatic polymer composite (APC) [13]. The Gr/PEEK chosen
for this study 1s refered to as APC-2, an 1mproved laminate
over APC-1. Whereas APC-1 contained Courtauld XAS graphite
fibers, APC-2 contains Hercules AS-4 graphite fibers. The
AS-4 f:bers make a better bond with the PEEK matrix [13].
Gr/PEEK can be converted 1nto a range of component shapes
and sizes by a full spectrum of fabrication technologies
[2, 4, 131].

Demuts and Sharpe [(l] found APC-2 to be 25% tousgher
than graphite/epoxy (Gr/Ep) 1n static post-1impact residual
compression strength. They further found that the fatigue
life of thermoplastic laminates 1is thcelthat of comparable
thermosets. They conclude that thermoplastic matrix
zomposites have the potential for more efficient wing skins

at lower fabrication and maintenance costs as compared to

the more brittle thermosets. Carpenter [20] reiterates




these findings, praising the potential of thermoplastics for
iowering production costs and i1mproving maintainabil:ty.
Ramey [13] conducted a comparison study of strength
reduction i1n APC-2, APC-1, and Gr/Ep using tension and
compression specimens with circular holes at their centers.
He found APC-2 to be superior in 1ts strength properties
over the others. His compar:isons 1included microphotographs
2f s2ach failed specimen., and an analysis usingd a ‘racrure
mechani:cs approach. He found that the failure surfaces oI
APC-2 were combinations of different failure modes, and he
conciuded that there was "no general failure pred:ction
mocdel”® that covered a range of temperatures or a broad range
of hole sizes. He also suggested that a continuum mechanics
approcach would be advisable 1n analyzing the behavior of
APC-2 (13]. Thus, the log:ic 1s reinforced of using the
progress:ve-ply-failure finite element analysis 1n this
study. The strain energy failure criterion used i1n this

analysi1s exhibits the characteristics of a continuum

mechanics approach.

D. Progression of Study

This thesi1s began with a simple abstract and test plan,
and evolved 1nto producing further 1nformation about Gr/PEEK
and 1%t3 nonlinear behavior. The planning of this thes:is
required a large logistic effort on a local level. Several
organizations at Wright-Patterson AFB aided i1n the

completion of this thesis. The process of seeking the help

16
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of these organizations and communicating to them a research
problem had not been documented. For completeness., the

logistics efforts of this thesis are included in Appendix A.
The author hopes that this appendix may help streamline the

resear~h efforts of future AFIT students.

-3
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i1 Theorv

This chapter discusses theories used %o describe
s.wresses, strains. and failure 1n fiber/polymer cohposzte
mater:a.s. First cons:dered 1s the behavior of the
Tomposite on a micromechanical level, and <hen the
discussion turns to one of macromechanics. Micromechanics

v

2xamines the .interaction of the constituent mater:ia.s.

def:ning *the behav:or of the heterogeneous composite

mater:al. But i1n an engineering approach to compos.te
materlials, one chooses to view the entire mater:a.

macroscopical.ly. Macromechanics examines the effects of the

¥}

cnstituent materi:als as averaged apparent properties.

def:n:ind the behavior of the homogeneous composite ma<erial.

Foliowing this review of mechanics of compos:ite
mazer:.:a.s, this chapter presents a brief formulat:ion of
.inear finite e.ement theory, which :1s then expanded to
mand.e multiple-layered composite materials. Further
jeveiopment leads to nonlinear finite element methods.
Finali.y, the failure criter:ia used to match analytical

results to experimental findings concludes this chapter.

A Micromechanical Behavior of Composite, Material.

Although a designer 1s generally 1nterested 1n the
resultant properties of the fiber/matrix combination, 1%t s
2ften useful to know the micromechanical behavior of the

materia. %o determine optimum resultant properties. For

17
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examp.e. toughness or resistance to temperature and humidity
can be maximized 1n a mater:ial by starting at the molecular
ievel and des:igning outward. To better understand the
fai:lure of the composite, the specific composition of each
constituent must be known. This section discusses the
nature of polymer matrices and organic fibers.

Polymers are formed as a collection of long-chain
mc.ecules. Elemental unit%ts. or monomers, linked tosgether
{5rm the long-chain molecules. The units 1n a chain can
vary i1n element and size, yielding an 1nfinite number of
cossible polymers [13). Organic or carbon-based polymers
have chains based on a unit of carbon. The PEEK polymer :s

{ormed {rom the carbon-based repeat unit shown 1n Figure .

-

“-
o~ o
The polymer chains can take many shapes. In rubber,

{2r exampie, the carbon-based units form a spirai. thus

ot

Figure . Repeat Unit of the PEEK Polymer




vie.dingd a2 highly deformable mazer.al. n o<her mater.al.s.

carbon cha:n may bte a zig-zag and yield a mataria. whith .3

re,

233 Zeisrmable.

When uni%s 1in “he main <cha:in are l.:nxed %o other
simi.ar chains by side chains. a network poiymer s formed.
R13 dense cros

-.inked polymer 15 referred to as thermo-

(0]
D

setsing because L% does notv soften upon heawing once 1% .5

formed. A thermosetting ma* :a. rema:ns hard and

i}
b |

3

2venvua.ly disintegrates wunder extreme temperatures . .ZX..
he matrix epoxy of Gr /Ep :3 formed from %hiz =<vype =&
material.

_inear po.ymers wi%h smal. %0 no amount of Ccross-.:.nX3

form viscous {lu:ds. Th

11

se fiu:rds exist as tang.ed masses
>f moiecular segments sliding over one another. The
visz0s:1ty of these fluids varies greatiy with temperature.
hese <hermai.y act:ivated {luids are called thermoplasi:c
co.ymers. Below *heir glass transi%i1on %temperature, Tg'
~hey are typical glass. Above the1ir Tg' they range {rom
.uids to deformable solids, depending on their amouns: of
Trngs-.inks between molecular chains [137. Polyetherether-
«2%tone (PEEK) 1s a thermoplastic materia. exh:bi+ving these

14
ne s%rain 1n a thermop.astic, as wel. a5 1n any

ma%teria., 15 a combination o2f eiastiC 3traln pilus creep. or
“.me-dependen® s3%tra.in. The rate 0f tha:n stra:ghtening

n

“ension s%ra.n) or Trumb.iing (compress:i:on s3train'! depend

..
("o}
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on viscosity. When a material 1s unloaded, elastic strain
18 recovered 1nstantly; but strain due to creep recovers
gradually because of the viscous drag on the molecular
chains [13]. According to the creep data provided in
Reference [2], for the duration of each test, creep 1is
nedligible for each type of ply arrangement. Therefore, one
assumption of this study is that creep., or visco-elasticity,
Tan te :Znored.

In the manufacturing of thermoplastics, one must con-
trol the crystallinity of PEEK to optimize the performance
of *the polymer. This 1s done by controlling the rate at
which the composite 1s cooled down from 1ts melted state at
720 °F-750°F to its T, at 300°F [2]. In crystalline
regions, the chains are parallel: in non-crystalline
regions they are tangled. A single molecular chain may
ex1s8% in both crystalline and non-crystalline regions [13].
Tf APC-2 1s cooled at rates less than 18 F per minute,
Trystalliinity will i1ncrease beyond optimum, which will
result 1n reduction of composite toughness. If cooling
rates exceed 1260 F/minute. the polymer's “spherulitic
gZrowth™ will not achieve completion and the optimum level of
crvystaslinity will not be reached. This may cause reduction
in 3ti1ffness and resi:stance to solvents [2]. Reheating and
recoo.ing (annealing) the composite can correct any errors

:n zooling so0o that optimum crystallinity can be achieved.

20
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In APC-2, the PEEK matrix surrounds and chemically
bonds to AS4 carbon fibers to form the composite material.
As alluded to in Chapter I, thisgs combination of fiber and
matrix form a thin lamina when continuous fiberg are laid in
a single direction or woven in various directions. Figure 2
shows two principal types of laminae [(3].

The fibers are the principal reinforcing or load-
carrying agent. Advanced carbon fibers, such as AS4 fibers,
are produced from precursor fibers in three gteps. The
first step involves controlled oxidation of carbon fila-
ments. Complex reactions between the aligned polymer chains

of the precursor form crosslinks, and an extended carbon

WARP

FiLL
DIRECTION

LAMINA WITH LAMINA WITH
UNIDIRECTIONAL FIBERS WOVEN FIBERS

(3.) (b.)

Figure 2. Two Principal Types of Laminas

Note: APC-2 laminates follow the pattern of Figure (a).

21




network 1s formed which 1s aligned along the fiber axis
{217, Individual filaments range in diameter from six to
nine micrometers [2]. In the second step pyrolysis under
an i1nert atmosphere drives off most non-carbonaceous atoms.
Finally, the third step exposes the carbon filament to high
temperature to form extended graphite ribbons aligned along
a fiber axis [211. In this graphitization of carbon, a
iayered hexagonal crystal structure 1s formed under heat.
Graphite fibers may also be subjected to surface treatment
to 1mprove their compatibility with the matrix. {2113,

With the fibers carrying the load, the matrix acts to
support and protect the fibers and to provide a way of
distributing the load among the fibers and transmitting the
load between fibers. As shown in Figure 3 (3], this
distribution and transmission of load is especially
important 1f a fiber breaks. The load is transferred to the
matrix and then to the other side of the broken fiber, as
well as to adjacent fibers. The shearing stress developed
1n the matrix 1s the mechanism for the load transfer. This
shearing stress resists the pulling out of the broken f{fiber
£37. This description of mechanical action between fiber
and matrix accounts for much of the explanation of failure
progression 1n composite materials.

To determine the stiffness properties o0f composite
materials, many analytical approaches are possible. One can

use the mechanics of materials approach, or the Rule of

tJ
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Mix~ures, in whicth simple agprox.:mat:ons %0 the eng
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con3tants are der:ved by averag:ng the properties of each

7}
O
3
0

tituent material over the composite cross-section.

Another approach 15 that of elasticity. This approach

[y

tnc.udes bounding techniques, exact solutions, and concepts
of contiguity.
Halpin and Tsa: develioped an 1nterpola®:ion procedure

“ha% 13 an aprroxi:mate representat.on of more compl.catad

mioromechanics results (3). ActordinzZz %o Jones, Tsair 2.ves

(U]

2xpress:ions for , v , and G& vhat are 1n good

1 2 12

(2

agreement with experimental data {or a glass re.nforced

res:in composite, but a ‘contiguity factor’ I3 13 the key
o the agreement. Tsa: found that the constituent mater:a.

croperties have the foilowing effect on the properties of

“he composite:

i Young's modulus, E, of the fiber makes a
s12Znificant contribution to E1 of the lamina,
(2 E 0of the matr.:x makes a significant consr:ibuticn
“to E_and G of the lamina, and
2 12
i 2) The Po.sson razios for both the f{iber and <he

matrix have l:tt.e effect on Ezand G12 and have no effect on

E 2f <he ._amina.

1

Alshough engineering properties could be derived w:ith
~hese micromechanical. approaches, this studv conducted
2:per:ment3 %2 f{:nd these propert:i2s No+*% only was accuracy

sail -




iesired, but nowhere Jd:d these methods accurately and

take :ntc account the nonlinear.ty of material propert

3. Macromechanica. Behavior of Compos:te Materials

A lamina 1s the bas:c building block in a laminat
fiber-reinforced composite. in this section, the beha
of a Lamina and a laminate wiii be considered from a
macremechanical approach. A laminate 15 %Ltwo or more
~aminas bonded together to act as an integral structur

=]

ement. This stack of laminas may have plies of var:

-

orientations of principal material directions as shown
Figure 4 [37]. Note that the laminate s shown under
un:axial loading. and the orientations of the plies ar
measured with respect to this axis of loading.
Fiber-reinforced composites are usually treated a
.inear elastic materials since the fibers provide the
ma)ority of the strength and stiffness. This thes:s
azrempts to refine that approximation by consider:ing
nonlinearity. Although most theories are based on l:in
assumptions, repeated experimentation has shown tha:
fiber-reinforced composites exhibit nonl:inear:ty, and
2Xperimentatlion 1n this thesi13 also displays %“h:is

rhenomenon. (See Chapter V, Results and Discussion.!
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he nonlinearity problem, +the linear elastic the
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section have been employed such that

l enough, linear elastic ¢
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2iven load i1ncrement 1S sma
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apop.ires. As wi1ll be shown 1n Sections F and G of th:s
chapter, linear elastic theory 1s applied 1ncrementally
while the basic properties of the material vary with each
increment.

A potential problem in the construction of laminates 153
the i1ntroduction of shearing stresses between layers. The
shear:ng stresses arise due to the tendency of each layer to
deform 1independently of i1ts neighbors because all may have
i:{ferent orientations and thus different properties 1in the
direction of loading. Such shearing stresses are larges< at
the edges of a laminate and may cause delamination there.
The transverse and normal stresses resulting from uniax:ial
loading can also cause delamination (33.

Whitney discusses this subject of interlaminar stresses
:n Reference (9], and he discusses the influence of stacking
seqguence on i1nterlaminar stresses. The most i1nfluential of
the interlaminar stresses 15 the normal stress, 1.e., the
stress attempting to separate the plies. Sandhu (22, 23]
describes the tendency for a compesite to delaminate through
the use of a "delamination moment coefficient” (DMC), which
13 based on the stacking sequence. For Gr/Ep specimens
1identical 1n geometry to those of this thesis, the critical
DMC 1s approached for the (8/%45/9¢] laminate under tensile
loading. A ply-by-ply plane stress analysis, such as the
one used 1n this thesis (see Chapter III), does not take

1nto consideration stacking sequence. Thus, reductions 1in

[}
~3
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strength caused by delaminations would cause unwanted
disagreement between analys:s and experimentation.
Therefore, the [(0/+45/98/-45] laminate was also chosen to
evaliuate in this study for comparison to the [@8/%45/00.
laminates.

In describing the behavior of a single lamina, the
basic restriction of the macromechanical approach 1s to
iinear elastic behavior. This assumption 13 appropriate : n
+*his thes:s because nonlinear behavior 13 modeled as a

series of rncrements which deduce the varying material

properties from smooth curves of stress-strain data.
Summar:zing the linear elastic theory for a lamina, the
generalized Hooke's law relating stressesg to strains can be
written 1in contracted.notatlon as

o = C &€ 1.) =
. vl

b
[e,]
[

where o are the stress components, CLJ 15 the stiffness
matrix, and ej are the strain components [(3]. The
components of the stiffness matrix, and the terms of 1ts
inverse the compliance matrix, SU. will be referred to as
ﬂ elastic constants (keeping 1in mind the incremental
assumption of the above paragraph).

A unidirectional reinforced lamina,6in the macro-
mechanical approach i1s considered orthotropic, 1.e.., there

y are three mutually orthogonal planes of material property

symmetry. These planes of symmetry are described by the set

sl




‘7,——.‘._.‘ T — T o —— ~—y

Figure 5. The Principal Material Axes for a
Unidirectionally Reinforced Lamina

of axes in shown above in Figure 5 [3] as the principal
material directions.

Taking the inverse of Hooke's law above, the
strain-stress relations become

g = S ¢ i,j =1,...,6 (3)
18 \.j)

For an orthotropic material with body coordinate axes X and

Y aligned with principal material directions, Eq. 2 becomes

€, ) Sia Sz Sys 0 0 %
€2 Si2 S22 Sas ° ° %2
) €9 | = Sis 28 as e ¢ ) “s | (4)
¥ 29 2 S“ 2 2 L
Y ae 2 ] 2 Q S55 ] L
L r;zj i ¢ ° e ¢ 0 566 ]\ 7124
29




where r” = 2 sw. The terms Y {1=3) represent
engineering shear strain, whereas e” (1®)) represent %“ensor
shear strain [31].

For the study conducted i1n thiz thesis, the %tension
specimens representing finite-width thin plates were
subs;ected to plane stress. For a lamina 1in the 1-2 plane, a
state of plane stress 1s defined by setting

03 = 92, TZS = Q, Txa = 9 19}
:n the three dimensional strain-stress relation given 1in

£3.{4) above. Thus, the strain-stress relations i1n Egq. (4!

above reduce further to

£ 2
1 11 12 1

£ S S (8
2 = 12 22 2

b )] 2 S T
12 SG 12

where the compliance terms are:

Sy ° : Sz T :
I~
Et “2
12 Y2
Sz 7 S 7T ) T
=4 E, (7)
- 1l
b“ = —
G
12 .
S =S _ =S _=S_ =0
16 26 o1 52

The stain-stress relations 1n Eq. (6) are inverted to

obtain the stress-strain rela<tions:
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“2 = Qaz sz ? 52 8
T
12 2 Q66 )/12
where the QLJ are called the “reduced stiffnesses,” are
defined as [3):
E1 EZ
Qxx = Q22 :
1 - v v ro- v
12721 127 21
v E
21 1
sz - Qz: -
L - V12V21
(3)
Qca = ze
Qza = Qza : Qoa B de =0

The preceding stress-strain and strain-stress relations
are the basis for the stiffness and stress analysis of an
individual lamina subjected to forces 1n 1%s own
pP.Ane. Note that the stiffness and compliance terms are
based on four deneral independent material properties:

E , E_, v ., and G1

1 2 12 2

where subscripts 1 and 2 refer to principal material axes.

=4

[

ote also that “hese four roperties are expanded %o seven
P P

U1

Ffecific properties when consider:ing tension and

Tompression, These properties are desi1gnated as:
T c T Q T c -
E ,E .E _,E T, v ) ., and G
i i 2 2 12 12 12
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where the superscr:pts T and C represent
compress.on basic properties. The shear

affected by the change of un:direct:ona.

Often the principal directions of a

tension and

modulus

load.

G
12

lamina do not

co.ncide with the coordinate directions of the component,

the X and Y directions. that i1s, axes | and 2 are or:ented

a~ an angle 9 from the X and Y axes. Th

principal material axes 1s shown i1n Figure 6
handle th:s prcbiem, first a %*ransformat.ocn relat:ion

nerded bYetween the stresses 1n the principal

d.r

D

s
[e¥
v

meao

one coordinate system to another.

I

ctions and those i1n the body coord.nates.

Through +his procedure of transfiormat:ons,

stress-strain relation of Egq. (8;

w
9]
)

Yod £ Q )

x % 11 12
o = [Q] £ =

v Y sz Q22
- o

Xy 'ny 16 26

as opposed to the reduced stiffnesses ot

v are given as [3:

)
tJ

denote transformed reduced

zunt f2or any or:antation of the lamina [31:

O

16

£

26

)

s rotat:2on

materiai

Second.

5 needed to transform stress-3%rain relations

he

can be written that

ve
"3
O
3

W1l

st1ffnesses.

Q . The values of

L)
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on Qxx sz ro sz sz Qco
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%26 PP 12 s ! 12 56 m
- 2 2 4 4
P = . -2 -2 '’ n'm® . < m®
Yo ‘Qxx sz Q12 “ Qca ch(n

where the values were given (97 .

of QLJ Note that

vhere are still only four general i1ndependent constants

which characterize an orthotropic lamina.

Alternatively, the strains can be expressed 1n terms of

“he stresses 1n body coordinates by 1inversion of Eg. (12!,
€ o S S S o
x x 11 12 16 x
c3q7t S = 3 )
£ = (S]] o = S S S o4 1l
v % 12 22 206 y
b T S S S T
X'y Xy 16 26 SS XYy

where values of the transformed reduced compliance %terms.
S are given as [(3]:
2 - 23 2 2 - 0y
S =S m +« 2SS +S5S ) n m + 3S_n
11 11 12 so 22
L]
z - + 'R - - 2 2
) = S _.'n + mY + (S5 + S -5 _ ) n m
12 12 12 &6 66
= - " 2 2 - +
S =S n + (28 +« S inm =+ S__m
22 11 12 6o 22
= 3 - - - 3
3 = 25 - 2°g -~ S 'n m - 23 - 2 3 - ‘nm
16 11 12 -2} 22 12 os
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S, ° (25,25 ,-S_0n’m - (2 S,- 2S5, ,-S,onm
S,e=2 (28, 25,.-45 -5_03 n"n" «5_(n* at
where the values of SLJ were given 1n Eq. (7).
z. Strength of Composite Laminates
in describing strength of ~ompos:te materials, deter-

mination of the stirength of laminate 1s built upon the

~rend~hs of 1%t3 laminas. 3ecause of +the anisotrop:c

(]

and hetergeneous nature of composite materials,

()

ariur

1]

(

modes are often gqu:te different from those of :30%tropic
homogeneous materials. In particular, the failiure of one
-aver 1n a composlite mater:al does not necessar:ly mean the
entire laminate wi.l fail. The laminate may be capable of
sus*tain:ing hidher loads despitc a significant change .n
stv.ffness [(3!. Th:s concept was 1ntroduced i1n Chapter I and
13 shown &Zraphical.y 1n Figure 7 [3].

Because of the various characteristics of composlite

w
.

N

-
[}
(o9
[ 4

materyal tfficult %o determine a strendgth theory in
wh:zh al: fa:iure modes and their i1nteractions are taken

tn%s accoun%t. Strength theories presented 1n Reference [3]

are based on a macroscop:ic anaiysis 1n which the strengths

V)
e

2ach [amina must be assessed as 1t relates %to the whole

LAaminate. They 1nclude max.mum 3tress, maximum strain, and

(VS
[
u
ot
Q
e}
K3
b
O
o}
'Y

mAaXimum . energy approaches. As described 1n the

{~.icwing sectinons. *this thesis uses a finite element
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prcach to the overal. failure of the laminate, but 1453
inherent s3train energy fa:lure criterion for :ind:iv:idual
2.ements 1s not unlike the other analyt:cal approaches
mentioned above. See Section II F.

In any method of strength analysis, the des:igner 1.3

*3

.,
<

:ng %o determine eirther (1) the max:mum loads a Z.:ven

.aminate ran withstand or (2) *he .aminate characterist.7s
necessary %¢ withs+and a 2:ven lcad. [31. The overall
crccedure of determining laminate strength 15 stra:ght-
s>rward, but extremely tedious; thereby 1mblving the

need f{or computer techniques,. A general procedure 15 shown
schematically 1in Figure 8 [3], and +<he computer appl:i:cat:ion

in this thes:is :s a specific version of *“his general

crocedure
. Holes 1n Laminates
Fcr the problems of holes in laminates, one oI the

v
Y3

[0}
or

so.utions %o the difficult problem of siresses arcund
a ao5.2 was g£:ven by Lekhnitsk:: 1n 1936, 1963, and 1968.
ICI 3reszczuk plotted the circumferential stress around
~ne hole for an i1s50otroplc mater:al and several un:idirec-
=.>na: ma%ter.a.s. See Figure 9 {3]. The usual stress
z-acen+ra<icon for an i1sotropic material 13 3. 1.e..

~o .= T oat 4 o= 39 . For composite materia.s 3uch as

srach.<e epoxy, *he 3tress concentratis>n factor depends on

(@]
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® PROPORTIONS BETWEEN APPLIED LOADS

Y

CALCULATE LAMINATE STIFFNESSES A, 8,D

B NO LAMINAE HAVE FAILEDJ

y

L IF LAMINAE HAVE FAILED ]

CALCULATE LAMINAE STRESSES
RELATIVE TO LOAD FACTOR
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CALCULATE LAMINAE STRESSES
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Y

COMPARE RELATIVE
LAMINAE STRESSES
WITH FAILURE CRITERION

1
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Y

Y

CALCULATE LOAD FOR
A LAMINA FAILURE

IF NO LAMINA FAILS,
INCREASE LOAD FACTOR
UNTIL A LAMINA FAILS

1

A

IF A LAMINA FAILS

1

IF NO LAMINAE LEFT,
GROSS LAMINATE FAILURE
OCCURRED AT LAST LOAD
(TERMINATE PROCEDURE}

ELIMINATE LAMINA FROM LAMINATE
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1
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The c:ircumferential stress at © = @ 135 reduced for
Tomposites relative Lo Lsobtropi.c materials. Because of
rsowropy of material properties, the key factor :n fa:lure
2f 1sotropic plates with holes 1s the magnitude of the

3tress concentration factor from which the maximum (failure)

fon

stress 1s obtained. However, for orthotropic materials, a
combined s3+%ress fa.lure criterion i1instead of a maximum
stress failure criterion 1s more accurate since failure of a

lamina 13 a function of the stirengths 1n various direct:ions.

Thus, stress concentration factors alone are insufficient

[ )

o

"3

fa:lure prediction of orthotropic (and anisotropic)
p.ates. Moreocever, for laminated plates, the comparison of
stress states with failure stress states must be done on a
layer-by-layer basis [3].

Extending the analysis to a laminate, Figure 10 [3]
shows stress concentrations around a circular hole i1n a
cross-ply and an angle-pi.y laminate. The stress shown :13 a
gross stress on the laminate, and the stresszes in each layer
must be found by classical lamination theory or some other
method. Failure 1s determined by application of failure
criterion to each layer. The i1nterlaminar stresses are
1gnored, and thus predicted stresses are¢ not accurate within
abou*t one lamina%te thickness from the edge.

These first sections have presented an overview of some

theories and approaches used 1n studying the mechanics of

composite materials. The next three sections describe the

49
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specific theories behind the analysis accomplished in th:s

vhesis.

n

Linear Finite Element Theory

For the convergence study described 1n Section III C,
this study used a linear finite element program called
PLSTR. written by Dr. R.S. Sandhu, that i1s a simpl:ificaion
of his nonlinear program PLSTREN, which 1s described :in
detail 1n References [5] and {6]. Both programs are a
piy-by-ply analysis of finite element meshes representinsg
the laminas of a composite material. The program takes 1nto
accoun* the number and orientation of orthotropic plies in
~he model, and 1t can model an i1nfinite number of geometries
and discontinulties. This section describes the theory
behind the analysis, beginning with linear finite element
~heory and extending the theory for use with multiple-
.avered meshes.

STR 13 based on the ccnstant strain triangdle as shown
:n Figure 1., which i1mplies a two-dimensional e.asticity
prodiem. Quadri.ateral elements in %h:s program are
assemb.ages of {our constant strain triangles, which then
resemble linear eliements [24]. The assuped displacement

:eld 15 linear :n the x and y directions:




} ¥

Favee |,

(OB STEAn TRIANGLE ELevienT.
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a
1
a
2
a
u(lx,y? - 1 x y o o @ 1 a | JEIPSN
vix,y) 2 2 0 1 x vy 2
a
s
a
( < J
Thus £€ = a_, £ = a , and ¥ = a_ + a_ [24]. The
X 2 Y [ 12 3 S

)

onstant s*ra:n triangle assumes no variance of stra:mn
through %he *hickness of the element, L.2.. no bending.
Through operations on the shape factors (See Reference

:243), the strains are expressed by,

Cu )
1
v
£ 1
x
c =1 =1 B 1(d)Y=1314"Y} (13)
Y v
' 2
Xy u
3
v
3
L)

where { d } 1s the nodal displacement vector and,

(y_-y_) 4} (ya—yl) 2 (yt-yzi 2

" 1= - - - )
. B /)] (x3 xz) 2 (x1 xa) 9 (xz X,

- - - ~y ) (x_~%X ) (y -y )
(x3 xz) (yz ya) (xt xa) (ya Y, (x xl) v -y

.

where A 15 the area of the triangle and x and y are the x
L 18

th
and ¥ =coordi:nates of the nede [131].
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Developing an equation for the zti1ffness of an e.emen-=.

the differential volume of an element for constant thickness

13 dv t*dA, where t 1s the element thickness. (Note that
this thickness 135 that of a ply.) The matrix [B! :s
constant, and the material property matrix. defined 1in
general as [D], 1s assumed constant over the element.

The above assumptions yield the equation for the

eiement stiffness matrix [k],

(x: = J (B1T(D] (B] t dA = (B} IDI IBJ ¢ A (1%
A

For an orthotropic lamina whose material axes are
ori2nted at an angle & to the X and Y directions. the

material property matrix [D) becomes [(Q]., of Section I[I B:

1.2., the stresses are related to the strains by
o £
X X
o = £ .
y = [Q] y ti16)
T b
Xy Xy

Since [(Q] 1s constant for each increment, :t follows

that

(k] = [B1T(Q] (B] ¢+ A i)

Now to account for n number of plies %hrough the
»

“hickness »f the material, an equivalent element 3tiffness

matrix 1s formed as



/ g el T e o —— - —— -~ o —— e
n
ry - T -=. . -
{k_ . = A z ;8. <. (Bl ot =N
°q L v
L= 1
N th
where : denotes the 1 layer., and here n = 16 plies. Thus.,

loads are related to displacement on an element basis by the
fin:te element equation:
{(fr = [keq] {d?} (19)

Note that even though multiple layers have been alliowed
through the thickness of the element, the layers have common
nodes. Thus stra:in or displacement gradients are no:
permitted through the thickness of the laminate [(Cron..
Thus., 16 elements stacked together all deform 1n the same
wav under a given load. Whether or not an element fails

depends on 1ts own material properties and on 1its

criantation to the given load.

F. Nonlinear Finite Element Theory

As discussed i1n Chapter [, a more accurate analysis of
composites must include the effects of nonlinearity 1n the
material. The computer analysis portion of this thesi:s was
accomplished using a noniinear f.nite element technigue,
whi2oh 13 based upon the concepts of the previous two
sections. Sandhu gives a complete development of this

.

wechnigue 1n References (5] and [6].

sl
.

oy

13 progregssive-ply-failure finite element computer

program (called PLSTREN) was written by Sandhu to predict
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vi) the damage :n:t:iation and accumulation process
in composite laminates containing stress concentratioans and
«2) the static strength of composite laminates
containing stress concentrations.
The program combines a nonlinear point stress anaiys:s

prcoccedure (S, 61, with a damage accumulation approach

tJ
wn

]
’e

The prodram 1s modular in structure %o permlt the use
var.»>us fini1%te 2lements, ply fa:lure criteria, and

co3%-piy-farlure unloading models. The present vers:icn

(V]
»

the program uses constant strain elements, a "total strayn
anergy  failure criterion (5, §], and two different
post-piy-failure unicading models [38]. This section
ievelops an i1ncremental stress-strain law, discusses the
nonlinear material basic properties, describes a biax:ial
stress s*tate correction, and presents the finite element
procedure used 1n PLSTREN.

To account for nonlinearity of material behavior, an
:ncremental form of the constitutive law of Egq. (3) 1is
needed to define the response of the laminate under general
states of stress. In formulating this i1ncremental
constitutive relationship 1t 1s assumed “‘“hat (5]

a. The i1ncrement of strain depends,upon the strain
s5%at2 and the increment of stress. and

D. The 1ncrement of strain 13 proportional to the

:ncrement 2f stress.

o -




2
13
4
4]
vt
&)
QO
[T
1]
»
“
0
i
3
o]
ct

rocns, and with the assumpt:on +ha-
.ne s+%r3in-d.:5placement relat:on (matrix (B:) rema:.ns
.inear. for orthotrop:ic laminas under genera.:zed p.ane

3-ress., %“he ncremental constitutive law can be wr.tten as

g = S (£) de (1, = 1.2 5) 22
L Ly L J
where d¢ ., 4o are strain and stress :ncrements and S LS
. B v
a fuingeion ©of *he current strains, £ . Assuming that -he
amina remains orthotropls at a.. .o%ad levels, Eq. 2 13
2xzanded <o become 3]
de S N ? do
1 11 12
de = S S ] deo 2.
12 22 2
de @ S de
s 7]

whi2h 135 the :ncremental version of

Q3]
el
(¢}
Ui
.-
3
]
1)
s
jo]
@

iam.:na :s assumed to rema:in orthotrop:c at all load levels,

v

-r each :ncrement .8

"3y
¥}
‘3
(]

larisy, ain Eq. (21!

jox. de = normal stress and straln .ncrements in ae
1

fiber direcrion,

102. dcz = normal stress and strain .ncrements 1n the
~ransverse direction,

i?d= jclz = ghear stress 1ncremensts,.

:£6= jstz = shear s*rain 1ncrements,

3 = terms 2f{ the compliance matrix represenc-.ni

average values during an i1ncrement of

stress:; defined by Egs. 7!

43

aallh.... P _




jo)
27}
‘3
10

ot

(3N

1]

=

(9]

1]

£

-P
L
.

e —————— -
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vhe 1nverse »f &
“4
appiication of the :incremental consticitive law
a~*1mna. ) S Mmoot oo T~ A D s P
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3 x ‘ v
5 - "h
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re.a%ive to “he ma%seri:a. axes . and 2
. _ P th .
. Strain i1ncremen® :1:n %he &« DLy
re.ative %o tnhe materia. axes . and 2
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%0

ly Zaminatas, %he
DLy Decomes:
tdo
L4
erms of{ Q) are g

N
i

ncrementa

vhe genera.

~

a

foliowing

se

i mu.swidirectiona.

I constinutive Law
~e

. “ J

L4

E(q. \lv),

the i1ncremental s<ress-sira.n re.a%t:ons {or a
definic10ons of =he I “2arms from Sec%.:on .I 3
into zg. (2., y.eidins
fo¥od IR VR
. L 12
p¥ =
L -
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o)
de (1 - 21) , \ }
2 (2€)
de =
2 3
E
22
dod
dsd =  —
G 1
12
doz .
where 3 = . and prov:ided *hat do and do. =2 2 (5.
is L 2
1
The .ncremental elastic constants i1n {Q! (or [SI; are

bbtained from the basic lam.na stress-stra:n data by an
t=2rat:ve procedure [8]. In general, the finite element
2guation, Eg. (19), presented 1n the las*t section 13 also

Wr.%%2en 2n an 1ncrementa. basis:

dlify = (ktey 1 d{dr (27)
°q
whare 4:7>, dtd}, and [k(s)oq] are the i1ncrements of load
ani d.splacement and the current 3st:ffness matrix,
respectively. No*te that *he stiffness matrix depends cn the
current level of stra:in. This dependence exists through the
~ransformed reduced stiffnesses, Q. (19]. From the

Irevious section,
< T
ko A+ Y (BITLQ11B) (28"
L

th =,
and sne can see that (k . 13 calculated using the 1 Q..
°q

If +he analyzed material exhibits nonlinearity, the basic
procer*ties of *“he laminas:

T c T c T ¢
1 1 2 2 12 12 12

&3]
3
3]
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WN.L.. vary w.wh stra.n. It fnllows that (9. and hence [k
N o1
Wl.. Vvary with strain as well (192
Since materia. properties are non linear, ma%teria.
’ oropertv curves mus®% be used for this analys:s. For this
L4
thes.s ~hese curves were obta:ned from s%tess-s*%ra.n
r eXrer.ments on uni:directional lamina The tests and the:r
) :2rresponding curves and mater:ial properties are shown 1n
!
| Tatle | These +tes*s are Zescribed :n Thapwer IV of zh:is
t hezlz
b T2 make +“he exper.:menta. curves usable bv the computer
'
? -2de. ~hey are en-ered :n +tabular form and are represen-+ad
ana.vt.Ta..y by a pirecewlise cubiz spline 1nterpolat:ian
)
I
|
' Table . Sas.c Property Tests, Curves, and
, Zcrresponding Basi1c Properties
Taz- Zurve Basic Property
2 -~ —T
By T2nsi1on T vs. £ E
1 1 1
a7 - ~C
2 Jzupressicn > 3. £ =
je 33430 . v 3 . .
;@J ~ ,_‘T
Tension > vs. € E
ens.io 2 2 2
N 3 - ~C
\ ¢ Jompression >, vVs. £, z,
‘
|
-4:' - - v -
el 9 Tens.con s. 3
= 12 7% a2 12
27 T T
‘ens:ion L vs. £ v
ns 12 1 12
1
> c
PR ess: v vs. £ v
2 mpress.on ‘2 . L2
S
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funcnion 132, The use of the spline funcnion renders smoosh
siress-sirain curves, which are desirabie for determ.:nat.on
of elast:ic modul: under incrementa. and :(terat.ve
computations [8.. With the stress-strain curves thus

ra2presented by simple polynomials, the %“angenwt modul: oF

El. Ez . and ze can be readily obtained as functions of
sorain oy differentiating <he appropr:.av-e cub.:> sSpline
{2ncn.lons with respect toO stra:n

L)
ot
oy
D
(]

2 sa%visfiy 2he numer:ica. nanture of ompuser, =-he

. .

loads must be appl.ed 1ncrementa.ly on e elamen-

o
o)
D
[y
Ve
o}
.

meda., as :mpiied by Eg. 27). However. X . may vary

9q
wi-hin a Laad increment To overcome <th:z dilemma, a
‘gred.ctor-corrector and :iterative techn.gue 5. 1s empiloved
:n the program

In this procedure, :Kqu 15 1nistially calculated 1n <he

firs% Lncrement using engineering linear elastic constants,

wnhich are egqual %o the in:it:al slope o°f %“he basic croper4y

N -

curves. For the subsequent i1ncrements, ixaq; 18 calcuiated

2Sing material propert:es that correspond to the s%tate of
5%rawin exi1sting at the end of the prev:ious load .ncrement.

Having calculated .k_9 . from -he n .cad i1ncrement, 3 new
q

increment 5f (2ad .3 applied and an incremen®t of

- -
LTI Thus Zgq. 2

s b
v

[}
Mo
)
Y
(W]
i)
3
D
o’
ot
3

n
[§]
W
»-

culated wusing

3]
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A

d{f} = (k(e) 1 d{d} (29)
aq ' n neg

. th
where n denotes the n load increment {(1917.

The new displacements, d(d}nﬂ. can then be used to

calculate an increment of sirain using

d{e} = {B]l d{d} (39}

The incremental stress can then be calculated from
die} = (Qldle} (31
where 1 denotes the Lth layer as defined previously [19].
Given the current levels of siress and stra.n. new

:ncrements of stress and strain are computed and added %o
the end of the current level to obtain a new level. A mean
level of strain is then computed by averaging the new level
of strain with the previous level at the end of the
1Nncrement. These mean strains are then used to determine a
new se%t of material properties since they are readily

o2btainabie as functions of strain through the cubic spline

n

unctions r191].

Given the new elastic properties, (Q). {Ql. and hence

[ko J are recalculated. The same load increment, not an

qQ

additional one, 1s then reapplied; and the i1ncrement of
displacement and strain 1s recalculated. This procedure is

continued for a given load 1ncrement unt:l the chande of the
strain increment converges to less than a specified value,

L.e ., ouanthil
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where n denotes the n&‘reappllcation of a given load
increment. When Eq. (32) 1s satisfied, a new load 1increment
:s applied. The repetitive use of the procedure outlined
above generates the predicted stress-strain response of the
aminate under consideration (13].

Graphically, this procedure :1s shown 1n Figure 12.
c-3i. A one-dimensional case of shear loading 1s shown for
clarity, but the program recalculates elastic properties
“sing all seven curves during a load i1ncrement. Stepping
through the example, the 1nitial strain Yo exists due to a
prev.ous load i1ncrement. A new increment of the load s
*hen applied and the resulting strain, Yo s calculated

tased on G12 at point &. A new modulus 1s now determined.

-

c2rregponding to the average of Y, and Yoo point A. With

new moduli, the load 15 then reapplied and a new strain, Y,

1S calculated using the modulus at point 4. Again, a new

modulus corresponding %o the average of rz and Yoo point B,
v

15 calculated and a reapplication of the load yields Y

This procedure 1s repeated until [(19]

Note that superposition principles do not apply 1in the

iterative procedure that begins with Egq. (29). The
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tiffiness mawrix [K. 1S an assemblage of element st.ff{nesses

buirl% upon the f(assumed) :ndependent bas:ic mater:al

rorerties. Thus Figure 12 cannot be appl:ed directly tsz

s

£z, (29).
During the determination of the incremental elast:c
constants, direct use of the lamina stress-strain curves may

e .ncorrect. For the off-axis laminas, uniaxial locads

()

reate a braxial stress state 1n the lamina. For pi.es
uncer biaxial s%ress. the biaxial stra.ns £Land £2must be
modified before *hey can be used to determine the elastic
constants from the cubic splline stress-strain curves. %
would be erroneous %o use these strains to determine E1 or
Ez from stress-strain curves obtained under simple loading
cond:itions. Recalling Egs. (26), dez corresponds to the
curve ON 1in Figure 13 (5] on the plane OEHG. The simp.e
stress-strain curve OM lies on the plane OEDC.
Stress~strain data similar to ON 13 not avialable;

therefore, 1% 1s assumed that simple equivalent strain

increments can be computed from the follcocwing expressions

(s5::
do‘ de
dcx T — = 2 , t34)
°q Ex 1 - v do
12
do
1
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do2 d£2
d.;z = —_ = (3€)
® E 154
a 2 1 - v d 1
21
do
Note that the error that would result from us.ng d::1
and dsz instead of their eguivalent strain would be L;ZG for
de and v_ /73 for de_, where (3 = deo /do .
1 21 2 2 1
Specificaily, the nonlinear finize element ana.vs.:s 1n
this thesi1is uses the foregoing methods to accomplish =<he
f{s.lowing process. Assuming that stresses are uniformlvy
iistributed through the thickness of each ply., stress
resultant i1ncrements, [dN], i1in the X, Y coordinate sys%tem
are given by
P
(dN1 = ) tdel, v 36
1.4 x
k=1
where
do = the (transformed) stress i1ncrements i:n the X. Y
~osordinate system
. th
:k = thickness of the X ply
p = number of pi:es 1n a laminats:
Paralleling the development of Section II, B and substituting
“he i1ncrementa. constitultive Law, Eg. (25}, into Eg. 28,
“he 3uress resulitants become
58
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P
{dN] = z L@y laz 1
1.9 x x
=1

where [de] are (transformed) strain :ncrements :n the Y. 7
coordinate system.
Noting that the strain increments [de., are *he same for
1.4

a.l. piies 1n the laminate, Eg. (38) becomes

cdNI = TA] [de: 133,

whe

‘3
19

N~1 o

AL = 1 EC]k 23
x
=1
inversion of Eg. (39} yields
. . Fa-t - . ,
tdel = [A dN: (43

aa -t . .
where _A. represents the average comp.iance properties ot

. L oth
~he .aminate during the 'n+l) icad 1ncrement. However,
A ! . ., th . .
A 13 not Known when +the i(n+.) Lncrement 13 appiliied.
T2 svercome this difficulty, the elastic properties at %“he

th

end 2f{ +he n load increment are used i1n Egq. :143), :1.e.,
- . Pyt . \
cde; = “A) (dN: (41
Nne+d la) N+
The strain i1ncrements [dsjhﬂ obtained frcm Eg. (4! are
ssed 1n Egs. (25, 134), and (38) to calculate [dec. , .de&:,
X
is‘ ., and d£2 . These s3tress and strain 1ncrements are
°q °q

X th |
added %o s+resses and s%rains at the n .oad i1ncrement %o

O
[¢)
o
Y
r
8]
or
rr
®
(3}
.
"3
-3
@
3
or
/7]
fed
-3
ID
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0]
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and strains 1n al. p.ies. The




current 3tresses and stra:ns are emp.oved <o determine <he
average e.ast1c properties of *the plies and a new :A:‘1 1S
somputed. This procedure :s repeated, i1n the manner =f
Figure .2, until the difference between two values of
Cdsiﬁq;s .ess than 9.1 percent. Eg. (41) then becomes
[del = [A] ' 4N 147
rnet n+q4 n+1

The repet.tive use of the procedure outl:ned abtove generate.
~he swress-s3%ra.n response 5! un:i:directional, anfdle-plyv, or
mu.ti:directional. laminates (3.
3. Fa.lure Criterion

The 1ncremental loading procedure osutl.ned in *“he
preceding section cannot con%inue .:ndefinite.v. The

praedict:ion of *he response of the laminate shou.d ~ulm.na%e

ncrementa. fa.siure of eiements and <he even-ual

z
-
o
o g
cr
1)}
'

farlure >f the laminate. A level wil. te reached where 2
samina Tr laminas <an no .onger 3usta:n add.ticna. .:cais

Thuz, She fariure s5+tate 0! a .amina under Zenera. 3%ress
5~ates .3 devermined by a :Ir.iteri:on re.ating “he Tenaviir
“he ply 1n +he lamina%es <> -he Tehav.sr :f <he pD.v unier
s5.mp.2 .%2ad cond.%.nons. YAricus Ir.cer. . n nave rCeen
trigcsed whith fsrmulate Triteria for the fallure ¢

AN L133%rTplT materials L25 ] This sect.cn descrites one
coiter.tn ieve.cped bv Sandhu [, <., wh.-h acTtcunts :orn
nnilnear maneri:a. bSehavior.
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Following the developmen: found in References (5. and
o2l a sca.ar function, {, defin:ng the failure zcond:.%:on ot
materials exhibiting nonlinear behavior can be written as
flo, e, K) = 1 42
where - and & are the stress and s<ra:n states and K
iescribes the mater:al character:i:stics
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Relps to o actcount for tYhe nonlinear s4eYrains that occur pricor
©~ fz:.ure 13, 1n composites such as Gr/ PEEK.
Specialized fcr the plane stress ccndition and us.ng
s2n:racted nora“:on, Eg. :44) becomes [5]
m m, m
X > de + XK o de + X > de
1 t 1 2 2 ] s
~ ~ ”~
& £ =
1 2 s
48
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Sr. USlng nonrepeatilng summation notation

£
1
C3:n8 resu.%s of tests under simple .cad zcnditions,

dku
Npnere & are +“he 4u.%.ma%e norma. “ens..e Or compress.ve
L I ——
ani shear 3%ra.ns Zombining g5 46 and 477, *he
t:-..2wwind egua%ti3n 13 :tbrained S
o m
i 1
> 1€
J.. .
£
- = o= L, 2.8 43
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7 A
“.oTn Fnates T A Lamina wioo 3Ll Inoa fartiT..ar
iir2cTtion . N :r 2 when rthe =~crresponding arex Lnlier ne
3Tres55-3%raln curve . Iue % wne .nIrementa. .2adlng Ty “ne
finlte element frogram, reaches a4 combined max.imum ares
:.=2., =he area wh:.:tn T:irrespands <: fa..ure
The s3hape i -he fallure 3urfacte 1n tne 3nraln eneriy
rpace _Zj3 +% . .3 Zeterm.ne: oo snage fastTIr.om S <
Tor2e valLes 1Iom : . . TnLE Tritaer_orn LI Timcars:
NLTDOZTme I Tne TTher o lallure tnetria2s Doroa Toirin-egs
mataArii. s3¥stem .0 Flgure 3 N NhLl2 a valluis -
= . Mav make Sne ana.Lvs.3 mere actTwurate than witoo Mmoo
"here L3 a2 Tiaxia., 3%raLn energy fa.lure data aval.ac.e ¢
.8 om ot oa sgecifilc ovalue Theretore, hi3 3n.div ook -
o P Thiz redwUzes the Iriter.:in I 4 3.mp.® L.n=ear
reoanlInzhlo .2 NnRen Tne sum It the shree ratl3 231.al3
o Tne .amina fesdrales comp.etelw The t“hree rati: oa-
TLAt TLme are ITInsr.tutions t d2£razacicn mais T
gl nudinal ~ransverse and =zhear 3°ress acz :ind T othe
ST I
Irooa 3tady 3l TIMPISLteS. WD LALLUre paenImena are
issumed - Te prIgsLT.e These are matrix fal.ure lue o
m2nsLon rrmpre3sioan, 1T osnear, and rlTer falure due o
"enElIn i TImpress.icon Ma“rix fa..uire cITurs owlonooTul
meTA3ZAr. .Y DreTigltA%ind iTer Al . ire InoTnls tase T
tal.2l pIrtiIn T!Dothe Lamina 13 unotaded 1n tranzverse
emilcin o oand shear WE .2 TIntiniinéd o oTarry otaiz oot na
Y - S — e
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f.ter Zirection. t”n.n2ad.:ng schemes for the computer
L prodram are described subsequentily.) If the f.ber failure
mcde occurs, the lamina 1s assumed to be complietely fa:led,
1 and *th icads are transferred to the ad;acent iamina. The
scsurrence of eir+her _amina faiiure mode 1s determined by
33102 tha s+%ra:in 2nergy fallure criter:ion (8.,
Fiber fa..ure 13 assumed to occur 1f
Kl { f cl dE; }
£
_ = > 9.1 (49"
zx {f o de }
L - L L
V=1, 2,0 L
and the criterion of Eg «48) i1s satisfied. Matrix fa.liure
sccurs when Eg. 43! 135 satisfi:ed and .neqgualiity (49! .3
not I+ 1s further assumed that the delamination moment
~owfif:cient (22 :s below the critical value for
de.amination Lo occur
A final point %o present .s the modeling of =the
progdressive-ply-failure [8] Once lamina failure occurs 1in
-ne »r more elements, the falled elements have %o De
wnloaded The following ftwo failed-ply unlicading schemes
ire prssi1ble 1n the prodram PL3STREN.
’ I~ +<he case of multidirectional. laminates, 1t 15
e: -hav +whe farled elementis) unload gradually This
~s33-nable since as areas of laminas fa:l, ad:racent

(o))
n




s

areas and laminas pi<ck up the extra stresses. Thus. the
iAna.yvysis attempts to model 1nterlaminar stresses. But
according %o Pet:it [25],this action of the laminate 1s "not

-

2asily postulated.’ It is not known what proportion of

7]
o]

the load the lamina retains nor what happens %o the modulus
af~er degradation. The of unloading i1s done by assigning

negas:ve values to the affected moduli1, which determined on

the basis of the failure mode. This scheme 135 shown for
transverse tensicn 1n Figure 15. Note the slope of the
negative tangent modulus. This slope varies for all simple

loads, and :%s value 1n this analysis 1s assumed to be the
negative of the init:al slope of the respective basic
property curves.

The incremental loading i1s continued on the modeled

laminate until the stresses i1n the affected element(s) are

reduced to zero. The moduli are then set to nominally small
values. This fairled-ply unloading scheme was used 1n
Reference (23] and was found to give excellent resul=ss for

stress-strain curves of multidirectional laminates. The
scheme attempts %to model the progressive nature of the
matrix cracking process within the elements. But while
reasonable for multidirectional laminates, this failed-ply
uni:oad:ing scheme gives results that are too high for
anidirectional laminates.

In the case of unidirectional laminates, 1t should be

assumed that the failed elements unload rapidly. This i1dea
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1S reasonable since fa:riure 1n a unidirectional laminate
occurs through the thickness and 15 usually swudden;
theoretically, no lnterliaminar stresses ex1st. The affected
moduli of a failed element are set to nominally small values
(100 psi1) and the same load 1ncrement 1s applied again.

This reapplication of the load increment can cause failure
of additional =2lements. These failures are secondary 1in
vhat they are caused by load redistribution without an
increase 1n load. 1{ secondary failures occur, the load
increment 1s repeated until no further secondary failures
ocacur. The load :1s then 1increased to the next higher level.
Generalily, this unloading scheme gives lower strength
predictions than the gradual unloading scheme (8].

As a summary of the development presented for the
program PLSTREN, a diagram of Sandhu's program i1s shown 1in
Figure 16. The chart shown 15 not a typical flowchart, but
instead shows the complexity of a nonlinear progressive-
piy-fairlure finite element program.

This chapter has presented the theory behind the
analytical and experimental i1nvestigations of this thesis.
The following two chapters describe procedures used 1in the

analysis and experimentation phases. Results and

conclusions are presented 1n subsequent chapters.
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oIz Ana.vs:s
As discussed in Chapter I, the ana.ysis of zompos:.-=
.aminates to pred:ict the onse<s, progression, and <o2mp.e~.on
cof failure has been accomplished by many methods. These

veral

{O

range Irom numerous fracrture mechan:cs approaches %c 3

a3

element techn:iques. In this thesis, the non.inear

e
-
3
4o
ot
[t

]

r

L]

in mental f:n:ine element technigue Zdescribed 1n Thap-er
was used on three stacking sequences of Gr/PEEK .aminates.
The purpose of this efforw was to study =he 1nil-iation and
progression of failure at or near a circular discont:inuicy
in a material which 15 subjected to tens:ion. With a
particular specimen geometry chosen, a suitable finite
@iement mesh developed, and f{inally with experimentally

Jerived data, a nonl:inear analysis was accomplished for the

composite material Gr/PEEK.

A Specimen Geometury

To> analyze the failure characteristics of Gr/PEEX, the
spec:men geometry shown in Figure 17 was chosen f{or th:is
study. Note that the diameter of the hole 13 one-third <the
width »f the specimen. As mentvioned previousiy, this &6 X
1.2 X 9.984° specimen represents a thin. composite piate of
finite width. These tensile coupons were manufactured with

1% layers of laminas with the prescribed orientations. o>r



eecMed  (eoMeTeY .
Ciguee 17.

71




Table 2. Modeled Stack:i:ng Seguences.
Stacking
Sequence Symbol Type
R 2T Unidirecticnal
16
190161 9oT Unidirectional
T epag " < -P1
SIS L o SH Angle-Ply
stacking sequences. The stacking sequences which were
modeled and analyzed are listed above 1n Table 2. Note that

S’ implies a symmetric laminate, and that all laminates are
symmetric about their middle surfaces.

One reason for choosing these lay-ups was to
:nvestigate the reaction of unidirectional and angle-piy
aminates under tension. It 1g hoped that these results can
be reiated to a future analysis of quasi-:sotropic laminates
under tension. Of ~ourse 1nterlaminar stresses would play a
maj)or role in the reaction of the plies 1n a guasi-i:sotropic
iaminate. It 15 hoped that by sbtudying individual
orientations., o2ne could draw conclusions about the

Jquasli-l1sSotropic specimens. ,

8. Finite Element Modeling

An acceptable finite element model of a structure

should accurately predict the displacement and stress fields




O
(9]
O
Kl
w
)
I
0
[
v
1

2!othe arTial seructure under a 3iven Load.

a mcde., %he analyst must accurate.y mecdel the si:ze2, sharce,
ioads or displacements), and dboundary condiw:ons I “he
ac%ua. swrucuure. Furthermore, he must% provide fcr adeguas=

refinement of the elemen® mesh 1n areas where grad.entvs .n
~he displacement f:1eld or the stress field are xnown or

expected o0 be high. n descr:do:ing the finite 2.emen:

o,

modeling carried ou% .n this thes.:s, each of theze
rement3 wi.. De discussed 1n this 3ec-ion.
The s.:ze and shape of the finite element mesh obv.ous.y

mcdelied +the rectangular thin plate analogy that was shown .n

Figure (7. Each 2f the si:xteen layers of laminas were
specifrled 1n thickness, ¢t of Eq. (36), and i1n o2orientations,
<

b

v

n the transformed reduced stififnesses of Eg. {(19).
3ecause of the speci:men and laminate symmetry, 2n.v a
guarter 2f the specimen could have been modeled %o minimize

analvs:s time and computer costs. However, 1n *“he pro

0
3
W
3

resses and strains 1n an element are output for %he

or
e o
1]
[0]
ot

center of the element. Therefore, to acguire the stresses

and strains at the transverse centeriine of *the specimen,

ur . 3. n

D

halfi 2f the specimen was modeled as shown :n %

Ua

“his way, output at the centerline .s eas:.y rendered

e
O
+

w1*thout %he need r extrapolation.

<

The model of Figure !8 was used for a.l three “ypes of
spa~.mens. No*te the coordinate axes relative to the mode!l,
P

~he di1agrammed <cons4<raints, and the listed 1nformation :1n

~1
(@8]
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- / T T R v cam ——y
che l&ur= ALF2> no=e +that the elemen+s are I.ner
S.rroundind wne holae SZecauise o°f hidher ztrezs
InJentrations nearer the hole, f{:ner discretization I -“he2
IoeCImen wWi.. yie_.3i more accurate resu.ts Note urcther
~ha*t 02 Lrans:tion e.ements {(such as triangular eiemen<z :7r
2.zments with {ive »r more nodes) are used 1n +r.3 mesh
Azcoriing e 3andhu in a conversation with Ai:m; ., “he
ITT4ram WorK3 tes3t 1f the 2.ements are as sg'iare as
c23s3.:3cle. This has been accompiished wish the guadr:ilat-
2ra.3 &Zradua.l.y 1ncreas:ng 1n 3ize away from the ho.e in-..
~hev match *+he rectangular grid of the res+-t of the specimen.

Ty s:mu.ate +<he sension field on the spec:men :n %he

v2s: mach:ne {(See Chapter I[V), the model was sub)ected Lo
“2ns:5n by <Tonsirawning the left end of the model and
i.splac:ing *the other end. Another method of this program
acr.:23 ‘negative pressure’ on the nodes at each end of the
spec.men. Th.s pressure 1s a force per unit length acting

on each end and creating tension 1n the specimen. This

method was not used because one of the nodes on which

opressure wouid have been applied was fixed :n this mode
Thus, pressure on that node would have been meaningless
3ince 1%3 counterpart on the other end of the model was
f{ixed, an asymmetri:cai stress field wou.d have been se:

:n %he spec:men, and thé model woulid now® have simulated
actual suructure.
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~ha*® <he node a- toordinacve 2.9, 2.2

Z
\Y
[0}
*
N
ha
V1

:n b2th the x and y directions %2 prevent r:ig:d becdy mo<oicon

2f nhe model The long:itudina. <Tenter.:ne 2f +he 3pec.men
i:z%aved tha* the rest of the nodes aiong +%he iine y = 3.9
~were Ire2 T2 move .n %the x-direct:iosn bus were fixed :n the
~

/y-d:recticn At the ends, the nodes alosng the l:ne x = 3.2
were I1x2d 1n she x-direct.on dut were iree <5 mcve .n <“he
w-direction. The nodes along the line x = 5.2 were
fras:crided with a Z:ven dispiacement and were free :in <he
s-directicn The rest of the nodes i1n the mode. were f{ree
in sosh directions. The gcal of thilis model was %o simuiate
~he acnua. boundary condition caused by the tension grips of
~ne "es%t machine.
z onvergence Study

7> determine the refinement of the finite element mesh.
“wo compe-t:ing goals were sought: (i) to predict behavior
A5 accurately as possible and (2) to save CPU time and
expense as much as poss:ible. Thus, a conversgence study was
accompl:ished using the three models of various refinement 1
shown in Figure (9.

Since +the comparat.ve experxmennat;ok nad not been 1

accompi:shed at this time in *“he study, another compar:son
was neecded %o determine which model vielded :the best

resul%ts . It waz decided that modeling %he i1soatrop.c

o
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“ehav.>r oI %“he

all given a Jd-degree
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Table 3. Results of Convergence Study
Stress at Far Field Time of
Model y = 0.2 Stress Stress Accuracy Execution
(psi) (psi) Concen. % (sec.)
Coarse ! 6909. 2899, 2.39 69.1 9.
Coarse 2 6423. 2885, 2.23 64.5 2900 .
Medium 8636 . 2865, 3.901 87.9 34.
Fine g5g.. 2855, 3.36 g7.1 46 .
y = 0.2 were extrapolated using a computer algorithm based
on Lagrange's 1nterpolating polynomial (29]. Note that the

fine model provides a highly accurate result with little
increase 1n CPU time over the others. Also note that the
second program did not provide increased accuracy and that
the time of execution was significantly higher than that of
the others. Thus, the fine model was used in this thesis %o

carry out the analysis of Gr/PEEK under tension.

D. Nonlinear Analilysis

For comparison purposes, this study could have first
performed a linear analysis on all five laminates using
constant elastic engineering properties, But as pas®
studies have shown [S, 6, 7, 8, 19] and as the experimental
stress-strain curves of thig study zhow (see Chapter V), a

nonlinear analysis 1s essentiali for an accurate study of




composite materials, especially Gr/PEEK. Due to these
reasons, a nonlinear analysis was conducted in this thes:is.

The nonlinear analysis began once the basic properties
were determined experimentally (see Chapters IV and V).
These properties were entered into each of the data files
corresponding to each type of specimen. These types of
input cards are included in the guide to the program in
Append:ix B.

Each run of the program was routed from a CYBER
mainframe computer to a CRAY mainframe, where the program
was executed. Although the CRAY performed the excutions at
a higher expense per second than the CYBER, the time of
execution was si1gnificantly faster, thus saving overall
expense of this analysis. Once a run was completed, or a
user-1mposed time limit was reached, the CRAY routed the
completed output files back to the CYBER. If a time limit
had been reached, the run was restarted from the last
increment of loading. This cycle of restarts was continued
until the modeled specimen failed.

For each i1ncrement of loading during a run, the
gstresses, straing, and strain energy of each element and the
displacements of each node were sent to an output file.

As the loading increased, elements which reached their
ultimate strain energy failed (see Section II G). The

program output listed this sequence of element failure.
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For each run of the laminates, tension stresses were
set up in the model by displacing the free end a prescribed
amount . In order to decide what increment would be
appropriate, for simplicity data was taken from the
experimental results of this study. The displacement
applied was simply the total displacement of the failed
specimen divided by ten and rounded up to the nearest l@@th
of an inch. Precision was not critical because the program
adjusts the increment to suit its needs in analyzing the
failure process.

For each restart of the program, two output files from
the previous start or restart were important. In an easily
readable format, one output file contained the displacements
of each node and the stresses, strains, and strain energy of
each element. It also plainly stated if the element had
failed. This output file was routed from the CYBER to a
printer. And in the literally thousands of pages of output,
one could read the analytical progression of failure in each
of the specimen lay-ups.

The second output file contained only the displacements
of each node for each increment of loading. This file was
routed to a VAX mainframe where 1t becane an input file to a
plotting program. The VAX was used because 1t operated on a
baud rate that was 8 times faster than the CYBER. Thus, for
each increment of loading, a plot could be made of the

diztorted model. With the numerous plots of the distortions
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caused by the load

ana.yt:cal deformation of

Whi:le this analysis phase was taking place,
experimental tests on the specimens were being conducted
wel.. Experimentation is discussed in the next chapter,
the results of both analysis and experimentation are

presented 1n Chapter V.

increments,

one could see

each specimen under tens:ion.
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iv. Experimentation

The purpose of experimentation in this thesis was to
determine the ultimate strength and failure progression 1n
Gr/PEEK, as well as to provide basic property data for the
computer analysis of the previous chapter. The end result
was then a comparison of experimental and analytical
results. Experimentation was conducted through the
Structures Division of the Air Force Flight Dynamics
Laboratory (FDL) of the Air Force Wright Aeronautical
Laboratories (AFWAL) at Wright-Patterson AFB, Chio. Prior
to testing, a test plan was submitted to the Structures
Division from the Air Force Institute of Technology (AFIT).
The test plan outiined the work to be done and was sent to
all organizations to be involved 1n this project.
Highlights of this test plan are presented i1n Appendix A,
along with an expianation of the logistics involved 1in
accomplishing experimentation through the Structures
Division of FDL.

Specifically, the objectives of this three-phase test

program were:

(1) To determine basic properties for the thermoplasic

composite material Gr/PEEK at room temperature.
(2) To determine the ultimate tensile strength of
Gr/PEEK tensile specimens containing a 9.4-i1nch diameter

tfircular discontinuity at room temperature.
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(3) To 1investigate the progression of failure :in
Gr/PEEK at a circular discontinuity at room temperature.

This chapter contains the description of fabricating,
instrumenting, and testing Gr/PEEK coupons; and it presents
the procedures followed i1in accomplishing the above test
objectives. Also discussed are the post-failure
examinations of the material, which were videotapes of the
ultimate strength tests and stereo x-rays of the failure

crogression.

A. Specimen Fabrication

In accordance with the test plan, specimens were
fabricated from panels of Gr/PEEK composite panels. These
panels were supplied by the Fiberite Corporation, a
subsidiary of Imperial Chemical Industries of Great Britain.
The panels were supplied in the configurations listed 1in
Table 4. Note that all lay-ups contain 16 plies and are
symmetric about their midsurface. Out of these panels, 114
specimens were fabricated, instrumented, and tested. Some
surplus Gr/PEEK was used for destructive material analysis
to ensure that material specifications were met. The
remaining material was reserved for future testing.

Each panel was guaranteed by the manufacturer to be
APC-2 with Hercules AS4 graphite fiber in a Vlct.rex® PEEK
matrix. The fiber content was 61% by volume and 68% by
weight. A random sampling of the panels showed that the

panels supplied met the material specifications of APC-2.
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Table 4. Configurations of Panels Supplied for Spec:mens
Laminate Stacking Size

Type Sequence (in.x 1n.) Quantity
Uni- [g15] 19 x 14 5
di:rectional
Uni- [96‘6] 19 x 14 5
directional

-P 1

Angle-Ply [:45]4S 16 x 16 3
Quasi- [®/+45/9®/-45]2s 16 x 16 2
1sotropic
Quasi- [@/+45/9®]2$ i6 x 16 2

1sotropic

A description of the manufacturing of APC-2 panels 1s
contained in Appendix B.

When the panels first arrived from the manufacturer,
they were subjected to a C-scan to determine flaws that
might have disqualified the panel for fabrication of
specimens. The Non-Destructi:ve Evaluation Branch of the Air
Force Materials Laboratory conducted the C-scan and found
all panels to be free of significant flaws.

After the C-scan, specimens were fabricated for
testing. Panels were cut into sub-panels; then sub-paneils
were “tabbed.’ By applying tabs to each end of the
specimen, the testing machine was given an area to grip 350
that %tensile and compressive forces were distributed even.iy
withocut damaging the specimen. The Beta Corporation, an

in-house contractor of the Structures Division, supplied the
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~abbing material, which cons:isted of 1/16-1nch thick G-13
gLass epoxy (0/30 woven). The tabbed subpanels were

cut 1nto specimens according to the test pian. Also, =zhe
specimens for the ultimate strength and failure progression
studies had 9.397%-inch holes drilled in their centers.

The final tension specimen geometries are shown 1in
Figure 22. These are ASTM standard tension specimens. Note
that the widths of the basic property specimens vary
according to lay-up. These widths were 1mposed so0 that *%he
ultimate stwtrength of the specimen did not exceed the ioad
capacity of the test machine.

To experimentally derive compressive properties, there
are many compression specimen types from which to choose.

The one chosen for this study was the Rolfes compression

specimen [30], and 1ts specimen geometry 1s shown in Figure
23. The tabbing procedure for the Rolfes compression
spec.men 1s outlined 1n Figure 24. The end result of this

tedious process 1s a specimen covered mostly with tabbing
material. It 13 through this large area of tabbing material
that the compression fixture grips the specimen and through

shear applies compression %Yo the coupon.

B. Specimen Instrumentation

Az fabrication of specimens was completed, the speci-
mens were instrumented. All specimens were 1nstrumented
with appropriate sizes of 3train gage rosettes. At all gage

.ccations, rosettes were placed back-to-back, 1.e., they

88




o"

g " " »
o 2 ]L ¢ 'il 2
-
C. ComposiTe  CouroN \ﬁ‘w, g
TAB MATERIAL
(4.) reorie view ()
ww L 10! L
1 'l
oo [T T ] ©o° TEszan
| |
.o 90° TEN5IOI‘1
| |
1.ao* SHese

(b) Basic PROPERTY SPECIMENS

10"

oL
|
)

|
| \_
0.400" DA HOE

DRiLLeD AT (eNTer
OF <rPECiMen

(¢) Au oTHUER SreCiMens

Pavez 72 TedsiLe <rPeCiMEN®

89

<d

- — e



—

~r

TNEWRAG  NO1SSAZANO) 523410d

uIsUf UOYIL

‘el 2O

I

- Sevo

000°¢

0s2'e

0sLe

000'€

S8y

U] votRL

9o




7T — ——
,
- Wi —— ], |

o 7 ‘ I

/’ t.ﬂ:;::;
odhestve
laminate

7 —:

/ H
- Dimensions are in inches

Flaee 24. Taeenla oF Tue KRolLres
COMPReS5ION  SPeaMenN .

g1

. T v — e = -




were adhered to eac': face . Figure 25 shows the strain gage
rosette configuration and numbering scheme for the front
face of a specimen. The rosette on the back face simply
mi:rrored the front gage.

Locations of each gage were a function of the type of
test conducted on the specimen. For basic property tests,
the strain gage was placed 1n the middle of the specimen. A

gaged compression specimen 1S shown 1n Figure 26. For the

14

specimens containing a hole, gages were placed both at the

hole and at the far field location for some specimens., as

shown 1n Figure 27. Other specimens had far field gSages
only, as shown in Figure 28. The use of rosettes yields the
desired plane stress i1nformation: strain 1n the

longitudinal, transverse, and shear directions of the

specimen ax.13 system.

(@]

Specimen Testing

In all tests, a 20-kip Instron universal test mach:ine
was used to apply tension or compression to specimens under
an ambient environment. The spe51mens were loaded at a
ccns*tant crosshead travel rate of 90.95 inches per minute.
The crosshead is the component on the test machine which
provides displacement loading. This speed of displacement
was chosen as median speed between a faster 1mpact type
loading and a slower creep type loading. For the duration

2f all tests, i1t was assumed that creep was negligible (see

5]

(¥

ection [II A). Failure loads were measured using a
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Figure 26.

Gaged Compression Specimen.
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Figure 27.

Specimen with Gage at Hole and at Far Field.
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Figure 28. Specimen with Far Field Gage Only.
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20-kip load cell, which consisted of permanent strain gages
wihich reacted to the displacement of the crosshead.
Videotapes of all the ultimate strength and failure
progression tests were made in an attempt to document the
failure process and provide for a post-failure analysis.

The Instron test machine is shown in the left half of
Figure 29 in a tension application mode. The specimen is
shown 1n the grips of the tension fixture, and the crosshead
13 the horizontal member just below the test fixiture. The
load cell is in the top of the machine, above the test
fixture. Also shown in this figure are the voltmeter, the
video camera (both shown in greater detail in subsequent
figures), and the data collection devices.

The voltmeter was used with the ultimate strength tests
to provide a visual measure of the locad in the specimen
during tests. It measured load by measuring the resistance
across the load cell during the test. The amount of
reslistance per pound of load varied with the range of load
for the test. In other words, if the machine's load range

for a particular test was 5000 pounds, the voltmeter read
ﬂ 1l volt per 1920 pounds. For a 20,002 pound load range, the
voltmeter output 1| volt per 4082 pounds. The voltmeter and
specimen are shown i1in Figure 3@, with testing 1n progress.

The reason for the voltmeter was for use w.th the

{
h videotape of the tests. With the videotape filming both
the failure process and the voltage reading (the load). one
96




Testing Area.

Figure 29.
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Figure 30.

Specimen and Voltmeter During Test.
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could perform a repeated post-failure analysis on each test.
Not only did visual occurrences reveal themselves after
testing., but the failure in the specimen could be heard by
the "tinking  of individual fibers and the g£:ating sound and
sudden boom of the failed specimen. The video camera and

1ts subject are shown in Figure 31, with testing in

In the background of Figure 29, the data collection
devices are shown. For each test, strain was read from all
three elements of each strain gage and load was read from
the load cell. For the strain, signals from each leg of
the rosette were read by a strain gage conditioner, sent to
an amplifier, then to a multiplexer (which combines the
si1gnals for the computer), and finally to a VAX mainframe
computer. Load signals were sent in a similar path and
combined with the strain information. The end result of
each test was a great volume of data that could be output 1in
any desired form.

The data collection devices were able to record test
data 1n varying rates. For all specimens except the
90-degree tension coupons, the sampling rate was 2 data
samples per second. The data sampling rate for the
S9%-dedree tension test was 1ncreased %o 4 data samples per
second since these tests lasted a relatively short time. in
this way, data collected was more reliable, and strain at

N

faillure was more precilse.

99

TN



Figure 31.

Video Camera and Ite Subject.
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The Instron test machine 1s shown in Figure 32 1in 1ts
compression application mode. The specimen 1s :n the Rolfes
compression f{ixture, and the crosshead 1s applying load by
moving down. Here, the load cell is under the fixture,
inside the rectangular box. Load cell data is fed through

~he cable attached to the box and over to the data

coliection devices. In this figure also note the plotter 1in
~he upper left. Plotted for each test was a continuous load
versus displacement curva. A ball point pen simply traced

the load az the scroll moved with the displace of the
crosshead.

The Rolfes compression fixture is shown i1n the test
machine 1n Figure 33. One pair of wires for each leg of
each gage 1s extended from the gages to the terminal strip
at the left of the figure. From this terminal strip,
si1gnals are sent to the data collection devices.

Further views of the compression fixture are shown 1n
Fidure 34. Figure 34(a) shows the unassembled fixture with
one end of the specimen in the grips. Figure 34(b) shows
the assembled fixture. Note that the grip in the front
extends beyond the cover plates. It 1s on this grip that
the crosshead appli:es the displacement load.

The entire testing program 1s outlined 1n Table 5.
Note the test symbols listed. These will be used for
conci:seness 1n the next chapter. Also note the quantities

of specimens required for each phase of the testing. For
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Figure 32. Instron Test Machine in Compression Mode.

Figure 33. Compression Specimen Wired for Test.
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Figure 34(a). Unassembled Compression Fixture.

Figure 34(b). Assembled Compression Fixture.

183




determining basic properties, five obstensibly i1dentical
tests of each type of specimen were assumed to provide a
good average of material property data. For the ultimate
strength tests, four specimens with gages at the hole and at
far field were tested along with three specimens having only
a far field gage. It was desired to provide as much data as
possible for this phase. For the remaining phase, three
tegts for each type of specimen were assumed to give a
statistically accurate account of results. In all phases,
extra specimens were manufactured i1in the event of poor
results. Occasionally in this type of testing, strain gasges

fail or tab adhesive fails prior to failure of the specimen.

D. Basic Property Tests

To determine the basic property data of APC-2, the
baslc property specimens were gaged at their centers and
tested under static loading at room temperature. The goal
of these tests was to provide sets of values from which the
computer program could derive the nonlinear values of E :. E
f, E :, E j. G:z' Vlz, and ij' The tests were listed 1in
Table 1 of Chapter II, along with their corresponding curves
and the basic property derived from the data. Note that the
€:45]4s laminate was used for determining the T‘zvs.
¥ ,p,data. According to ASTM Standards [31], the tensile

coupon of *4%5 laminas yields shear stress-strain results

from the following equations:
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Table S.

Summary of Testing Program

Bas:c Property

Tests (Specimens with no hole)

Specimen Number of Number of Type of
TvpesTest Specimens Gages Gage +
2° Tens:ion 6 12 1
2’ Zompression 5 10 N
32 Tens:ion 9 18 2
29 Zcmpression 8 .6 B
=45° Tens:ion 6 12 2
Totals 34 Specimens Tested
C.timate Strength Tests (Specimens with a 9.4° dia hole!
Specimen Test Number of Number of Type of
Type Symbol Specimens Gages Gage *
‘9 63 2T 3 6 2
' 3 6 3
190‘63 99T 3 6 2
4 8 3
::453‘3 SH 3 6 2
4 8 2
ZZ'*45/9@/-4SJZS Q! 3 6 2
4 3 3
:a/-45/9@:28 Q2 3 5 2
4 8 3
Totals 18 39 2
19 38 3
34 Specimens Tested
Tontinued.
195
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Table 5 (Continued). Summary of Testing Program

Failure Progression Tests (Specimens with 8.4° dia hole)
Specimen Test Number of Specimen at Percentage
Type Symbol # 1 2 3
[Qxa] a7 3 3 2
o
{(5¢ ) 9oT 3 3 3
16
cenz n
5—45.1‘8 SH 3 3 pel
{0/+45/90/-45] Q1 3 3 3
2s
(@/+45/90] Q2 3 3 3
Totals 15 15 L4
44 Specimens Tested
Types of Strain Gasges
Reference Number
Number Type of Gage Appiied Remarks
i CEA-03-062UR-35¢ 19¢
2 CEA-03-125UR-350 38 Far field 32age.
3 WK-83-060WR-35¢ 40 Stacked rosette
i at hole.
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12
Y., = £, ° sy (511

where

Px = load in the specimen liongitudinal axis

b = specimen width

d = specimen thickness
T12, yxz' sx, and ey have been defined previously.
Note that Egs. (50) and (51) are derived for the =45

laminate through the use of a coordinate transformation.

Taking Eq. (51, for example, to get the desired shear
strain in the material axi1s system, one would use this

transformation equation:

2 2 .
51 cos & sin @ 2 sin 8 cos & £
x
2 2 p
52 = sin & cos & -2 si1n 8 cos & £
%
. 2 2.
Yia -sin & cos 9 sin & cos 2 cos &-gin B r
Xy

With 8 = +45 or -45 , Eq. (51) 1s realized.
To obtain the desired stress-strain data sets which
were entered 1nto the computer program of this study, the

stress and s%raln values derived from each test were piotted

on a single graph and an average stress-s§train curve was

v

determined. For example, to determine o, Vs. £ , six curves

were plotted of the axiai stress (0‘ = o = P / A) versus

the maximum strain (s1 = 5x) read from the strain rosette

for the @~degree %tension specimens. Ail 31X exper:menta.
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c‘ vs. sl curves were outnput on one plot, and a curve

that was based on least squares fit was plotted through the

S1X experimental curves. Values of o, Vvs. £ were then

e

taken from this curve and tabulated. These basic property

curves are presented in Chapter V with other test results.

Other values were tabulated as well. To determine the
Poisson ratios, both the tension and compression curves of
>, vs. £ and 2, vVs. €, were plotted on one graph and va.ues
of £, and €, were chosen. Dividing £, into £, yielded the
desired results. Additionally, the engineering elastic

constants were needed to give the computer program values of

basic properties from which to start. The constants were
the 1ni1tial values of basic properties. The eng:neering
elastic constants derived from these tests were compared
with others’' findings and found to be accurate. The
tabulated values of nonlinear materi:al properties, along
with the elastic engineering constants were entered 1nto

data files for the analysis portion of this thesis.

E. Jltimate Strength Tests

1 To determine laminate stress-strain responses to
ultimate tensile load, the 9T, 90T, SH, Ql, and Q2 specimens
were tested under tension. Al]l seven specimens of each of
the five types of lay-ups were instrumented with a

i (CEA-@3-125UR-350) strain rosette away from the hole, the

far {1

D

id gage, to determine strain to failure for the

laminate. Four of the seven specimens were instrumented
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with a "stacked”™ rosette (WK-93-062UR-350) at rthe s:de of
the hoie. {See Figure 28 1n Section B of this chapter.)

The use of a stacked rosette allows one to determine the
strain in a much smaller area. Because of the extremely
large stress gradients at the hole (See Figure 21 1n Section
IZI C), use of a rosette with three grids spread apart, as
in Figure 25, would produce meaningless results.

Refering to the finite elemen*® model of *the specimen
Zeometry, the small stacked rosette was centered on %he
second element from the hole on the transverse centerliine of
the specimen. The rosette approximately covered the area of
that element. The far field gage was placed on a group of
elements where stresses were assumed to be uniform.

Fi1gure 35 shows this strain gage placement with respec~ o
the finite element mesh.

For each of the five types of laminates, specimens were
subjected to tension until they failed. The loads and
strains throughout the test and at failure were recorded.
Results from the small rosette at the hole, as well as from
the gage at far field, were used for comparison to the
computer analysis. The tensile stresses at failure were
averaged to obtain average falilure stresses. These average
stresses were not only compared to analyélcal findings. bu*
they were also used to accomplish the final phase of

testing.
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A videotape was made of all the tests to ultimate
strength. From repeated viewing, one could see and hear
dccurrences that were not noticed during the test. Also,
stills (photographs) were taken of various frames which
showed the 1nitiation and progression of failure, as well as

deformations and the ultimate breaking of the specimen.

1 Failure Progression Tests

To determine the 1nitiation and growth of ply failiure
in .aminates with a 9.4-i1nch diameter hole, 9T, 96T, SH, QI,
and {2 specimens were tested under tension. For three
percentages of the average failure stresses, three specimens
of each lay-up were tested. The specimens were placed 1in
the grips of the Instron test machine and loaded to a
predetermined load. This load was derived by multipliying
the predetermined stress percentage by the cross-sectional
area of each specimen.

For each average failure stress determined above, three
percentages of failure load were chosen. For each of the
five laminates, the results of the ultimate strength tests
were studied. The stress-strain curves were examined, and
the videotape was viewed repeatedly. From this post-failure
analysis, the percentages of fallure stress were chosen and
are listed i1n Table 6. These percentages were based on
occurrences during the failure process that warranted

investigation. It was hoped that testing to these




Table 6. Fercentages of Average Failure Stress

(to which each laminate was tested)

Specimen Percentage % 1 # 2 ® 3
QT 5@ 80 90
90T 89 99 95
SH 79 85 95

K 89 90 95

2 89 90 9%

percentages would render visible results through the

technique of stereo X-ray.

G. Enhanced Stereo X-Ray

Once laminates had been loaded to a percentage of
fa:lure stress, they were taken to the Air Force Materials
Laboratory for analysis. There the growth of ply failure
was photographed using the techniques of stereo x-ray. To
determine which plies failed 1n a laminate under tension
around the hole, each set of three specimens was subjected
to “opaque penetrant enhanced, three-dimensional,
x-radiaography” [32]. By using this technique one can see
failure through the entire laminate thickness and, i1deally,
pick out the extent to which each ply has’'failed. This
visual analysis requires some education and acclamation for
the person whno has never performed stereo viewing of

composites.




At the facilities of the Non-Destructive Evaluation
Branch of +he Mater:ials Lab, all 44 specimens were
photographed using the techniques of Reference [32].

The specimens were penetrated with an x-ray opaque {luid and
then photographed onto x-ray film i1n two imasges. The ri1ght
1mage was shot first while a thin plate of lead was placed
over the left side of the film. Then the left side of the
the x-ray was shot with the lead plate on the right side.
This set-up 1s shown 1n Figure 36. Once the film was
developed and stereo X-rays were completed, the analysis of
the images began. This analysis i1nvolved using a stereo
viewer with a magnifying lens and picking out the damage
progression.

With the experimentation described in this chapter,
along with the methods for evaluating failure in specimens,
results were obtained. These results are presented next.
It was hoped that this combination of experiment and
analysis would #ive a complete picture of how APC-2
laminates fail under tension around a hole, and whether or
not the computer analysis used can accurately predict th:s

behavior.




|

Figure 36.

Equipment Set-Up for Stereo X-Ray Procedure.
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Th:s chapter presents and discusses vthe anaiytica. and
experimental results of this thesis. The computer program
embodying the concepts of Chapter II and appiied :n Chaprer
III was used to determine the theoretical responses of

{e 3, [56 1., and [245]‘3 Gr/PEEK laminates subjected %o

16 10
1n-plane uniaxial loads. These responses were then comparecd
%o “he exper:mental resuits of Chapter IV. The axper:menzail

study of the two quas:i-.sotropic laminates f{ol.ows *%he
anaiytical.-experimental study of{ the unidirectionail and
angle-p.y laminates. But first, the basic property resulus
are presented showing best fi1t curves and l:zt:ing the data

that was i1nput to the computer program.

A. Resuits of Basic Property Tests

The results of each test conducted during this phase of
the exper:mentation are listed in Tables 7 through 11. For
each table, remarks are 1ncluded for completeness. Note
that the average failure s%resses shown :n %he %ables

represents the strength of Gr/PEEK under s:mpi2 loading

€}

nnditions.

ot




Table 7. Basic Property Tests of 0-deg Tension Specimens
Failure Failure
Test X-Sect Load Stress
Number Area (lbs.) {psi}
119: 0.04988 14,900. 298,700.
1002 9.04988 15,7090. 314,900,
1903 2.0498 14,380. 288,8¢9.
1204 2.05%013 15,400. 307,200
1905 2.05107 13,850. 271.200.
1006 2.0498 15,400 . 309,200.
Average Failure Stress = 298,3090.

Table 3. Basic Property Tests of @-deg Compression Specimens

Failure Failure
Tes* X-Sect Load Stress
Number Area (lbs.) (psti) Notes
5501 2.06083 _ A
5502 2.05917 9,439, 159,500.
552 2.05933 19,701. 180,359.
5504 2.05992 9,859. 164,4029. B
5505 9.05941 11,360. 191.200.
Average Fa.lure Stress = 173,909
No+es
A A tab %o one of the s*%rain gages was lost. and the
specimen was scapped. '
2 Sl.:ppage of the Zrip on the tab occurred. Test was
redone F.rst icad was 5.,6@¢4 ibs. Second and uitimate load
was ..,.5. lbs.
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Table 9. Basic Property Tests of 99-deg Tension Specimens
Failure Failure
Test X-Sect Load Stress
Number Area (lbs.) (psi)
2001 2.07884 1,200. 15,220.
2002 ©.08108 1,183. 14,599.
2003 2.08008 1,134. 14,160.
20904 2.08228 1,209. 14,730.
20095 2.08325 1,219. 14,530.
2006 9.07992 920.
2907 @.08116 990 . 12,2¢9.
2008 2.083 560.
2209 9.2819%2 1,092, 13.339.
Average Failure Stress = 14,110.

Table 1@. Basic Property Tests of 9@-deg Compression Specimens

Failure Failure
Test X-Sect Load Stress
Number Area (lbs.) {ps1i) Notes
4601 0.06208 _— A
4502 2.06225 2,113. 33,940.
4593 2.96217 2,101. 33,796.
4594 2.06233 2,144. 34,400.
4505 0.06004 2,082. 34,689.
4506 9.06008 1,999. 33,279.
4507 2.06216 1.,987. 33.,0830.
4598 9.25933 2,036. 34,329.
Average Failure Stress = 33,920.
No*tes:
A Data obtained 1: this test was not useable.
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Tablse 11. Baszic Property Tests of Shear Specimens
Failure Duration Failure
Test X-Sect Load of Test Stress
Number Area (lbs.) (min.) (psi) Notes
3001 9.028317 4000. 22.0 —_— A
3222 2.28159 4200 . 18.3 _— B
3093 9.08200 4400. 18.8 _— B
3204 2.08309 4670 . 38.3 56,260.
302905 2.08499 48090 40.2 57,1482.
3006 2.908490 4630. 38.6 55,120.
Average Failure Stress = 56,.70.
Notes:
A. This specimen was loaded twice. When 1t was

realized the duration of the test was much longer than the
other laminates, this first specimen was unloaded to check
for slippage of the grips or the tabs. It was then reloaded
a2t a faster rate (8.! inches per min.).

B. These specimens were loaded at the rate of 0.1
:nches per minute. However, 1t was reaiized that this load
rate was too fast, and the load rate was switched back to

3.95 inches per minute for the rest of the specimens.

—
=

For the shear ::45:¢s specimens, these results were

si1gnificant:

vl All »of the coupons reached strains that were
beyond *he linear assumptions of thisz study. The average
ii8
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Figure 37. Basic Property Shear Specimens

Before and After Testing.
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The stress-strain curves of each of the basic property
Ltests were piotted f{rom experimental data as described :n
Chapter IV. From each set of stress-strain curves a best
fi1t curve was determined. These best fi1t curves are shown
1n Figures 38 through 44.

From these seven curves, corresponding stress and
stra:n values (or Poisson ratios and strain values) were
picked off and tabulated. These values were the bas:ic
property input for the computer program as described :(n

Chapter III. These basic properties of APC-2 Gr/PEEK are

listed 1n Table 12.

As described i1n Chapter IV, 1initial values for the
engineeri1ng properties must be i1input i1nto the computer
program for 1t to begin 1%ts analysis. For Young's modulus

and the shear modulus, these 1nitial values were simpi.y the

inittial siopes of the dasic property curves (siress/stra:in
for the {f:i1rs¢%t data point). For the Poisson ratios, the
ini%ial values were extrapolated from the data above. These

initial values are given as engineering elastic constan<ts

for APC-~2 Gr/PEEK i1n Table 13.

B. Stress-Strain Responses of [@1 1oolee 1. and ::45]4s

Laminates
As described 1n Chapter IV, 8T, 90T, and SH laminates
with holes were tested under tension %o their failure locad.

.

4.30 tested %o ultimate strength were the gquasi-isotropic
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Table 12. Basic Material Properties of APC-2 Gr/PEEXK

(Stress-strain data from basic property %“ests)

¢’ Tension 2° Compression
Strain Stress Poisson Strain Stress Poisson
' (1n/1n) (ksi) Ratio (in/in) (ksi) Ratio
9.201 19.5 .31 0.0008 15.90 9.35
Q.202 39.0 2.315 92.0016 30.0 2.356
0.203 58.5 0.3167 9.0824 44 .5 9.359
r 2.004 78.1 $.3165 2.0032 58.5 2.3615
L 2.0205 97.8 0.315 2.004 72.5 2.3635
’ 3.296 118.0 92.312 0.0048 86.9 2.365
0.0087 138.5 ©.3@85 2.0056 99.92 2.3662
2.006 159.0 9.3905 0.0064 111.8 @.36772
- 2.009 180.0 0.3025 2.2072 124.0 9.3684
i 2.21 202.90 2.3 9.a98 136.0 9.36395
. 2.211 224.5 2.298 2.02088 148.0 2.3705
f 2.012 247.5 9.296 0.0096 159.0 2.3715
2.013 271.0 9.2043 2.0104 170.0 9.3725
J3.914 295.9 2.293 * 9.01191 178.¢ ©.3733
» 3. 9141 207.393 9.2929
90° Tens:ion 90” Compression Shear
Strain Stress Strain Stress Strain Stress
{in/1n) (ks1i) (in/in) (ks1i) (in/in) (ks1)
2.201 1.59%5 2.0802 3.20 @.004 3.09¢
2.0222 3.12 9.004 6.40 2.008 S.200
0.203 1.60 9.006 9.690 0.012 6.9535
2.004 6.905 2.208 12.75% 2.0216 7.44Q
Q.9885 7.4%5 g2.0! 15.5¢9 9.02 8.28¢
2.206 8.85 2.012 18.09 2.024 8.619
2.007 19.20 9.214 29.25 9.028 9.020
9.008 11.50 2.016 22.29 9.832 9.3390
2.0929 12.55 0.018 24.25 9.036 9.578
2.01 13.30 ?.02 25.73 9.24 9.810
} 2.01: 13.99 @.022 27.30 d.244 19.28392
2.9.2 14.309 2.224 28.70 2.048 19.230
« 2.0.29 14.586 2.026 29.99 * 2.92%6 .2.540
9.928 30.99 ¢
& 2.03 31.89
2.932 32.5¢@
2.934 33.10
s 9.9352 33.40
L denotes Ul.t.imate Stress-Strain Values.




Tatle 2. Eng:ineer:ng Elast:c Constants for APC-2 Gr/PEEK
- T . = . ] - C .
= = 9.5 x 19 E, s 18.75 x 19
- s S - \ ]
) = 1.955 x 1@ 9 = i.6 X .9
2 2
~ g . S
G = 2.812% x 1@
12
T = 2
v = 90.398% L = 2.324
12 12

specimens., but their results will be presented in a szeparate
section. For a1l tests, data was gathered i1n various {orms
with the gcal of determining stress-strain response %0
dlitimate strength of the .laminates. The resuits from =-ha:s

phase 5f{ experimentation are presented in %this 3ect.on. As

7}

an osvera.l v.:ew of the resul+ts, al. % types of .aminav-es are
hown as fai.ed specimens :n Figure 45. The results of *%the
Juas:-1sotropic study are discussed in Section D of th:is
~hapter. As described :n Chapter III, the 9T, 927, and ZH

.aminates were a.so analyzed using a fullv non..near

p.y-by-ply piane stress f:nite element %“echn.que. These
ana.y%.:cal studies of the laminates are presenvted .:n %andom
]
wilth experimenta. results.
N ) i Jnidirec+t:onal Specimens. The Zenera.

16

resyu.%s 0! 6 tests to ultimate strength are [:3%ed :n

13
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Tatvlie 14. UJltimate S4rength Tests of [@ ! Specimens
1O

Failure Failure

Sample X-Sect Test Load Stress

Number Area Number (lbs.) (ps1)
Al-0T-0-01 @.04988 6001 14,900. 159,100.
Al-9T-0-22 @.04988 6902 15,7@7. 165,400.
Al-0T7-0-93 Q.2498 6003 14,389. 153,350.
Al-97-0-04 2.0501.3 6004 15,400 136,5590.
A.-Q9T-0-05 2.05127 6008 13,850. 133,450
Al-27-0-926 0.0498 6012 15,400. 128,250
Average Failure S*tresgs = 146 ,02¢20.

Tatlie 143. For these specimens, a repeatable and significan:

cccurrence toOK plLace. At 40% of each spec.men’'s f{ailure

(1

lcad. sp.i:tting of the .am:inate occurred. t began at the

5:2e3 of the holie and suddenly extended, parallel to the

{.bers. through the tab. Failure of each specimen was
iominated -y this phenomenon. A si1ngle specimen 15 shown :1n
Flgure 48. Notice that the top segment slipped out of the

.2f+% %ab at faiiure, and the bottom segment slipped out of
~he right tab. The middle segments were simply unioaded.

When the splitting occurred, nearly an instantaneous

drop 1n measured load occurred. This can be seen 1in

¥13ure 47 on the load-displacement curve. Each of the
i:scontinuities (at approximately 6009 lbs.! represents one
s.d2 2! the specimen splitting.

-
(&}
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in analyzing this phenomenon, one could cons:der the
sudden splitting as the ultimate failure of the lam:nate.
Thus. 40% of failure load from Table 14 could be.cons:dered
as =%he ac*tual ultimate load on the specimen. Therefore-.
after 40% of the ultimate load, a dlfférent problem exists.
The problem i1s one of two @.4-inch-wide thin plates under. a
unlaxial tens:ilie load, with an unloaded @.4-inch wide
segment .n %the zenter. Az a compar:son to the unnotched
d-degree bas.cCc property spec.men, we could calcula“e “he
farlure stress of one of the segments. However, these outer.
1 segments, with no stress ri:sers 1n theirr geometry, never

failed across their {fibers. Instead, they sli:pped outr of- ..

their tabs. Thus, direct comparison to ultimate strength in

o
o
]

2-degree direc

r

10n was not possible. - e
When the spiitting occurred, the strain gages at both-".
“he hole and far field read discon%inuous jumps tR strarin. .-

For <he gages at the ho.e, three of the four gages continued-

—
[

“o read 3%rain after the splitting, and these three readings

ure stiress. The {ourth ~ -

I
-

were s:milar past 49% o>f{ the fa
gade most lixely failed due to *he shock of the spli1i=ting. :

1 These three sets of readings were averaged, and the average -

—
19

2xXperimenta. curves are shown 1n Figure 48. Aga:in, note %he

cumps in the readings. The ana.ytica.l tr -s%rain curve

1]

s

n
o1

Y

1

3. The -

[
<t

vl

13 4.32 pictted agains “he laboratory res
s*ress-strain response was modeled accurately up to the

occcurrence of spiitting, then to a good approximation bevend
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that load. The analytical discont:inuities that occurred
Just before the element near the hole failed were a resul-s
5f the element’'s strain response reacting to other elements
fa:l1ng next to 1t. The current version of the program
contained only a gradual unloading scheme (see Section II
G, nd these strain responses were a result of this scheme.
Th:s unloading scheme produced some anomalies between
2xper.men%ta. and analytical results for both types of
unidirect:ional laminates, and these wi.]l be discussed .n
sutsaquent paragraphs. The genera. trend was accurave.

however, and the model predicted faiiure of that area

2xacrtly w

pa

thin the range cf experimen:al values.

1tting, most far field gages continued to

b

After the sp

read strain, but no readings were repeatable, as they were

before the splitting. For six specimens, the far f:ield
swress-strain respeonse 15 shown :n Figure 49, Note the
discontinuities These results are reasonable since %the

3ages were piaced 1n the center of the specimen, which
became unliocaded after 46% of the ultimate load. Also shown
2n this plot 1s a super:mposed analytical response. Note
that %the computer program accurately measured the
3%ress-stra.n response unti. the spiitting occurred. The
spil%ting never reached the element measuring the far f:e.d
response because of the gradual unioading scheme used 1n %he
oro€ram. Therefore, the element conti:rued to output sStress

and 3%ra:n values.
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Note that for all the stress-stra.n plots of this
section, the axes for the curves are the nominal stress on
the laminate (load/area) versus the axial and transverse

strains 1n the element.

2. [99161 Unidirectional Laminates. Seven specimens

were tested to failure, and the general results of these
~ests are listed 1n Table 1S5.

For these specimens, a predictable failure mode
ccaourred. The specimens simply failed at the most narrow
part of their cross-sectional area. Thi1s type of failure 1=
shown 1n the photograph of Figure 50.

For the strain gage near the hole, the averasge
exper:mental stress-strain response 1s shown compared to the

analy*tical response 1n Figure 51. Again, the model

w

b

Table Ultimate Strength Tests of [Qﬁtd] Specimens

Failure Failure

Sample X-Sect Tes?t Load Stress
Number Area Number {lbs.) (psi)
B2-9@T-H-92 9.09815 7002 765. 7794 .
B2-90T-H-03 9.28981S 7003 859. 8669 .
B2-9@0T-H-94 2.0981°%5 7004 780. 7947 .
B2-90T-H-925 0.09849 7905 308. 8211.
B3-90T-H-08 2.09720 7008 ~89. 3025.
B4-99T-H-12 0.99729 7012 712 7328.
34-9Q@T-H-16 0.098646 7018 697. 7366 .
Average Failure Stress = 786@.
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Figure 50. Failed [9@16] Specimen.
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accurarte .y pred.cted stress-stra.n behavior, and :% exac+t.v
ocredizted the ultimate failure of the area next %o +the hcleae.
ivs prediction of 7,55. psi: at fa:ilure fell within the range
of experimental vaules of failure stress. Analytically, the
strain response, ex. follows closely the basic property
curve for 90-degree tens:ion. The actual area failed with a
sti:ffer response. The reason for this variance probably

relates %0 the modeling of gradual failure versus the

'3

o
ct

eality of sudden failiure. This concept will be further
discussed :n the next section.

The stress-strain response 15 shown in Figure 52 for
the far field gage. The analytical stress-strain response
modeled the experimental response exactly as shown.

However, beyond the experimental falrlure stress, the model
3t11]l showed some stiffness, due to the unloading scheme.
And after 40 load i1ncrements, which corresponded to a stress

of 88409 psi, the model had not yet failed completely across

the spec:.:men, and the computer run was stopped.

3. {t451‘s Angle-Ply Laminates. Seven angle-ply

.aminates were tested to their ultimate strength, and the
general test resuits are listed i1in Table 16. The fa:lure of
these specimens was characterized by high strain to failure,
especliaiiy i1n the region of the hole. This high strain s
apparent i1n the failed SH specimen shown 1n Figure 353. Note

“ha* s3i1:¥n1f.:cant necking occurred 1n the region of the
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Figure 53.

v -
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™
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Failed [145]48 Specimen



Table 15. VUltimate Streng-h Tests of [:45345 Speci:mens
Failure Failure
Sample X-Sect Test Load Stress
Number Area Number {lbs.) {psi)
C2-SH-0-01 9.09752 8001 2,628. 26,948
C2-SH-0-92 0.09865 8002 2,669. 27,055.
C2-SH-0-03 9.09952 8003 2,630. 26,427 .
C2-SH-0-04 8.09983 8004 2,423, 24,247,
ZC-SH-0-928 8.0972 8098 2,352 24,198.
22-SH-0-12 2.09856 8012 2.400. 24,351,
Cl-SH-0-16 9.09985 8016 2.650. 26,540 .

0]
1]
(]
(8]
(6]
[ve}
Q

Average Failure Stres

hole. The holes 1tself also appears as an ellipse 1in <the
specimen of Figure 53, due to the high deformations.

For the gage at the hole. the very high strain which
occurred 1n these specimens started early :n the load:ing.

A3z shown :n the nex® section, a distinct faiiure reg:on was

)Y

rowing at *he s.des of the holes. When that reg:on met <%he
gage, the gage fa.led. The s+%ress at failure varied for
2ach fade, but 1n all cases 1% was significantly below the
fairiure stress of the entire laminate. Taking the average
farlure s+%ress corresponding to the strain gage at *“he hole,
“he failure of the region over which the gage was placed was
about 45% of the average failure stress of the entire
spec.imen. The stress-strain curves for the area at the hole

were averaged, and this average curve 13 plotted :in
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Fr:fure 54 a5 shear stress on the specimen versus shear

n
I
e}
W
b
3
o
o
or
o ]
®
Q
o
®

Analytically, the s*‘resg-strain response and udl%ima<e

farlure of the element matched the actual response very

we .l This analytical response :3 also plotited in Figure
54 . Note that the first analytical stress-sirain va.ues

W TE ot put 3aIMos3%h At ths ult:imate fallure 3treszzs fIr whe

s l2men: When <he lsad .nzrement was app.ied 'whilch was
tne-tenth I the final displacement oI the exper.men-a.l
spec.imen; s5e2 Sechtion III 2, +he 3%rain in “he ela2mentt a:
“he hole was suddenly very large. If a smaller load
ncrement was appl:ed, the analytical. stress-strain curve

wou.Z have bYetter matched *he exper.menta. response.

Note aiso 1n Figure 5S4 that <the analyt:i:cal ultimate
farlure sturess predicted very c.osely the failure of %the
area near the hole. Thus, cutting off “he shear bas:c
croperty data at vaiues corresponding to approximately 5.5%
stra:n y:elded accurate resu.its.

The stress-stra:n curves of nominal shear stress versus
the far-f1eid shear stra:n (as deflnéd :n Section IV E} 18
shown 1n Figure 55. Note that repeatable data was obtained
except for one errant strain reading. The analytical
3nress-s%rain bYehavior matched this experimental responssa

very well, also shown in Figure 55; and this result met the

d>ai 2 *hiz test.
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Overali, the computer analysis provided good resul%s :in

modeling the stress-strain behavior of the 8T, 907, and 3ZH

—
ot
0]
-

laminates. Conclusions will be drawn for the resu

this section i1n Chapter VI.

C. Results of the Failure Progression Study for E@lél.

\
[Qﬁtdl. and [t45]4s Laminates

The results of 3tudying the i1nitiation and progression

by,

farlure 1n “he laminates were derived from:

(V]

L A v:deotape post-failure analysis.

(20 A s*tereo x-ray post-failure analys:is, and

3) A progressive-failure finite element techniqgue.
Note +hat %the specimens were subjected to x-ray only after
ioading. They were not x-rayed before loading to check for

f{adbrication {laws.

Failure Progression .n {6‘6] Unidirectionatl

p Y

Specimens. As discussed 1n the previous section, splitting

alokt
Q2ocurr

D

d for these specimens at 49% of the:r wultimaze
strength. This phenomenon thus dominated the exper:mental
s“ress-strain behavior of this laminate.

The splitting and eventual failure was documented by
“he video camera, and 4 stills were %taken for a representa-

Live specimen. Fidure 56 shows the tensii.e coupon {o5r test

"
8 /]
[\
RS}
&
Y

t the beginning of the loading. or this test. o2ne
vait corresponded to 4,282 pounds. The splitting occurraed

A% a reading of about .60 volts. After further loading.
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The FT.l% 1F Flifnnlv percaptable at 1.5 vol-ws 4 Ta
.bs.' in Figure 57. The ultimate load on the specimen .3
shown :n F:rgure 58 at 4.95 volts (16,500 lbs.), and *he nex

trame 2f %he videoatape provided the failed laminave., as

I\
'
<
<
]

zhown 1n Figure 59, 1mplying sudden failure. Th
tndicates a sudden zero loading on the specimen.

The results of all tests to percentages of *%“he averasge

failure stress are shown 1n Table 17. {The average fa:.ure
soress was .4¢€,209; see Table 14.) A Sterec X-ray Was
taken of al. 3 specimens. As expected, the only fa.lure

region that :5 visible 1s the splitting along the f{.ber

direcwzion. The effec*t nf stereo viewing provided the
Table !7. Progressive Fa:lure Tests of [@16] Spec:imens
Sample X-Sect Test . Load Stress Actual
Number Area Number % {kips) (Ks1. %
AZ-97-H-05 02.19114 6005 5% T.417 72.334 S2.2
A2-@T-H-926 @.3996 6036 59 6.997 72.25. 43 ..
A2-9T-H-37 @.09993 6007 3 7.598 76.9033 ST. 1
AZ-07-H-99 @.49524 5009 39% 11.183 L17.665 8¢.6
A3-9T-H-10 @.09616 60.9 8¢ 11.228 1.6.764 39.¢
A3-07T-H-1. 2.29832 6011 89 12.92¢ 131.458 9¢ .9
1 AZ-0T-H-13 @.289728 6012 90% 12.12%8 124.659 * %
A3-907-H-14 ?.89632 5014 39 12 125.042 35.5

-

*3
o

S 18 the percentage where the test mach:ine was
empted %o be stopped.

3
-
-

'Y

#%+ Thi3 specimen broke unexpectedly.
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N, <y < 0 -

Figure 56. [@16] Specimen at Beginning of Loading.

Figure 57. [0161 Specimen at 14,300 lbg. Splitting Visible.

(51




Figure 58. [0‘6] Specimen at Maximum Load of 16,500 lbs.

i

Figure 59. [616] Specimen: Sudden Failure; Instant Unloading.

52




expected result that the splitting occurred perpendicuiar %o
the front face of the specimen and through the thickness. A
“ypica. specimen stressed almost to failure 1s shown 1n
Tigure 6@. The stereo x-rays for the failed specimen of “est
# 6013 are shown i1n Figure 61.

Far an analytical comparison to growth of failure,
Figure 62 shows a similar progression to the experimental
results. As shown, the fa:r:lure began at the eiemen<t tha-:
was mest highly stressed and proceeded parallel to the {.ber
direction. However, the analytical result zhows a fa.lure

region developing, :instead of a single line of eleme

=3
e
9]

f{arling. The reason for this difference 15 :n the unloading
scheme of the computer program. The scheme 1n the current
version of program provides oniy for gradual unloading,
although the specimen modeled was a unidirectional element.
«See Section II G.) Thus, as the elements failed, thev were
stil!l modeled to have stiffness. (The program 1s currently
being developed to handle 1nstantaneous unloading.) The
resuits of Figure 62, however, do show an accurate trend of
failure progression.

Analvzing this specimen further., the failure of the
f.rst element : the mesh :s a measure of %“he s%rain enersgy

a% the center of *“he element. I{ the s3wra:

oS

e

3
D
-3
Jo
~<
-
[0}

2xtrapoiated to the edge of =-he element at the hole., %he
va.ue of 585% of ultimate load would decrease to a value near

4@% . which 13 our experimental result. Thus, *“he onset of




Figure 6@. Stereo X-Ray of [0161 Specimen at 95% of Average
Ultimate Stress.
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Figure 61.

Stereo X-Ray of Failed [0161 Specimen.
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failure 1n the 0-degree specimen could be predicted :in this
manner. From this analysis, the splitting of the entire
laminate could be defined by the failure of the firse
element.

Thus, analytically, this problem has two bounds: (1
The definition of sudden splitting with failure of the first*
2.ement, which models the actual failure, and (2) <“he
gradua. fairiure of the elements, which does not model
rea.lty but 15 an academic exercise. No interlaminar

Stresses ex:3% in the @-degree laminate, and this gradua.

fairlure scheme, or strain socftening concept, doces not appiy.

2. Failure Progression 1n 99 Unidirectional Specimens.

As :mpliied :in the previous section, the failure of these
specimens was dominated by matrix failure beginning at the
hole and extending to the edge of *he laminate. However,

the progression of this faiiure was barely noticeable 1n the

post-fairlure analyses.
“rom the videotape, three load:ng “scenes’ of a %ypical
test are shown 1n Figures 83 through 65. In Figure 53, a

typical 9@-degree specimen s shown at tha beg:nning of

.nading. For these tests, one volt corresponded to a load
>f 498 pounds. In Figure 64, where *the specimen 1s lcaded

~3 near.y 100% of 1ts failure load, no failure region :s
shown. Then, after advancing one frame of the videotape,

where cone frame equals 1/6@ szec) the video picture shown 1in

y -
8




o mio g

Figure 63. [90163 Specimen at Beginning of Loading.

Figure 64. [9016] Specimen at 99.5% of Ultimate Load.
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Figure 65.

Failed [9@16] Specimen.



Frgure 55 rendered a failed specimen, again implying sudden
fallure.

The results of each test to a percentage of the average
farlure stress (78608 pounds) are presented 1n Table (8.
These <ests and the stereo x-rays provided further proof of
sudden fa:ilure. A specimen loaded to approximately 90% of

“he average fa:lure load showed li:ttle si1gn of beinsg

seressed. In Figure K6 the white regions shown could
recresent the Sedinning of a faillure area, or they could
s:mp.v be a hole defect caused by the dr:l.l. The specimen

-
N

sha2wn 1n Fidure 57 has failed through the thickness but nos
exactly at the ho.e. This unexpected fa:lure couid have

been i1n:%:ated by flaws or notches from the fabrication cf

the hole.

Table 18. Progressive Fa..ure Tests of [9@163 Specimens
Sample X-Sect Test B Load Stress Actual
Number Area Number A (lbs.) {(ps1) %

B2-30T-H-91 2.929848 7091 8¢% 539. 65489 . 32.8
B83-507-4-26 9.29752 7906 39 5295. 5408. 8..5
B3-997-H-37 Q.99744 7997 30 532 5486 . g82.t%
33-937-H-99 2.29744 7009 907% 537. 7153, 91.9
33-590T-H-19 2.9096 7319 99 6394 . 7229. 2.0
37-307-H-1. 3.29624 7ol 99 595 T2 31.9
34-9@7T-H-12 d.09752 70132 5% 737 . 7357 98,2
34-30T7-H-14 2.39865 7914 35 746 . 7862. * %

834-90T-H-1¢% 2.9984 7015 95 735. 7479 . Q5. @

«+ Th:s specimen 1n broke approximate 3 secconds after
ltad:ing was halted.




Figure 66.

Stereo X-Ray of [9@16] Specimen Stressed to 92%

of Average Failure Stress.

[ed




‘ Figure 67. Stereo X-Ray of Failed [9@16] Specimen.
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Anaiytically, the progression of failure modeled by the

computer program :s shown in Figure 68. Again a reg:.:on of

e

ar.ure develioped :i1nstead of the failure of a row of
elements across the specimen and parallel to the f:ibers. As
:n the @-degree tests, the computer program used a gradual
unlosad:ing scheme on this model. Thus, orly the =rend of
farlure progress:ion 1s accurate.

A3 1n *%he prev.ous subsection, fairlure i:n the
analytical model could be defined by failure of the first
2.2ment. In this case, failure occurs 1n the element a+t *“he
hole at 89% of the average ultimate stress. Extrapolating
o the hole, the percentage 1s further reduced to
approximately 86%. This prediction of sudden failure :s
.o2wer than the actual resu.t. However, the fibers 1n the
J0-degree specimens may not have been exactly at 96°, thus
rai1s:ng %Yhe ultimate stress value. The stress concentrat:ion
factor drops off significantly 1f the fibers are not at 90" .
(See Figure 9 1n Section II D.), and this may account for

the d:fference in results.

3. Failure Progression 1 [145]‘3 Angle-Ply Specimens.
As ment.oned 1n the last section, a distirzst fa:lure region

Zrew at the hole during the loading of *4S5S-degree specimens.

1

Phyzs:caily, strain response was characterized by a necking

»0e specimen at the hole and the growth of a triangular

O
[N
+

reg.on on eirther side of the hole. It seemed that when

)]
(@)
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]

se "itriangles’ reached the midpoint between the holz and

i

the =dge, the specimen failed.

This progression of failure 1s shown 1n several
photographs from the videotape. For a reference, Figure 69
shows the specimen at the beginning of loading. Note here
that 1 volt equals 1020 pounds. Note also that the
dispiacement of the specimen can be measured gqualitatively
by looking at the writing on the specimen at the left of +he
picture. The crosshead 1s moving left and pulling with 1t
the left end of the specimen. The writing on the specimen
:s slowly moving out of view.

The next five photographs show a series of fa:lure
states. Figure 79 shows the initial region of failure and
the initi1al necking of the specimen. Figure 71 shows a
distinct triangle, and Figure 72 shows the development of
reflective crack:ing toward the edge of the specimen. Th:ys
seems to be a three-dimensional effect caused by the
interlaminar stresses at the edges of the specimen. As will
be shown, the computer program did not model this
vthree-dimensional phenomenon. Continuing the locading,
Figure 73 represents the maximum load (2,668 lbs.) on

thi

u

Fpecimen. Finally, Figure 74 shows the specimen {ailure

re

aft

@

r the load dropped off to 2579 lbs.

The r

1]

sults of “he tests to percentages of average
fatlure stress (25,680 lbs.!) are listed i1n Table 19. The

stereo xX-rays from @ach of these tegsts yield results simiiar




Figure 69. [1‘45]4S Specimen at Beginning of Loading.

Figure 7@.

[%£45]
(73% of ultimate load.)

4S Specimen at 1950 lbs.

(o
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Figure 71. [I45]4S Specimen at 2350 1lbs. (88% of Ultimate).

Figure 72. [245]4S Specimen at 2540 1lbs. (95% of Ultimate) .

&7




Figure 73. [145]4S Specimen at 2662 lbs. (Maximum Load).

Figure 74. Failed [t45]4s Specimen. Load dropped to 2570 lbs.




Progressive Failure Tests of [:451‘ Spec:mens

s
X-Sect Test Load Stress Actual
Area Number % (kips) (ks1i) A
2.09848 89@5 7% 1.773 18.004 70,1
2.09873 8906 79 1.7509 17.729% 69.0
@.09848 8007 79 1.755% 17.821 59 .4

C2-SH-H-99 2.09512 8009 85% 2.876 21.825 35.0
C2-SH-H-10 @.096 8010 85 2.095 21.823 85.0
22-SH-H-11 2.99632 8011 85 2.1022 21.823 35.92
C3-3H-H-13 0.99744 8013 85% 2.377 24.394 94.3
C3-SH-H-14 9.09728 80.4 9% 2.373 24.394 94.3
Z3-SH-H-15 @.29712 8215 95 2.369 24.393 35.0

to those of the videotape, but with some new i1nsights.

13

1gure 75 shows an x-ray of a specimen loaded to 70%

of i1%s probable failure load. The beginning of neck:ing 1s
evident, and the hole appears sl:ightly elliptical. Also,
vthe beginning of the triangular region of failure 1s
si:ghtly visible. Fi1dure 76 shows an x-ray of a specimen

loaded to 85% of 1ts failure load, and the failure region :.s

more evident. Figure 77 shows a specimen close to failure.

'

The stereo effect of viewing these pairs of xXx-ravs
showed that the ti1ps of the %triangle exi1st i1n the middle of
the specimen lay-up. Close to the hole, {ailure 1s
occurring through the thickness, but 1% tapers off %o %he
zenter of the laminas. Also, this failure region does not
appear to be that of delaminat:i:on, but 1nstead each line

shown :s5 series of short parallel cracks along the fibers.
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Figure

75.

Stereo X-Ray of [t45]4s Specimen Loaded to 70%
of its Ultimate Load.
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Figure 76. Stereo X-Ray of [1'45]4 Specimen Loaded to 85%

S

of 1ts Ultimate Load.

i7
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Figure 77.

’

Stereo X-Ray of [t45]4s Specimen Loaded to 95%
of its Ultimate Load.
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evident 1n these X-rays were minu%ve <TracxK:s

i.
‘3
t
jo g
®
3

s
+

.y

Y

ng the fibers from the hole %o the =2dge =

19
.
I
b
3
[e%
o
o]
(5,3
©
s
&)

c.men. These occurred :n various layers., but <they

0]
03
D

apparent.y di:d not degrade the laminate. Also ev:iden+t :n

-
~

s

ese x-ravs 18 that the edges appear toc be fa:l:ing where

'l
D
3
D
0
=
Ve
3
)G
[

g ocCcurring.

For the computer model of the failure process, a

s:miiar redg:ion ! failure was shown. This analyt:ical
crogress:ion of fairlure :s shown in F:gure 78. Note +that =he
wriangular regions shown 1n the video stills and :n the

3tereo X-rays are not reflected 1n the analy%ticai: fa:lure
progression. A possible explanat:ion for the V-shape of the
analysis .s that 1n the experimental specimen, the
~hree-dimensional edge effects, caused by interlaminar
stresses, restrict the V-shape from occurring; and a
“rrangular region 1s formed. Thus, the computer model
provides an accurate account of the fa:lure process in a
“wo-dimens:ona. format, but 1%t canno’ measure

three-dimensionai effects.

D. Results of the Quasi-isotropic Study

As described :1n Chapter IV, the two types of guas:i-

:sotropic laminates, Z®/+45/9®/-45]zs and Eﬁ/t45/9®]25. were

measted {or experimental comparison of stress-strain
res3ponses Also, an experimental 1nvestigation of the
nitraticn and progression of ply failure was conducted.
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Again, the purpose of this test was to compare experimental
behavior of the laminate and to draw conclusions about theair
potential for delamination based on comparisons to similar

Gr/Ep specimens in Reference {231].

1. Results of Tests to Ultimate Strength. The results

of all tests to failure of the [0/+45/90/-45] (Ql) and
[0/x45/9@ (Q2) tensile coupons are listed respectively 1in
Tables 20 and 21. Note that the average failure stresses

are 1dentical, considering the range of all failure

stresses. A failed specimen of each laminate is shown 1in
Figures 79 and 80. Note here that the failure surfaces are
also very similar. The only difference seems to be that the

Ql specimens (designated D1) show a more *45-degree
dominated failure; and alternatively the Q2 (El) specimens
show a more 99-degree dominated failure.

This difference in failure surfaces proved to be
negligible when the stress-strain curves of the two
quasi-isotropic specimens were compared. Figures 81 and 82
show the far field response to tensile loads for the Ql and
Q2 specimens, respectively. Note that if these curves were
mapped together there would be no discernable difference in
the responses.

Figures B3 and 84 show the experimental siress-strain

response at the holes of the Ql and Q2 specimens. Note
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Table 20. Fa:lure Tests of [8/+45/99/-451 Specimens
Failure Failure
Sample X-Sect Test Load Stress
Number Area Number (lbs.) (ps1)
D1-Q-E-01 9.09383 9001 3,986. 42,480.
D1-Q-H-92 2.09255 90912 4,000. 43,220.
D1-Q-H-063 0.029472 9003 4,249. 44 ,760.
D1-Q-H-04 9.09504 9004 4,160 43,770.
D1-Q-H-908 2.09352 9008 3,964. 42,390.
D1-Q-H-12 9.09376 9012 4,084. 43,560.
D2-Q-H-16 0.99391 9016 4,292. 45,7060 .

Average Failure Stress = 43,70¢.

Table 21. Failure Tests of [@/145/96325 Specimens

Failure Failure
Sample X-Sect Test Load Stress
Number Area Number (lbs.) (psi)
E1-Q-H-01 9.29383 1291 3,714. 39,58@.
El-Q-H-02 9.09496 1202 4,265, 44 ,910.
E1-Q-H-03 9.09584 1203 4,391. 45,820.
E1-Q-H-04 9.089632 1204 4,330. 44,950.
E1-Q-H-98 @.989352 1298 3.936. 42 ,090.
El1-Q-H-12 @.09496 1212 4,020. 42,330.
E2-Q-H-16 @.09391 1216 4,154. 44 ,230.
Average Failure Stress = 43,420.

(By assuming that test #1201 is a bad test, the average

failure stress would be 44,850 psi.) ’
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Figure 79. Failed [6/45/90/-45]2s Specimen

g Figure 806. Failed [0/245/95128 Specimen
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the responses of each laminate are nearly

1dentical.

2. Results of Failure Progression Study. For the

quasi-igotroplc laminates tested to ultimate strength, the
videotape post-failure analysis was conducted. Also, a
stereo x-ray post-failure analysis was conducted on
specimens subjected to percentages of their average failure
Stresses.

Typical photographs were taken off the videotape. For
the Ql specimen, a series of failure states is shown in
Figures 85 through 88. Likewise, a group of photographs 13
shown in Figures 89 through 92 that represents progressive
failure of the Q2 specimen. For both tests, the voltmeter
read 1 volt for every 2,941 pounds. Notice that failure for
both specimens does not begin to show through the specimen
until late in the loading.

Ql and Q2 laminates were tested to percentages of
their ultimate loads, according to Chapter IV, and the
results of these tests are listed 1n Tables 22 and 23.

Each specimen tested was subjected to stereo x-ray and
typical results are shown 1n Figures 93 through 95 for the
Ql specimen and in Figures 96 through 9 for the Q2
specimen. For the Ql specimen, at 80% of the averasge
failure load, only a few 45-degree cracks were evident, and

these ware moatly 1n the middle plane. See Figure 93.
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Figure 85.

Figure 86.

[%/45/90/-45]2s Specimen at Beginning of Loading.

[0/45/9@/—45]25 Specimen at 49020 1bg. (95% of
Ultimate Load).
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Figure 87. [@/45/9@/—45]2S Specimen at 4200 lbs. (96% of
Ultimate Load).

Figure 88. Failed [0/45/90/-45]2S Specimen.
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Figure 89. [(D/*:45/9(Z}]2S Specimen at Beginning of Loading.

Figure 90. [0/:45/90]2s Specimen at 3670 1bs. (99% of
Ultimate Load).




Figure 91.

|

(0/%45/90],, Specimen at Max. Load of 3715 lbs.

Figure 92. Failed [0/145/90]2S Specimen.
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Table 22. Progressive Failure Tests of Ql Specimens
Sample X-Sect .Test Load Stress Actual
; Number Area Number % (kips) (ks1i) %
D1-Q-H-85 9.09368 9095 80% 3.317 35.408 81.9
D1-Q-H-06 2.09512 8006 8¢ 3.368 35.408 81.0
Di1-Q-H-07 9.09616 9007 80 3.374 35.087 80.3
? D1-Q-H-99 0.09263 9009 90% 3.651 39.415 99.2
3 21-Q-H-19 8.0936 9d1¢e 3¢ 3.702 39.551 92.5
Di-Q-H-11 9.89383 9d11 Q9 3.697 39.401 9¢.2
D2-Q-H-13 2.09915 9013 95% 3.729 41.364 94.7
: 2-Q-H-14 2.09143 9014 95 3.809 41.669 35.3
h D2-Q-H-15 2.09232 9015 95 3.838 41.573 95.1
E«'
Table 23. Progressive Failure Tests of Q2 Specimens
Sample X-Sect Test Load Stress Actual
Number Area Number % (kips} (ksi) %
El-Q-H-05 2.096 120% 80% 3.317 34.552 79.6
E1-Q-H-96 9.09624 1206 80 3.368 34.996 8¢ .6
E1-Q-H-¢7 2.99616 1207 8@ 3.374 35.987 80.8
El-Q-H-09 2.99383 1209 90% 3.6851 38.911 89.6
El1-Q-H-10 2.09368 1210 99 3.702 39.518 91.9
E1-Q-H-11 2.089616 1211 9¢ 3.697 38.447 88.53
E2-Q-H-13 2.99143 1213 95% 3.729 49 .785 83.9
E2-Q-H-14 3.989135 1214 g5 3.8¢9 41.687 96.¢
E2-Q-H-15 9.09232 1215 95 3.838 41.573 95.7
1
]
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Figure 93. Stereo X-Ray of

[2/45/90/-45]2S Specimen at 80%
i of Ultimate Failure Load.
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Figure 84. Stereo X-Ray of [0/45/9@/-45]25 Specimen at 907%

p of Ultimate Failure Load.




Figure 905.

Stereo X-Ray of [0/45/90/—45]2

of Ultimate Failure Load.
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Specimen at 95%




Figure 96. Stereo X-Ray of [0/245/9632

of Ultimate Failure Load.

(2

S Specimen at B9%
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Figure 97. Stereo X-Ray of [G/t45/9¢32s Specimen at 90%

of Ultimate Failure Load.
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Figure 98. Stereo X-Ray of (0/145/90]2S Specimen at 95%

of Ultimate Failure Load.
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Further loading to 90% produced a slight failure region as
shown in Figure 94. Upon magnification, the entire hole
showed cracks all the around which resembled the rays cf the
sun in 90 and 45 degree directions (with some @-degree
cracking as well). Still further loading to 95% produced
the result shown in Figure 95. This region appeared to be
dominated by short cracks in the matrix in the *45-degree
and 9@-degree directions through the thickness. Another
interesting note 1s that whenever a crack extended out from
the hole, it was criss-crossed by short cracks of other
Laminas.

For the Q2 specimen loaded to 80% of its failure load,
only sli1ght cracks were evident all the way around the hole,
along with a few single long cracks 1n the 9@-degree and .
zZ45-degree directions. A specimen loaded to 90% of the
average failure load began to show si1gnificant cracking :1n
“he 90-degree direction on one side only, and 1%t appeared 1in
the back of the gspecimen. A specimen further loaded to 9%5%
shows developed failure regi:ons on both sides of the hole
and through the thickness for all laminas.

A3z a final no%te for the x-rays of the quas:i-:sotrop:c
study (as well as for those of the other laminates) failure
of the composite for most specimens seemed to start at the
pattom of the specimen. The specimens were f{abricated,
dri1lled, and gaged consistently; therefore there must have

teen cons:istent damage to <he hole to produce <onsistent
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fairlure :initiation at the bottom of the hole. More on this

and other points of the failure progression studies will be

discussed next

in Chapter VI.
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vVI. Conclustions

Based on the results of thisz thesi5 and on comparisons
“o past studies, many conclusions can be drawn. Much was

i2arned during the course of this thesis, and not all of it
was directly related %o the objectives first listed in
Chapter I. However, only conclusions relating %o %hose
obsectives will be discussed i1n this chapter, and the
appendices tha*t follow will present other i1nformation gained

in this study.

A. Conclusions o the Derivation of Basic Properties

The foilowing conclusions were noteworthy for this
phase of{ experimentation:
1. The material response of Gr/PEEK 1s highly

nonlinear, espec:ially 1n shear.

2. The strains measured 1n the shear specimen far
ex-eeded the l:m:ts of linear strain theory. Larsge
displacements %ook place. But these displacements were a

2cembination of the ductility of the matrix and +he
scissoring of the fibers. As the fibers turned from

45 soward 2° the specimen gained strength. Therefore, a
point on %the original exper:mental shear s}ress—atraln curve
between the small strains and the scissoring was assumed to
equal failure of the laminate. The point that was chosen

yie.ded very g00od results.

—— — ~—— p- —— e e e 7fv—v—ﬁrx
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3. Ideally, a convergence study should be done o
correlate the cut-off point of shear stress-strain basic
property values to the ultimate strength of the =Z45-degree
tension specimen with the hole. This procedure would use the
experimental results of the *45-degree test specimen with
the hole and relate the analysis with a given range of
Sut-off{ points :in the data.

4. Standard strain gages, which were accurate up O
approximately 4%, were used for this thesic. For Gr/PEEK
basic property specimens, "high elongation’ gages should be
used to measure strain on test specimens. For the shear
specimens., the gages failed before the specimen. And for a
high temperature study, given the nature of thermoplastics,
much more strain will develop in all basic property
specimens during testing.

5. Comparisons to Gr/Ep [19] were made and the basic
properties of Gr/PEEK were found to be similar 1in the
?-4dedree direction, about 2 times more ductile in 990-degree
tension, similar in 9@-degree compression, and more than 2
ti1mes more ductile 1in shear.

€. The basic properties of @-degree tension were
dominated by +the fibers, as expected. The basic property
curve was concave up. This "wool thread”™ effect 1s a

property of graphite fibers, and i1t was shown 1n previous
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studies as well. (The wool thread analogy i1s referenced to
4 remark by Sandhu, in a conversation with him.)

7. As a final conclusion on the properties of
Gr/PEEK, to accurately predict an elastic response of
Gr/PEEK, a nonlinear form of the stress-strain constitutive

relations must be used.

[£3]

Ceonclusions on the Behavior of Gr/PEEK Unidirectional

and Angle-Ply Laminates.

For the [0 _1, [90 _1, and [*45)] specimens. several
1o 16 +s
conclusions can be drawn:

1. Experimentally, the sStress-strain responses of the

{o ] test specimens were dominated by the discontinuity of

14
spiitting along the fibers. These specimens failed 1n two
distinct parts: (a) sudden splitting longitudinally from

the hole %to the ends of the specimen and (b) sudden failure
apparently 1nvoiving %tab failure of the two outside segments
2f the specimen.

2. Computer analys:s of (@161 specimens matched the
experimental stress-strain response up to the splitting of
the specimen. The i1nitiation of failure was accurately
predicted. The progression of failure, however, was
sverestimated due to the use of a gradusl unicading scheme
which attempts to model :interlaminar stresses. Since no

interiaminar stiresses exi1ist 1n a unidirectional laminate.

Therefore, to model reality, the failing elements should

addin




Save been fiven zero stiffness instantly. The trend of
fa:lure was demonstrated. but the ultimate faiiure of the
model would have occurred quickly with an instantaneous
unloading scheme. (This program is still developmental;

the i1nstantaneous unloading option will be available soon for
{uture work.)

3. Experimentally, the stress-strain response of the
(90 d: specimens was aimost linear, and :% culminated w:th
catastrophic failure in the transverse direczicon.

4. Computer analysis of the [9@16] specimens
accurately modeled the stress-strain response. Initiation
Df faillure was slightly underestimated, but small. deviations
1in the 9@-degree orientation may have affected the
correliation. Progression of failure was overestimated as :n
the @-degree specimens due to the gradual unloading scheme.
However, the trand of failure was demonstrated.

5. Experimentally. the failure of [Z45] 15 gradual,

4S
and 1% is one that can be observed as failure progresses.
I%n 1s characterized by high strains %o stress. Shear
stresses contribute to almost all of the fa:lure in the
specimen.

6. The stress-strain response of the E:453‘S
specimens was modeled accurately. Both :nit:ation and
progression of failure 1n the specimen was predicted very

N

well. The point of cut-off for the basic properties proved
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to be accurate. However, three-dimensional effects that
were present i1n the experiment were not modeled by the
analysis. The use of the gradual unloading scheme works

well with this angle-ply laminate.

cC. Conclusions on the Quasi-isotropic Study

Based on the results presented in Chapter V, the
rendency of the [@/:45/90]2s Gr/PEEK specimens to delaminate
15 not as great as that of Gr/Ep. In Reference (23], the
delamination moment coefficient «DMC) for this lay-up was
critical for Gr/Ep, due to the existance of two 908-degree
plies 1n the middle of the lay-up. The DMC for the
[@/45/96/-45]2s for Gr/Ep was far from critical due to the
45-degree plies in the center. But considering that both
lay-ups of Gr/PEEK produced the same stress-strain behavior,

the tougher PEEK material 1s more resistant to delamination.

L. General Conclusions

1. A good method for the prediction of the onset of
failure 1n composite laminates is Sandhu's fully nonlinear-
alastic finite element program with 1ts Strain Energy
Failure Criterion. The prediction of the onset of failure
proved to be accurate 1n this study.

2. For prediction of growth of failure this program

vi1elds an accurate trend.
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3. An 1nstantaneous unloading scheme should Dde
tonsidered for unidirecitional specrmens.
4. A gradual unloading scheme works well for mul<i-

directional laminates., but the program does not measure

three-dimensional effects.

5. In general, the use of progressive-ply-fairlure
finite element analysis 1s a viable procedure for predilcting
the failure characteristics of compos:®t iaminaves with
svress concentrations. I+ has been shown that%t the

inerementa. constltutive relations, in con)unction wizh the
fai.ure criterion proposed by Reference {5., prov.de
su1%able analyvtic means for predict:ing the behavior of

unidirectional and angle-ply laminates under general siress

states using only %the lamina property data obuained under
s:mp.e :o0ad cond:rtions. This technigue has %the poten-:ial
‘or impreoved accuracy, and could te extended <o <he study of
mu.%:di1rectional laminates with some add:itiona. work.

5. Experimentally, the failure progression due %2

LR

vensile loading for al. laminates was often aided by exira

of the

4

ole

s4ress concen*rators from the dr

"
y -
.
o
-
Y

—
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Fabricat:on damage should have first been checked by

5ub.ec%ing unstressed specimens %0 $nereo x-ray for
~ompari13on %o the fai.ure progression results. Future
sroj;ects should consider this procedure.
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the failure bSehavior of composi<es.
visual pcst-failure techniques are important. With the
v.1leotape, photographs {rom the videotape, and with the

Stereo x-rays, failure phenomena were more closely

]

orrelated than could have been obtained with only the

(2%

results from strain gages.
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This thesis has accomplished <the 2becvives *hat were
is%ed :n Chapter I. I+ has completed a comprehensive
2Xperimentaticn program that may help guide future
2xperimentation 1n related areas such as high temperature
applicatiocns. Also, this study has shown that the computer
program provides good results but requires optimization to
include various unloading schemes.

The author hopes that the i1nformation presented i1n this
thesis may contribute a small 1ncrement to the advancement

of materia.s technology and the development of future

composite material applications.
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Appendix A

i Progression of Study

e

This appendix describes the logistics effort involved
in accomplishing an AFIT thesis sponsored by the Fl:i:ght
Dynamics Laboratory. Much prior planning was reguired for
this thesis to be accomplished. Work began with the

order:ng of materials from manufacturers. In addition *c¢

.

~he compos:te panels used to fabricate the specimens, the
g supply of astrain gages and tab material also reguired
advanced planning. For this study, the time between placing
the order and having specimens ready to instrument was about
si1x months. For a typical AFIT student whose thesis program
{ only lasts nine months, this lead time can severly affect
the amount of work that can be reasonably accomplished in an
experimental thesis. Thusg, the following sequence of events
1s chronicled for the future AFIT student who wishes to do a
s-udy using experimental faciliities at Wright-Patterson AFB.
Once the prospectus was accepted, the material that was
1 chosen (Gr/PEEK) had to be manufactured 1n the desired

Lay-ups. In Aprii 1987, there were twc potentia. choices.

e

.
The Gr/PEEK material could have been ordered from a reputable

manufacturer, or i1t could have been manufactured at the

.
Structures Test Facility (Bldg. 6%5) of the Flight Dynamics
Laboratory. The press with which Gr/PEEK 153 manufacutered
]
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was not due to arrive to Bldg. 65 until June 1387, and the
personnel who would make the mater:al had yet to be %rained.
Therefore, the choice to order from the manufacturer was
made, and an order was placed i1n May with a promised due
date of late August. The company which supplied the
material was Imperial Chemical Industries (ICI),
headgquartered 1n England. The material was ordered from the
Fiberite Cocrporation in Orange, California, which 15 a
subsidiary of ICI. The order form was obtained from Mr.

Nick Yardich of the Aero/Astro Department of AFIT; and 1t
:ncluded the sizes, quantities, and lay-ups of the material
desired. It was submitted to AFIT/ENY, which ordered the

mater:al through Base Supply.

¢t

To determine the quantities of panels needed, a tes
plan was written in which the number of specimens to be
tested was sketched within the s:zes of available panels.
Th:3 test p.an became the guide to follow for alli groups
:nvo.ved with this experimentation.

This test plan was accomp.:shed with %the help of{ Dr.

Palazotto of AFIT/ENY and Dr. Sandhu of AFWAL/FIBCA.

3

AdZdressed o AFWAL/FIBC, *he

ct

est plan described

0

[o ¥
e

axpaer:mentation which involve tve d

]
ya
[XN
[
i}
"3
Y]
23
ot
3,18
8
[y
-
‘U
01

wi~h:n FIB, the Structures Division of the Flight Dynam:ics
Lizrary. Wh:le the panels were being manufactured. tha test

plan was finalized, and =ach group 1nvolved met to discuss
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the2 logis4

cs of the program. An
I3 LowWs.

The test plan was 1in letter f

.isted general program i1nformation

e

irst page contained the following

TROM: AFIT/ENY (Lt R. John Martin

IUBJECT:  Test Plan for Master's D
PUAN AFWAL/FIBC (Mr. G.R. Holderby

Program Informat:on

a. Organization

b. Project Number

c. Project Title

d. Security Classification

e. Project Engineer

f. Project Advisor

2. Project Sponsor

h. Instrumentation Engineer

;. Test Endineer

<. JSAF Fabrication Engineer

.. Test Location

Next came a description of th
sncluded many diagrams and figures
that was to take place. The gener
sta*ing objectives. The remaining

the technical description of the p

0}

ubjects were addressed by this te

Ry -

outi:ine of the tes*® plian

ormat, and the firs+t szect:on
about the project. The

rext:

. 54731 29 SEP 87
edree Thesis

)

AFIT/ENY

24010366

"Study of Ply Failure .n
Thermoplastic Composites’
Unclassified

Lt Martin

Dr. Anthony Palazotto,
AFIT/ENY

Dr. R.S. Sandhu,
AFWAL/FIBCA

Mr. J. Pappas

Mr. Stainaker’/ Mr. Bates
Lt Felker
AFWAL/Structures Tes-*
Facility, Bidg. 6%,
Area B, WPAFB

e test plan, which
explaining <he %est:ing
al %est plan began bv
[}
por+t:on was devoted %o
roject. The following

chnical description:




e

.. Mater:al

D

Stacking Segquence of Specimens

3. Panels
4. Specimens
5. Testing

5. Report

ot

With <he tes: plan submizsed,

K
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he )
(i)
[ 4
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w
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b
12
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31
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Oc+ober 13987, <wo months after +thev had Teen promius=

e
‘

were taxen to the Non-Destruc+tive Zva..a<%.:on

tn
3
w
3]
3
.
J
*3

ot

tnspection by C-scan. After 1% was Zde%ermined

i
ot
9]
(V]
4
1]
W
W]
7

panel <ccntained no significant f{laws. <“he pane.s were %axen

+vo2 Bidg. 635 to the Compos.tes Group which fabricated <he
zamples.
Pane.s were cut i1nto subpanels, which were then -ablted.

Once <abbing was compiete, the subpanel.s were -~ut in%o

1

mens according %o the ¢est plan. Spec:mens were

0
o]
1]
9]
V-
)

dri1i.2d as necessary %O create a 9.4-inch ho.e at the:.r

(¥}

K3
S

en%ters. The process of fabr.cating ~he spe

(9]
"3

3

imens o)

the manufacturer's panels tgok a total of a month and a
half. A3 zpecimens were comp.eted, thevy were taken from <he

Composites Group to the Instrumentation Group for the
application of strain gages.
The Instrumentation Group accomplished the tedious ask

5f "gaZing  each specimen. The s%rain gages used were three

types of Micro-Measurements Precision Strain Gages:




CEA-93-128UR-350
CEA-Q23-962UR-350
WK-03-060WR-350

s
nl
“ .
T
- .

The CEA gages were strain gage rosettes which conta:ned

“hree separate grids as shown 1n Figure 25 of Chapter IV.
The WK gages were stacked rosettes, L.e., *the three 2r:4s
were s%tacked on one ancther to achieve more pinpoint%ted
measwurements Of stra:in. The "23° .:s a measure of =%he

coceffiicient of thermal expansion of the strain gagZe ma%ser:a.

(3,19

which must be compatible with that of the materia. be:ng

gaged. The third set of alpha-numeric set of characters
tells the si1ze and type of gage. For example, "@6@° :s5 one
dimension of the grids, 1.e., ©0.069 inches. "WR™ i1ndicaes
A stacked rose-te. The "35@° 1ndicates the resistance 1in

ohms at room temperature for which the gage 1s designed.
Test equipment used in this thes.s was set up for 350 ohms.
Any o*ther resistance :n a gage would have caused a major
reconfiguration of the equipment.

Applying strar:n gages requlires a skili level attained
snly through training and experience. The technicians 1n <he
Instrumentation Group followed a multi-step process and

demonstrated excellent workmansh:ip. Strain gafing the

s
o
3
m

specimens took about four weeks to accomplish, but th:s

»

ceri1od was part.y concurrent with the testing of specimens.

¥rom the 1nstrumentat:on group, the specimens were

taxen downstairs i1n Bldg. 65 to be tested. Total testinsd
L.me als0o %took about four weeks. The technicians and
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Append.ax 2
-
rrzcessing <f Thermcriast.s I“repregs

{n

ince thermop.astiz Tomposl%es have a sem.Irvs-a..ine
matrix. they require different process.n# procedures %han
“he thermoset matrix compos:tes. The manufaceuring of
saminates 1nvolves the stack.ng of .ayers of prepeg. p.ac.ns
it A press. heating to abcve “he meltw.ng temperacure oI
*he ma-rix under low pressure, app.v:n£ a consc.:dja=::n

oressure, and cooling rapidlily %o Tontwr2l hae

V%
D

Eree <!

crystallinity to ensure consis+-“ent propert.es (214,

v}
ve,
ot

3
A

A prepeg 1s a thin layer (0.90515 1nches;

e
(]

D

<
o

3

w

12

(V]

composite mater:al. A laminated panel. 15 made up

1es Of prepeg tape. A s:ngle lamina :5 prcduced

'
R
0

C
<

cutting pireces of the prepeg in the desired orien-

[
a4
)e
V)
3
u
[t}
19

Figure 96 [34]), aligning and butt:ng ~“he preces =°

O
JO,
1]
ot
o
11
"3

and spo%* welding each seam {(see Figure .20 (340!
once %he des:i:red number of laminae have Teen made., 2

"prelam stack’ of ei1ght plies 15 prepared bv tacking

together each ply 1n the desi:red s%tacking zequence. A

iaminate panel 1s made up of one or more >{ -“hese pre.am

The prelaminated panel :3 “hen placed :n%o a3 mo.d
Tavity. The mold cavity 15 a picture {rame of s%ta.n.ess

rae. with *“hickness @..:90-92..5 inches les3 than +<he f{:n.zhed

1)

zonso.lidated panel. Seea Figure 1@.. This frame .s
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FlGURE 99. TTING A PREPREG |LAfER TO

A DESIRED FITER CRIENTATION.

Floe 100. WELDING Pleces OF PREPREG

TOGETHER .

Fiauge 101
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\

[ Press Pigren
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Aluminum Foul

Pictyre Frome 1~

Atyminum Foui
Glogzing Plate
L Press Piaten

MoOLD &Tack vseEp FOr
TLERMOPLASTIL PROCESSING.
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ing piates, and “he press plLam%en. The

£.azi1ng p.ate and the aluminum fo.! are pretreated with a

mold-release agent (341,

The press plLatens are electrically heated and are
equipped w:i:th temperature control. The pressures required
{or contact and consoi:dation are achieved by computer-

i.ed hydraulic pis=wons connected %o the tnop pr

D
(4]
[0

platen
T3> ach:ieve =he preoper C2o.ling rate, oSne al%ternative L3
“o .se a two-s%age process where the mo.d stack 1s remecved

(o0

i{r2m =he hot press after consolidat:on and placed :n 3 ccol

e
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+he press and <cool %the press p.latens :nterna..v

approgriate relaticn between air and water pressure %o
crcdiuce the 220.:n¢ rate reguired.
The lam:inat:on/conso.idated process can Se summar.ced
in the fzl.>winig steps:
= Prehea*t *“he press pla%ens %o the me.t “2mperat.ur=a.
z PLace the mo.4d s%ack betwween the piatens and
ipr.yY a Ton%tacy pressure of 70 vsi Heatr the 35%3ack {:

€ minutes per each pre.am stack with a maximum I 3¢
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I App.y 3 ~onsol.dation pressure of 200 ps: for 2
minutes
o
(&) Cool the panel a* a minimum of 50 F per minute o
achieve the proper dedree of crystallinity. The
coo.1ng pressure should be 300 ps:.
i Remove the moid stack from the press after S
minutes
=B Carefully remove <the panel Irom the moid.
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