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Preface

In this experimental investigation, the reduction of

strength for notched composite laminates of Aromatic

Polymer Composite, APC-2, containing the matrix polyether-

etherketore (PEEK), was examined. Quasi-isotropic lami-

nates of [0/+45/-45/9012S fiber direction plys were .:. -.

tested in tension and compression at room temperature,

2500F, 275 F and 300 F. Three methods of failure strength

prediction techniques were compared to experimental results.

An extensive investigation of fractured surfaces was per-

formed using a scanning electron microscope. During the

SEM investigation, over 500 microphotographs were taken.

The hope of this project is to provide insight into the

temperature and notch size effects for a composite

laminate.

There are several people to whom I am indebted and
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project. I appreciate the fine technical work of testing

the specimens by John Camping and Chuck Fowler from the

University of Dayton Research Institute (UDRI).

Additionally, Tim Hartness, Dr. Ran Kim, and Satish Kemur
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expertise. Gary Price, UDRI, was most helpful in the SEM.

analysis. Steve Donaldson, Dr. Robert Ruh, an] Pat Stum pf

..................-....... 7... ..



provided their fiber fracture expertise to me and provoked

many thoughts for evaluating the SEM microphotographs.

Dr. Anthony Palazotto, my advisor, is owed a great debt
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Abstract

Thermoplastics have been developed to improve fracture

toughness compared to the widely used thermosetting poly-

mers such as epoxy systems. A semi-crystalline thermo-

plastic, poly-ether-ether-ketone(PEEK), matrix has been

developed with significant toughness improvement over

thermosets. A review of literature resulted in very little

information related to the Aromatic Polymer Composite-2

(APC-2) which is formed from graphite fibers (60% volume)

and PEEK. The experimental study reported herein was con-

ducted to investigate the high temperature strength (ten-

sion and compression) of APC-2 laminates with holes. The

experimental data was then used to determine parameters

necessary to predict failure stress trends for the average

stress failure criterion, point stress failure criterion,

and a three parameter model failure criterion. The com-

parison of experimental and predicted failure strengths are

depicted graphically. The failure modes of APC-2 are also

studied utilizing the scanning electron microscope

X .- '
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Comparison of Notch Strength Between Gr/PEEK

W,"  (APC-1 and APC-2) and Gr/Epoxy Composite

Material at Elevated Temperature

I. Introduction

Designers have always faced complicated decisions on

what is the best material for a final product. During the -'

age of metals, decisions were tough enough. The designer

had to choose between several metals, heat treatments,

alloy combinations, and yet retain the most profitable de-

sign possible. Metals were well studied and understood.

Prediction of fracture loads and fatigue life cycles were

possible for these isotropic materials even at elevated

'-9 temperatures. However, as progress was made in strength-

to-weight ratios, a new concept of design materials was

introduced--composite materials.

Composite material consisted of extremely strong

fibers surrounded by a weaker, yet much more ductile resin

matrix. The composite material was no longer isotropic

and traditional methods of failure loads no longer worked.

The seemingly endless choices of material combinations

(fibers and matrices) and material lay-up sequences (ply

combinations), made the designer's choice grow unbounded,

but he lacked the tools for proper design. He not only

had an infinite choice of materials, he had no method of

analysis that was general enough to use routinely.

.% -..-. .. . .... . ~ . .- ,-. ..-. ....-..-.. .. ...... .... . _. - ., .. - -,. . .. *. .*... "-C. - % .- "."



17"l

The more that is known about specific combinations of fiber "

and matrix material and the comparison between failure pre-

diction methods and experimental failure data using these

specific fiber-matrix combinations, the easier the designer's

task becomes. Notched specimens were used in this study

because this type of discontinuity is one of the most -. :

critical in composite design.

Keeping these needs in mind, an experimental study

was undertaken to analyze the failure of a composite ma-

terial which consisted of a recently developed matrix,

poly-ether-ether-ketone(PEEK). The PEEK matrix material

has been found to have better fracture toughness than the

more brittle epoxy matrices [1,2]. Since fracture toughness

is an important characteristic in damage tolerance, crack

.- growth, and impact damage, this new material seems desir-

- able for aircraft designers..-- '

Experiments were conducted at the USAF Material

* Laboratory, Wright-Patterson Air Force Base, Ohio. The

experiments used quasi-isotropic laminates of Aromatic

Polymer Composite-2 (APC-2), consisting of AS-4 graphite

fibers and PEEK matrix. Tension and compression tests

were carried out at room temperature, 250F, 275F, and

3000F for unnotched specimens and specimens with 0. 1", 0.2",

0.4" and 0.6" diameter holes cut through the specimens.

These temperatures were chosen with the knowledge that the

glass transition temperature (Tg) was approximately 2750F--* ...-.

2

.I 
-
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to 2900R. The results of the experimental data are com- .

pared to three separate failure prediction criteria.

A recent experimental study by Malik [3] used Gr/Ep

and APC-1. The results of Malik's work are used in this

study for comparison purposes.

A study of failure characteristics should include! ..

an examination of the specific failure modes within the

given material. The failed specimens from this experiment

were examined utilizing a scanning electron microscope to

determine the fracture failure mechanisms characteristic of

APC-2.

A. Backqround

1. Strength Predictions

There are many difficulties in determining strength

reductions for composite laminates. The infinite number of

possible ply lay ups (stacking sequence), a large variety

of fiber and matrix combinations, uncertain failure cri-

-" teria, the specific application geometry (i.e. thickness

of the laminate, notch size, thickness-to-hole size ratio,

and width-to-hole size ratio), and the environmental con-

ditions around the composite must be considered. Currently,

there are several techniques available for prediction of

strength reduction in composite laminates: a finite

element method [4,5], a fracture mechanics approach [5,6],

a modified isotropic plate theory [7,8] and an isotropic

.13t aporach [1 However, designers are cuntinually '-'-1

3i.. "'5!
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searching for methods sufficiently general for routine

applications.

Classical approaches to solving the composite notch

strength reduction problem do not work, primarily because

the stress concentration factors (SCF) for composites are

not successfully characterized as in metals. The anomalies

are believed to come from differences in methodology

[6,7,10,11]. Metal SCF's are based on the conditions at

a point on tne hole boundry while the strength of the com-

posite laminate appears related to the in-plane elastic

stress region adjacent to the hole boundary [6,7,10].

Therefore, stress concentration factor alone is not a suf-

ficient measure of strength for composite laminates con-

I taining circular cut-outs. The measure must be based on a

more complete description of the stresses around the cutout.

One method employs the linear elastic fracture me-

chanic (LEFM) model. The fracture mechanic models pro-

posed by Waddoups, et. al, [12] and Tirosh [131 have a

theoretical intense energy region of dimension 'a' which

contains a Griffith crack adjacent to the notch. This

characteristic dimension is assumed to be a material pro-

perty and remains constant for all values of notch radii.

Thus, the model becomes the same as the linear elastic

fracture mechanics (LEFM) method for a circular hole with

two symmetrical cracks of length 'a'. The LEFM model

contains tao undetermined parameters: (1) the unknown 'a',

•. .*. -* * - . . . . - .... . . ' _ '~* -
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characteristic of the material and (2) the unnotched

strength of the laminate, T~o . Once having determined these

for a notch size, this model allows prediction of the

strength of same material laminates for any other notch

size. However, composites do not show single cracks of

dimension 'a', as do metals. Rather, composites tend to

form several failure directions based on lay-up, direction

and sequence. Also, composites demonstrate a relationship

between the unnotched strength and the fracture toughness

[14]

Whitney and Nuismer [10] developed two methods for

predicting notched laminate strength as an alternative to

the LEFM model for hole size diameters less than one inch.

Their criterion result in the prediction of discontinuity

size effects without applying the principles of LEFM. The

first approach, point stress method, assumed that failure

occurs when the stress over some distance 'do', away from

the discontinuity is equal to or greater than the strength

of the unnotched material. The second approach, average

stress method, assumed that failure occurs ahen the average

stress over some distance, 'ao', equals the unnotched

laminate strength. This approach allows for physical

redistribution of local stress concentrations. Both methods

were tested experimentally by the authors and experimental

results confirmed applications to specific laminates and

materials. fhe authors looked for a value of 'd ' and 'a I
0 0
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which could be compared from one material laminate to the -

next material [11], but were unable to define one. Because

these methods weren't exact and showed deviations between
'.-.

experiment and theory, others attempted to improve on the

methods.

Karlak presented a criteria that 'd I had a square root
0

dependence on hole sizes [151. A characteristic factor, ko,

00defining the relationship between 'do # and the hole diameter.°-

was introduced. Although Karlak was able to better fit

failure results from Whitney and Kim [16] with his criteria

than with the point stress method, he could not assign a

physical significance to the square root dependancy. He

stated that the particular exponential fit may have been a

peculiarity of quasi-isotropic laminates, or more likely,

related to the ratio of the hole size to laminate thickness.

More work needed to be done to improve failure prediction

criteria.

Pipes, Wetherhold and Gillispie introduced a three

parameter model to enhance failure prediction [17]. The

three parameter model was dependant on (1) the strength of

the composite laminate Aithout holes, (2) a notch sensitivity

factor 'C', and (3) an exponential factor 'im'. This three

parameter model is an enhancement of Whitney's two param-

eter model.

Much experimental .,jork has been done and comparisons

.,ade ,vith the failure prediction methods previously

.'2. ..
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discussed. The point stress and average stress have been

studied at room temperature for tension and compression by

several authors [3,10,11,18,19,20]. The three parameter

model was tested by Malik and Pipes [3, 17]. Only the work

of Malik compared experimental data to failure predictions

at elevated temperatures.

Analysis of the fracture surface of failed specimen

is important in order to determine what factors influence

the fracture process. Microstructural features identify

failure modes which can be removed by redesign of the

material to increase the strength of the material. Nuismer

and Labor noticed a specimen failed in tension perpen-

dicular to load path for a short distance and then dynamic

failure occurred with multi-directional failure taking place

[18]. This short distance compared favorably to the average

stress criteria failure for their experimental specimen.

2. Material Choice

In continuous fiber reinforced plastics, it is the

fiber which determines the basic property profile. The

function of the resin is to allow the fiber to develop

its full potential by transferring the load from one fiber

to another and by providing a support to prevent the fiber

from ouckling. The best possible load achievement is

accomplished when fibers are completely wetted by matrix.

It is important that the matrix continue to provide fiber

3upport during service conditions. When a polyaromatic
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matrix, such as polyetheretherketone (PEEK), is placed in a

continuous fiber composite, the resultant laminates are

known as aromatic polymer composites (APC).

The material chosen for this study, APC-2, is an

improved laminate over the previously introduced APC-1. The

principle change from APC-1 is the substitution of Hercules

* ~AS-4 graphite fibers into APC-2 in lieu of the Courtauld

XAS graphite fibers in APC-1. This change was made to give

a better bond between the PEEK matrix and the graphite

fibers.

PEEK is a thermoplastic material and can be converted

into a range of component shapes and sizes by the full "*

spectrum of fabrication technologies [211. Micro-composites

0 are formed using PEEK and short glass or carbon fibers in

preparing injection molding materials. A further area of

technology where PEEK is used is the macro-composite role.

In this role, PEEK is used with continuous fibers to form

a continuous fiber reinforced composite.

As a composite material, PEEK provides the widest

mechanical property spectrum achieved by a thermoplastic

[21]: (1) with a modulus in the range of 3 to 150 GNm 2

at 23 C and (2) with strength in the range 100 to 2,000

-2 0MNm at 23 C. Each engineering application imposes

requirements on properties, which in turn dictate the

compositional form for PEEK matrix. The study of APC

properties is important to the aerospace community.

.I[>['



Donaldson compared unidirectional APC-1 directly to

unidirectional graphite/epoxy [22]. He found APC-1 to be

significantly tougher than graphite/epoxy for mode I and II

fractures as well as various combinations of modes I and II.

Using a scanning electron microscope, he observed significant

differences between the two composite laminates' fracture

surfaces. APC-I microphotographs indicated much more

plastic deformation than graphite/epoxy, clearly demon-

strating the toughness superiority of APC-i over graphite

epoxy.

Hartness found that carbon fiber/PEEK system was

superior to carbon fiber/epoxy system where interlaminar

fracture toughness was measured and that the PEEK material

of was superior in strength and toughness [233.

In a comparitive study of fatigue properties between

carbon cloth impregnated with PEEK and carbon cloth impreg- -

nated with epoxy [241, Hartness and Kim found the Peek

composite system has superior fatigue properties over

the graphite composite system.

Malik compared notched strength of quasi-isotropic

APC-1 to quasi-isotropic graphite/epoxy for varying tem-

peratures [3]. He noted adverse matrix-to-fiber interface

degradation led to reductions in strength at elevated

temperatures for APC-I '

As seen, little study has been completed for APC-1.

The newer APC-2 is studied even less than APC-l,

.. . .. . . -- . _ *. . _ . 16. . ... . I ... ... J



however. The Materials Property Group at Imperical Chemical

Industries (which manufactures APC) has presented studies

[25,26] that demonstrate APC-2 has relatively high inter-

laminar toughness and the extent of damage from low energy

impact is lower for APC-2 than for carbon fiber/epoxy system.

The need for a detailed fracture analysis and strength

capability of APC-2 is evident.

B. Purpose of This Study t7

In support of the overall effort to understand various

composite laminates and to increase the base of knowledge

so designers can better choose materials, in particular in -

areas of discontinuities, this thesis is presented and has

the primary purposes of: (1) studying the effect of tem-

(.j perature and stress concentrations on the fracture behavior

of composite laminates with the same fiber system (graphite),

but different matrix resin with unique properties in each

resin (one laminate system is AS-4 graphite fibers in epoxy

matrix, the second laminate system is XAS graphite fibers

in PEEK matrix (APC-1) and the third laminate system is

AS-4 graphite fibers in PEEK matrix (APC-2)); (2) studying

the fracure surface characterization near the cut outs and

awiay from the cut outs of the laminate systems at room s:.-

temperature and elevated temperature; and (3) comparing

the results of three laminate systems to common denominators.

This thesis will use the theory developed in the follow ing -.

sections to carry out analysis and use experimental APC-2

.0
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data to compare results. Results from previous work for

APC-I and Gr/Ep [3] will be compared to results obtained in

this experimental study. Only quasi-isotropic laminates

with [0/+45/- 4 5/9 0 12S directions will be examined for all

three systems. The APC-2 specimens have been tested at room

temperature, 250 0F, 2750 F, and 300 0F. The APC-I and Gr/Ep

specimen were tested at room temperature, 250 0 F, and 300 0 F.

Each of the three systems tested consisted of an unnotched

specimen as well as 0.1", 0.2", 0.4" and 0.6" diameter holes

drilled through the specimen respectively. Scanning

electron microphotographs are presented to demonstrate

the fracture failure mechanisms.

. , .4
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II Theory

A. Failure Prediction

Designers must be able to predict the load carrying

capabilities and strain-displacement actions of the mate-

rials they expect to use. To solve this problem and also

consider practical characteristics of design, researchers

have expended considerable effort into the understanding

of laminated, continuous fiber reinforced, polymer matrix

composites containing through-the-thickness circular cut

outs. Three of the more general techniques are of practical

interest for predicting the notch strength of laminated

composites. One approach uses the concept of stress at

a point, a fixed distance ahead of the hole [10], the

second approach considers the average stress at some fixed

distance ahead of the hole [10], while the third approach,

a three parameter model introduced by Pipes [27], takes

into consideration the notch sensitivity of the material

as well.

Whitney and Nuismer [10] introduced two methods of

predicting failure of composite laminates with holes less

than 1.0". Consider the isotropic material equation com-

paring the ratio of the normal stress T, along the x-axis
y

to the uniform, applied tensile stress 0~ applied parallel

to the y-axis [28]:

0- - + 3 2R(
y 2.
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When the normalized stress is plotted as a function

of distance ahead of the hole, X-R, as shown in Fig. 1, it

can be seen that the stress concentration is much more

localized for the smaller radius holes. If a larger

volume of material is subjected to high stress, the

likelihood of having a sufficiently large flaw for failure

is greater, resulting in a lower average strength for the

laminate. Additionally, the smaller radius holes have more

capability to redistribute the stress, resulting in a

higher average failure strength than a plate with a larger

hole. Since the brittle failure of a body under a given .%'.

stress field is usually attributed to inherent flaws of

sufficient dimensions being distributed throughout the

CO body [11], the concept of determining the strength of

a brittle composite material from maximum stress at a

single point seems suspect, even more so if the maximum

stress is very localized. With this in mind, two methods

of failure prediction presented by Whitney and Nuismer

require closer examination.

For a balanced, symmetric construction containing an -7

elliptical hole with major and minor axis parallel to the

x and y material axes respectively, the infinite width plate

with a remote uniaxial stress is depicted in Fig. 2. The

far field stress resultant, for laminate of thickness h,

,3 .,n erj by N I iei .. , tne 3ver3g- stress

y
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Fig. I Stress Distribution for a hole in an infinite isotropic plate. i!
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In the presence of an elliptical hole, the effective

normal stress along the major axis is of particular inter-

est. The normal stress is then given by

C (x,o) = N (x,o) / h (3)
y y

The stress field in the vicinity of a circular hole of ,

radius, R, in an orthotropic laminate under uniaxial

loading, Ny, can be determined by the solution of an ellip-

tical hole as the special case where a=b=R. The effective -

normal stress, my(x,o), is given by [11]

R2  R 4  6Kk)5-
mTy(X,O) = - f2 + (R R O R 7 () (4)

y 2 X T X
f or x ZR R

Where K is the orthotropic stress concentration factor

for an infinite width plate denoted in terms of effective

elastic moduli

T;,- ,U-
KTO 1 E2 -v !2  (5) 4L:'"-+

TE22 v2 12

This equation is found to provide excellant approximation

to the exact orthotropic plate solution [7], and for the

isotropic case (K 3 ) the expression is exact.

Whitney's Point Stress Criteria

The point stress failure criteria approach assumes

that failure occurs when the stress over some distance aaay

from the discontinuity is equal to or greater than the

strength of the unnotched mriterial [10]. It further assumes

• f.o
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that this characteristic distance, 'd is amatria

property independent of laminate geometry and stress distri-

bution. From Fig. 3, it can be written .

* (xo . (6)

y x =R+d 0 =

." %.'-

This dimension represents the distance over which the .

material must be critically stressed in order to find a

sufficient flaw size to initiate failure and is analogous

to the approach used for predicting the plastic zone found"-. "

in metals [29 For the case of a circular hole in an

isotropic plate, these assumptions in conjuction with
equation () lead to the stress failure criterion d"a

2 4 " :9W 90o- 2 I(2+ z1 + 3 z1  (7)'.'
where iN is the laminate notched strength, is theanalog

unnotched laminate strength and

,.' ". .

2RN R

unn.3 othe laminat stilrengrtera

.16 R (3)

FI:J. 3Point tress filure riteri
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It can be seen that for large values of R, equatLon (7)

reduces to the SCF criteria for isotropic materials, that

is CT IT CI=3; while for small values of R, equation (7)

reduces to o/O-T=l, as expected. Although written for an0 N

isotropic material, equation (4) can be extended to include

any laminate of symmetric construction by using the ortho-

tropic solution for a hole in an infinite plate and thus

becomes [10,30]

2 4) 6 7z 8%,
2 1/[(2 + z + 3zI  -(KTD -3)1(5z 7z (9)-

Here ON' is the notched strength of an infinite width

laminate; that is, the applied stress T (xo) at failure.
y

Equation (9) reduces to the classical stress concentration

result for very large holes (i.e. as R-oo, z-.l) and for

very small holes (i.e. as R-O, z-0).

Whitney's Averaqe Stress Criteria

A second method of predicting failure loads in compos-

ites is called the average stress method [10]. This method

assumes failure to occur when the average stress over some

distance, 'ao, equals the unnotched laminate strength

(Fig. 4). As with the point stress method, this critical

distance is assumed to be a material property independent

of laminate construction and stress distribution. The

physical 3rgument for this approach is given by the assump-

tion that the material has the ability to redistribute

.. •.*.**..... . ..... ..........-........... . . -
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local stress concentrations. Thus, Ta,, could be con-

sidered as a first order approximation to the distance

1(9 ahead of the discontinuity across which failure has taken

olace. The average stress criterion takes the form of

R~a 0 
m

1
a C xo x *(10)

By substituting equation (1) into equation (10) and then

per-forming the integration, the stress failure criterion

for an isotropic plate is found

_ _ _ _ _ _ _ _ 1'.-. ,o
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"2 (12)

As before, for large radius holes, the strength reduction

predicts the SCF and for small values of radius, no

strength reduction is predicted. For the case of notched

strength of an infinite width laminate, integrating

equation (10) to the ratio of the notched strength of an

infinite ,width laminate to unnotched strength is given as

2(1 - z2 ) / [(2 - z2 - 2  )+(KT -3)(z 2
6 -z2

8)] (13)
O- 2( - z2 -/ (2-'-

0

These two methods of failure strength prediction use

only two parameters to determine the predictions, (1) a

(I characteristic length and (2) the unnotched strength of

the material. Both methods assumed the characteristic

lengths to be constant for all holes sizes which is con-

trary to experimental observations of other researchers

[3,11,15]. Recall Karlak [15] first proposed that 'do

had a square root dependency on the notch radius, but was

not sufficiently satisfied with the exponential parameter.

Pipes' Three Parameter Model

Pipes, Gillispie, and Wetherhold [17,27] proposed that

the material notch sensitivity, C, be considered along with

an exponential parameter, m. Thus, this method has three

material parameters: (0) tne unnotched material strength

, ................ ,. . . .. .. . .. . .. .
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0" o'(2) the material notch sensitivity, C, and (3) the

exponential parameter, m. This method yields the rela- L

tionship

(R )CJo = I (14~)
0

Where R is a reference radius. Combining equation (14)
0

with equations (8) and (9) makes it possible to write an

equation for prediction of notched strength as a function

of notch radius where the parameters m, C, and 0- are
0

kno .,n.

ON 2 4 -(r 6 7()
2- 2 L + 3 L -(KTM-3)[5 L8] (15)-

0 ~ -= - -M
Where .-- -

L = \1 + R R C-  (16)

Physically, as the notch sensitivity increases there is

a reduction in strength for a given notch radius. For

complete notch insensitivity (C=O), unnotched strength

is equal to notch strength for all radii. For infinite

notch sensitivity (C=cn), notched strength/unnotched

strength is equal to /KT The exponential parameter, :n,

acts to change the slope of the notch sensitivity. This

parameter should be o- mrl for admissible material systems.

The upper value, m=l, results in a relation which is inde-

pendent of notch size [12,27] while the lo,,jer bound, m=o,

,o.o
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S "-reduces to the two parameter model [11, 12, 27]. This

three parameter model gives very good approximations to

failure load predictions [3,17,27]. *-"

For constant values of KT , it is possible to super-

impose the notched strength relation uniquely defined by

the parameters m and C to a second relation defined by

m* and C* [17]. It is possible to construct notched

strength as a function of notch radius for all such laminate

configurations or materials by measuring the relation for

a single laminate or material and measuring sufficient data ..
L

(typcially three points) for a new material or laminate in

order to establish shift parameters. These shift parameters,

* t m* and C*, are used to find the radius shift parameter, R*.

This allows superposition of notched strength to a single

* master curve for all materials and laminates of common

stress concentration factor, K T Notched strength data

for quasi-isotropic laminates of all composite materials

may be superimposed to form a single master relation since

K o -3 for all quasi-isotropic laminates.

Pipes found the necessary and sufficient condition for

the superposition to be

S,_ (17)
- .-f- .
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4-



, ...

C..

For the case where KT 3, a master curve can be drawn to

relate materials of different orthotropy provided m* and

00C* do not vary. Thus, the master curve has K 3, m* equal .'.

to a constant, and C* equal to a second constant. Many

materials demonstrate that C=10 and m=0.5 are intermediate

values. For this special case and R =1" , it is possible to
0

determine R* in terms of CN /O- (let O cNO =S) and theN NN o

parameters 'im' and 'C'.

1 {[ -l + , 2"(- ) -(19-..-1/2

m.- S (19)

6

This allows the strength data for any material laminate

system to be superimposed to a common master curve of equal

(@- orthotropy (KT O=3).

B. Naterial Analysis

Although macroscopic failure predictions, such as those

discussed in the previous section, are acceptable to de-

signers for general purposes, it is often significant for

the designer to be more intimate with the specific

"eaknesses" of a given material. For instance, a par-

ticular matrix may resist water absorbtion more efficiently

tnana second matrix. The effects of temperature variations

and cut outs are other parameters the designer mus* have

available. The choice of materials is an important

decision and the more information available for a designer,

the incre efficient tne end product becomes. In this

22
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section, the nature of polymers, in general, are explained,

followed by specific information about the polymer, PEEK.

A discussion of fiber and matrix independent and dependent

actions will be addressed to complete this section.

As mentioned previously, the stresses within laminates

have been studied often. Still the state of stress at a

specific location within any composite can be very complex.

The effects of non-linear matrix materials, inter-laminar

stresses, and intra-laminarstresses are not constant

throughout a composite. The specific composition of the

matrix must be known for better understanding of the failure

mechanisms and the expected strength of a composite. As

polymers are manufactered into chain molecules, the fol-

lowing discussion is offered to help understand the nature

of polymers and more specifically, the PEEK matrix material

used in this experimental study.

Polymers are formed from long chain molecules. To

form a long-chain molecule, each unit or monomer of the

chain must be able to link itself to neighbors on each

side [321. This unit, usually repeated many times (e.g.

100-10,000) along the chain, can be a single atom, as in

sulphur and selenium, or a molecule, as in asbestos, sili-

cones and organic polymers. Single linear polymers have

the form

X-A-A-... etc.... -A-A-Y

where A is the repeated structural unit and X and Y are

23* *. .. ... . ..*.*.--i i"*-* -



monovalent terminal units. An example is polyethylene,a

long-chain paraffin,

H H H H H H
I I I I I I

H-C-C-C-. ......... -C-C-C -H

H HH H H
-6:

Here, A is CH2 and X=Y=H. The carbon atoms are shown as a

straight line, but in reality form a zigzag sequence.

The units in the chain need not be all identical.

Innumerable variations are possible. In copolymers, two

different units A and B occur randomly along the chain.

In blocked copolymers they form an ordered sequence.

The exceptional deformability of the rubber molecule

is due to the spiral nature of the carbon chain. In some ma-

terials, the carbon chain is a zigzag, not a spiral and the

molecule is less deformable. In recent years ways have

been found for synthesizing isostatic polymers, i.e. of

controlling the relative orientation of the monomers along

. the chain.

Structural units of higher valency in the main chain

provide side chains by which the main chain can be linked

to others, so forming a network polymer. These densely

" cross-linked polymers are described as thermosetting,

because once formed, they do not soften on heating but

remain linked together in a hard, rigid form until temper-

atures are reached at which they disintegrate chemically.

Dissolved in organic solvents or combined with drying oils,

24
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.-'. they form varnishes, lacquers, and adhesives. When aged in- I
air and especially when cured by heating, they polymerize.

Polymers can exist in various mechanical states:

fluid, rubbery, gel, glassy and crystalline. Linear poly-

mers without cross-lines, such as rubber latex, are viscous

fluids. They consist of long, convoluted molecules tangled

together like a mass of earthworms, and they flow by the

sliding of molecular segments over one another. This is a

thermally activated process, and the viscosity varies

rapidly with temperature. At low viscosities ((1000 poises)

the flow is Newtonian, but not at high viscosities. Such

materials are thermoplastic polymers. Above their glass

_ transition temperature they are soft, deformable and, if not

(0 cross-linked, fluid. Below their Tg, they are typical glasses.

By increasing the density of the cross-links, a continuous

range of properties can be produced; soft elastic to vulcanite.

The rate of chain straightening or crumpling depends on

viscosity, because it involves the sliding segments of

chains past one another. The strain for a continuous stress

develops as shown in Fig. 5 [32]. The total deformation is contributed

by "true" elasiticity (straining of the nearest neighbor), high elas-

ticity and viscous flows, the latter being supressed in the

more highly cross-linked materials. On unloading, the true

elasticity is recovered instantly but the high elasticity

recovers more gradually because of the viscous drag on the .-.

- . chains, giving delayed elasticity or elastic "after-effect".

25 ~
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Fig. 5Deformation of a thermoplastic polymer p

Te cSome polymers crystallize. Polymers, of hydrocarbon

chains less than about 100 units long, crystallize almost

completely on cooling. Those with longer chains (100-

10,000 units) crystallize partly. In the crystalline

r ' regions, about 100 A across, the chains are parallel, :..

,. hereas in the non-crystalline regions they are tangled.

,." The chains form crystallites by folding back and forth in -L.
.,0 ".x-

t" ~straight lengths, about 100 A long. A single molecular -.

: chain may extend through both crystalline and non-crystal-

line regions. '

* Glassy polymers are softened and made less brittle

by the addition of plasticizers, substances of low

26
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molecular weight that lower the Tg. Brittleness is then

reduced at the expense of rigidity.

Kamur and Anderson depict the repeat unit of PEEK as

that shown in Fig. 6a [33]. The orthorhomic unit cell of PEEK 6

has values of a, b and c which are reported to be in the

range of 7.75 - 7.78J, 5.89 - 5.922 and 9.88 - 10.06R

respectively. The unit cell contains two chains, each with

two-thirds of a repeat unit. PEEK enters the non-crystalline

state by quenching from the melt temperature and turns to .-

semi-crystalline polymer by heat treatment above the Tg.

:<' .' v.

c_=o

(a)(b
".6. PEFK c:ll tructure. (a) Repeat unit of PEEK

(b) Unit cell of PEEK

27
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The PEEK matrix in APC-2 surrounds the AS-4 graphite

fibers and forms microscopic bonds with the fibers. The

combination of PEEK and AS-4 fibers form a lamina when

continuous fibers are laid side-by-side in a single

.irection.

A lamina is a flat arrangement of unidirectional fibers

or woven fibers in a matrix. Two typical laminae are shown

in Figure 7 [341 along with the principal material axes.

The fibers are the principal reinforcing or load-carrying

agents. The fibers are typically strong and stiff. the

function of the matrix is to support and protect the fibers

and to provide a means of distributing load among and trans-

mitting load between fibers. The latter function is espe-

cially important if a fiber breaks as in Fig. 8[34]. Load

from one side of a broken fiber is transferred to the matrix

and subsequently to the other side of the broken fiber as

well as adjacent fibers. The mechanism for tha load trans-

fer is the shearing stress developed in the matrix. The

shearing stress resists the pulling out of the broken fiber.

The major purpose of lamination or ply build-up is to

tailor the directional dependence of strength and stiffness

of a material to match the loading environment of the

structural element. Laminates are uniquely suited to this

objective since the principal material directions of each

*; layer can be oriented to need. Symmetric laminates with

balanced laminae (same number of positive angle Plys as

.- .....................



.- negative angle plys) in addition to 00 and 900 orientations

are considered quasi-isotropic for plane stress conditions.

The [0/+45/-45/901 lay up of this study provide quasi-

isotropic properties to fibers.

To complete the failure analysis cycle, from the

molecular chain build-up of the matrix to the testing of

the composite, a scanning electron microscope provides an

excellent means to evaluate the fracture surfaces of the *

failed specimen. The scanning electron microscope can be

used to evaluate the fibers, for method of fracture and

matrix-to-fiber bonding, as well as to analyze the matrix

for ductility, temperature degradation, and adherence of

matrix to fibers. Matrix deformations, such as hackles in

brittle matrix materials, provide information about stress

fields. These deformations must be evaluated for complete

failure analysis. The term "hackle" is used to identify

fracture by tearing, that results from inter-larminar shear.

Although hackles have different shapes and sizes, they do

have some common characteristics. Individual hackles are

flake-like in appearance and they overlap on top of one

another similar to the shingles on the roof of a house.

Hackles usually lie between adjacent parallel fibers and

are oriented approximately normal to the fiber axes. It has

been ovserved [2], for brittle failures, that the angle of

the hackles is an indication of the amount of shear stress

experienced by the matrix. A flat hackle indicates more

3.- '.
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shear stress in the failure mechanism than a vertical hackle. ...

For a shear mode failure (mode II), the hackles appear flat

and for an opening tensile failure (mode I), the hackles

appear vertical. The formation of "hackles" is a much

debated topic when thermoplastic fracture modes are discussed.

Thermoplastics, such as PEEK, do not exhibit the regularity

of hackle formations during fracture as do the more brittle

epoxy systems. There are hackle-like formations in thermo- r

plastics but they are not well defined compared to epoxy

hackle formaitons. The term "hackle", as used in this study,

refers to flake-like fracture surfaces, even though the

"hackles" are not regular in formation.

Miller and Wingert [35] defined fiber-matrix inter-

actions as similar to adhesive-bonded joints. Fracture

between the fiber and the adjacent matrix is termed

"adhesive" fracture. Fracture that occurs in the matrix

adjacent to the fibers is called "cohesive". Clean, pulled- .

out fibers indicate an adhesive fracture process for pullout.

However, when thin matrix adheres to the fiber, a partially

cohesive fracture failure occurs. This type of terminology

will be used subsequently as the author observes the failure

mechanisms within this study.
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II Experimental Procedure A,

Experimental tests must be performed to determine the

intrinsic strength properties and characterization of any

composite system. This experimental program was developed

to provide data for: (1) analyzing and evaluating the

strength reduction of APC-2 for various hole sizes within

a given specimen, (2) analyzing and evaluating the effect

of elevated temperature on the strength properties, (3)

study the failure mechanisms at 90 and 95 percent of average

failure load and (4) determine, if possible, the specific

failure mechanisms on the microstructural level using

scanning electron microscope techniques.

The material used in this study was purchased from the

manufacturer and, because of this, the specific details of

laminate construction are not known. However, published

information concerning general construction procedures is

presented. The information is from Imperical Chemical

Industries, ICI, literature.

APC-2 sheets are fabricated by consolidating multiple

layers of unidirectional pre-impregnated tapes above the

melting point of the polymer and then cooling to allow the

polymer to crystallize and rigidize the structure. APC-2

composites have a complex hierachy of structures. Within

APC-2, the largest sub-units are the stacked 125 pm plies

of unidirectional impregnated tapes. The carbon fibers

within each pre-preg layer are about 7 Jm diameter and
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typically occupy 60 percent of the volume. The gaps occupied

by the matrix between the fibers are in the same size range

as the fibers, that is 1 to 10 pm[31]. Composite fabrication

involves stacking layers of APC-2 prepreg between press

platens, heating to 7200F under low pressure, applying a

consolidating pressure and cooling rapidly.

The laying up of prepreg prior to pressing is carried

out cold. The lay up is symmetrical about the centerline

and off-axis angles are balanced, plus and minus, to prevent

warping due to differential thermal contractions on cooling.

The material used in this study was received in 16 inch

square panels from the manufacturer. The panels were quasi-

isotropic laminates of [0/45/-45/9012 fiber directions, 16

'plies thick.

The notch effect was examined by considering circular

holes of 0.1", 0.2", 0.4" and 0.6" diameters drilled through

specimen centers.

Temperature effects were studied by performing tests

at room temperature, 250 F, 2750 F and 300 F, keeping in mind

the glass transition temperature, Tg, of 290 0 F[23].

The absolute minimum number of test specimens necessary

to produce meaningful results was considered to be three due

to the statistical failure nature of composites. The ultimate

strength was therefore based on three ostensibly identical

tests. At least one specimen from each test condition

for 0.2" diameter notched specimen was strain gaged

33,. '.
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A 1.°

away from the hole, called the far field gage, to measure

strain-to-failure for the laminate. One set of specimens -

were strain gaged at the side of the notch. This mea-

surement is termed side-of-hole data. Additionally,

specimens were gaged at the top of the hole and the results

from this gage are named "top-of-hole" data. These gage ta...

locations are depicted in a photograph in the next section.

One specimen each for 0.2" at RT, 250 F, 275 F, and 300° F

was investigated at 90 and 95 percent of average failure

load. This portion of the experiment attempted to demon-

strate the pre-castastrophic failure modes of APC-2. The

number of test specimens and conditions are shown in Table 1.

It should be noted the same number of specimens were tested

at 95% average failure load as were tested at 90% average

failure load shown in Table 2.

Table I Number of Tests to Failure for APC-2

Hole diameter (inches) ___"__

Temp Loading Unnotched 0.1 0.2 0.4 0.6 Total

RT Tension 3 3 3 3 3 15

Compression 3 3 3 3 3 15

250°F Tension 3 3 3 3 3 15

Compression 3 3 3 3 3 15

275°F Tension 3 3 3 3 3 15

Compression 3 3 3 3 3 15

300°F Tension 3 3 3 3 3 15

Compression 3 3 3 3 3 15

Fotal 24 24 24 24 24 120
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Table 2 Number of Tests to 90% and 95% Average Failure Load

Hole Diameter (inches)
Temp Loading 0.2 0.6

RT Compression 1 1

Tension 1 1

0
250 F Compression 1 1

275 F Compression 1 1

Tension11

300 F Compression i 1

Tension 1 1

A. Material Preparation and Test Procedure

All specimens were flat rectangular plates cut from

the 16 inch square panels using conventional fabrication

techniques and were inspected by x-ray techniques to ensure

freedom from defects. The typical specimen is shown in

Fig. 9. The end tab material was 1/16 inch thick glass epoxy

bonded to the APC-2 specimen using a general purpose epoxy.

The specimens were then heat treated for one hour at 200°F

to ensure complete bonding. A bridgeport milling machine

was used to drill the 0.1", 0.2". 0.4", and 0.6" diameter

holes, minimizing runouts. Dog bone specimens for compression

testing of unnotched specimens viere machined on a router

equipped with an abrasive cylinder.

The tensile tests .,ere .accomplished on an In3tron

odeL 1 15 '3t a constant crass head dispLacement rate of

' . . i . t , " ! ' . " I i .I "" "
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Fig. 9 Typical Geometry of Notched Specimen

(:0 problems at elevated temperatures, specimens were heated

in a cylindrical chamber using an adjustable hot air gun.

Specimens nere equipped -iith thermocouples and allowed to

stabilize for 10 minutes thermally prior to testing at the

* elevated temperatures. The temperature test equipment is

snoan in Fig. 10.

The compression tests ,were performed on an MTS model

312.31 with a 35,000 pound capacity using a constant cross

head displacement rate of 0.03 inches Per minute. The

specimens here placed in an anti-buckling fixture, consisting

F .of t9o aluminum Plamtes surrotnding the entire specimen

Ienqth, under a displacement mode is shown in Fig. IL. The

compression specimens ,,ere thermally ttidin the same

" . .7



Fig. 10. Test Equipment Heat System Set-up.

S. Fig. 11. Compression Test Specimen and A~nti-
buckling Support.
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manner as the tensile specimens previously addressed. No

tab adhesion problems occurred during the compression or

tensile tests.

Failed tension specimens are shown in Fig. 12, while

failed compression specimens are shown in Fig. 13.

B. Microscopic Analysis , ,

Scanning electron microscope photomicrographs were

taken using an International Services Inc. model Alpha-9

to characterize the fracture surfaces and investigate the

specific failure modes of the laminates. After the specimens

were tested, they were cut for mounting; taking care not to -

damage the fracture surfaces. Specimens were mounted on

aluminum pedestals and a gold coating applied to enhance

viewing of the specimen.

Specimens were viewed in the vicinity of the hole to

determine failure mechanisms and then viewed at least one

radius away from the hole and this region compared to the

failure modes in the vicinity of the hole. Care was taken

not to examine the outer edge of specimen where edge con-

0 0ditions might effect the failure modes. The 0 , 90, and

00

45° plys were examined in a lamina location consistent

throughout the ,iewing (i.e. the two 900 lamina were examined

0for all specimen, the 0 plys inside the laminate were

examined for all specimens. Various magnifications were

used ranging frcm 20x to 650'X. The results of this experiment and the

scanning are presented and discussed in the next section.
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Fig. 12. Failed APc-2 Tension Specimens

Fig. 13. Failed APC-2 Compression Specimens
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IV Results and Discussion

The prediction of failure strengths for composite

laminates is of prime concern to designers. Designers must

be able to predict the strength of a material during the

design phase to ensure structural integrity as well as pro-

vide the most cost effective material available. Addition-

ally, the first step in prediction of strength reduction

for impact damaged composite materials is to develop well

defined prediction techniques for shapes such as holes,

which can be analyzed mathematically. Failure prediction

techniques for composites have been explored by several

investigators [7,11,15,18,19,20,361, with little effort

directed to elevated temperature predictions.

In this experimental investigation, a comparison of

three methods of failure strength prediction are evaluated.

The point stress method assumes failure to occur when the

normal stress in front of the hole at some fixed distance,

dot first reaches the unnotched strength, To, of the ma-

terial. The average stress method assumes failure to occur

when the average stress at some fixed distance, a0 , equals

the unnotched strength. The third method is a three

parameter model and depends on the unnotched strength, L7

the notch sensitivity factor, C, and the exponential

parameter, m.

Thorough evaluation of failure strengths of a composite

must include :i micro-structure failure analysis. The use of

,N.
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scanning electron microscope techniques permits detailed

inspection of each laminate fracture surface.

The spectrum of this investigation is very broad and

because of this it is fitting to divide this section into

two parts. First, the strength analysis and failure

strength prediction methods will be presented for APC-2

and, where applicable, comparisons made with results from

Malik's work for APC-1 and Gr/Ep. The last section is de-

voted to the results of the microscopic evaluation and

comparative analysis with other results and stress-strain

data gathered from this study.

A. Strength and Failure Strength Predictions
As mentioned earlier, three ostensibly identical tests

were performed for each particular hole size and temperature.

This number is considered to be the absolute minimum number

necessary to produce meaningful results due to the statis-

tical nature of composite material.

From the failure load of an unnotched specimen, the

failure stress, 0o, was computed. Similarly, the gross

failure stress, ON' of the notched specimen was obtained 7-77

from the failure load of that specimen. The values

were then adjusted for all laminates by multiplying ON by

the isotropic finite width correction factor, KT/KT0 for
T. T

holes to obtain the notched, infinite width plate failure

stress, 9J". The finite width correction factor is given by

:7,77

.4°
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Kr
-~ - 2 C1 -2R/W)

3 i
K3 ( 1 - 2R/W)

where W is the finite width of the specimen and R is the .-'- ,

hole radius [11]. Whitney found that a finite element

program solution using a hole diameter to width ratio of

1/3 compared well with corrected notch strength. The in-

finite width failure stress for each notched specimen was

normalized by dividing by the unnotched strength to form

00
the ratio O-N / C-0 ".'-

The results of the tension tests for APC-2 are shown

as solid line entries in Fig. 14a and Fig. 15a. The APC-2

results shown are identical, but presented in two separate

figures for comparison purposes which will be discussed

later. From these figures, the effect of notch cut-out

dimension can be clearly observed. As the notch size

increases, the APC-2 laminate strength decreases. This is

true for all temperatures tested.

In Fig. 14a APC-2 is compared directly to APC-1 results

from Malik. Recalling that APC-2 has a 3-4 percent fiber

volume increase over APC-1, the relative similarity between

the two systems is not surprising. The unnotched strength

of APC-2 is slightly increased over APC-1 for all tempera-

ture ranges. For radii less than 0.2" and temperature below

42**.** . .** '_ -
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Figure 14. Strength for Notched and Unnotched Specimen

Varying Temperature
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- 250 F, the two systems are quite similar in strength.

However, with radius of cut outs of 0.1" and larger, there

is a larger decrease in the strength of APC-l compared to

APC-2 for temperatures of 250 F to 300 F. For the two

larger radii, 0.2" and 0.3", APC-i strength is reduced

from APC-2 for all temperatures including room temperature.

The smaller radii strengths indicate that APC-1 might have

sufficient load distribution characteristics to retain

-'" comparable strength with APC-2, while the larger radii '

specimens indicate that redistribution of stress concen-

tration is not accomplished as efficiently in APC-i as in

APC-2 (recall load distribution theory associated with -

* Fig. 1) .

-e The comparison of tension results for APC-2 and Gr/Ep

is shown in Fig. 15a. The sixty percent fiber volume APC-2

is not as strong as the sixty-seven percent fiber volume

Gr/Ep. Malik presented two reasons for the increase in

strength of Gr/EP for increasing temperature [3]. First,

the matrix volume of Gr/Ep is less than APC-2 and APC-1. As

the matrix is much more sensitive to temperature increase

than the fibers, the expected decrease in strength is

found. Secondly, the epoxy, a brittle thermoset, becomes

more ductile in these temperature ranges, making better use

* of the matrix ability to transfer more loading to the fibers.

The compression data for APC-2 is shown in Fig. 14b .

and Fig. 15b. As before, the two presentations are identical

."... . . . . .. . . . . . . . . . . . . . . . . . . . ..... .
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for APC-2. APC-2 shows a significant decrease in the

compression strength for elevated temperatures for all

unnotched and notched specimens. Decreases over 30 percent

can be seen from RT test results to 300°F test results.

APC-2 is stronger in compression than APC-1 for all

test conditions and test temperatures, as shown in Fig. 14b.

Both systems show the same relative degradation for notch

and temperature effects.

Gr/Ep in Fig. 15b demonstrates a higher unnotched

strength than APC-2 for all temperatures. APC-2 demonstrates

higher compressive strength than Gr/Ep for all notch sizes

at room temperature. HoAever, as test temperatures increase,

the Gr/Ep system demonstrates higher compressive strength
(than APC-2. This again demonstrates that the brittle epoxy

system becomes more ductile and capable of transfering

loading to the fibers. Recall that the epoxy matrix has a

higher Tg than PEEK.

The retention of room temperature tensile strength for K--

the three composite systems is depicted in Fig. 16. It is

-- noticed that the Gr/Ep system demonstrates a large sensi-

tivity to notch size for elevated temperature, but notched

specimens retain room temperature strengths. APC-1 does not

demonstrate sensitivity to notch size until temperaturesS€

approach PEEK's 1g. APC-2 demonstrates less sensitivity to

notch size than APC-l and Gr/Ep. This is primarily due to

the fact that the matrix is more ductile and capable of

..-.. S k a . fl - . . . . . . - .- :,:
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distributing stress concentrations throughout the fibers.

This phenomena will be demonstrated by the microphotographs

in the next section, showing the ductility of the matrix.

The compression failure stress normalized with room

temperature is shown in Fig. 17. All three systems demon-

strate a decline in strength with increase in temperature.

The APC-2 system demonstrates less difference between notched

strength and unnotched strength for the notch sizes tested, as

compared to APC-i and Gr/Ep laminate systems for compression loading.

Experimental failure data is an important key to proper

use of failure prediction techniques. Experimental test

results are the only true indicator for the accuracy of

failure prediction techniques. Once the experimental data

is evaluated, the task of comparing experimental results

with theoretical predictions can be accomplished.

The first failure strength prediction method evaluated

is the point stress method. Graphical comparisons between

experimental failure strengths and Whitney's point stress

method predictions are given in Fig. 18, Fig. 19 and Fig. 20

where C-'/O -0_ is plotted versus notch size. In these
CID

figures, is the gross failure stress of notched specimen -

multiplied by the finite width correction factor KT/IT and

C7 is the failure stress of the unnotched specimen. Small
0

variation of the characteristic length, do, for the exper-

imentil temperature range is noticed for tension results in

Fig. 19. Although compres3on data in Fig. 18 does not

,- ..;.,
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demonstrate the small variation of do, the variation in

values is not as wide as the Gr/Ep and APC-l data [3] in

Table III. This indicates the value of d is not as notch

sensitive for APC-2 as compared to APC-1 and Gr/Ep.

The comparison of predicted failure strength to exper-

imental results is good for all temperature ranges in

tension and compression. A master curve is presented in

Fig. 20. The master curve is an attempt to find a charac-

teristic length, do, for the APC-2 laminate system re-

gardless of temperature. The master curve prediction gives

a maximum difference between predicted values and experi-

mental results of -13.2% in compression for the 0.1" diam-

eter cut out specimen at 250 F and a -12.8% difference

f p between predicted values and experimental data in tension

for 0.05" diameter cut out at 250F."

Table III. Values of Characteristic Length
'dl 'for Composite Laminates

0 0."

Material RT 250°F 275 F 300 F

(Tension)

Gr/Ep .04 .06 -- .08

APC-I .033 .04 -- .05

APC-2 .04 .05 .04 .04

(Compression)

Gr/Ep .03 .04 -- .04

APC-l .10 .06 -- .12

APC-2 . .07 u) 08

.. ',



The second approach considered for evaluation is

Whitney's average stress method. In this technique

failure is assumed to occur when the average stress at some

fixed distance, ao , ahead of the hole reaches the unnotched

strength, 9 . Graphical comparisons of APC-2 experimental

results and predicted values are presented in Fig. 21,

Fig. 22 and Fig. 23 and show quite good comparisons. It is

noted immediately the better "fit" for tension and com-

pression data at all temperatures for the average stress
I .. "

method compared to the previously addressed point stress

method. Previous authors have noticed the same comparative

results concluding that the averaging process for each method

must be the principal reason [3].

(@__ Examining Table IV, it is noted that APC-2 'ao ' values

demonstrate a smaller variation for tension and compression

than APC-1 and Gr/Ep. This indicates that the a value for
0

APC-2 is less sensitive to notch size than APC-l and Gr/Ep.

On the master curve in Fig. 23, the experimental data demon-

strates less than 10 percent difference from the predicted

values. These results affirm the results shown Fig. 16 and

Fig. 17, where APC-2 was seen to be less sensitive to notch

size than APC-l and Or/Ep.

The third prediction method considered is Pipes'

three parameter model which uses the unnotched strength,

(o, the notch sensitivity factor, C, and the exponentialb

T_ parameter, m. In this model, the notch sensitivity and

-- ,.. .-
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Table IV Values of Characteristic Length,

a", for Composite Laminates

Material RT 2500F 275 0 F 3000F

(Tension)

Gr/Ep .12 .17 -- .24

APC-1 .09 .13 -- .14

APC-2 22 19 .28 .25

(Compression)

Gr/Ep .07 .12 -- .12

APC-1 .36 .13 -- .43

APC-2 .11 .12 .11 .11

exponential parameter are assumed to be material constants.

The values of C and m found in this experiment are compared

to Gr/Ep and APC-1 in Table V. The average notch sensi-

tivity for APC-2 in tension is less than APC-1 and Gr/Ep.

The average notch sensitivity for APC-2 in compression is

less than Gr/Ep and only slightly higher than APC-I.

Comparisons of experimental and predicted three parameter method

values for APC-2 are presented in Fig. 24 through Fig. 29. The com-

parative results are quite good, however, it is obvious

that the notch sensitivity, C, and exponential factor,

m, are not material constants when temperature varies.

Fig. 28 is an attempt to use average values of C and m to

plot results in a maximum of approximately 8 percent difference.

• . ,.:.. :. .,.
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between theory and experiment. The master curve using

the C* 10 and m* = 0.5 values is shown in Fig. 28, again

demonstrating very good comparisons between predicted

values and experimental data.

Table V. Values of Notch Sensitivity Factor,

C, and Exponential Parameter, m,

for Composite Laminates

Tension

Gr/Ep APC-1 APC-2

Temp. C m C m C m

RT 8.85 .53 28.5 0.0 13.17 .376

250 0 F 5.65 .63 11.24 .21 6.74 .629

275 0F ---...-- 11.85 .376
.1' 0300 F 32.25 .44 11 .36 .29 13.75 .275

Average 15.58 .53 17.03 .17 11.38 .414

Compression

RT 32.0 0.0 6.54 .23 8.57 .265

250 0 F 9.17 0.46 8.07 .47 6.73 .446

2750 F -- -- -- -- 5.63 .396

300°F 13.86 0. 1 4.81 .32 6.63 .352 .

Aver3iJe 20.01 .19 6.47 .34 6.79 .366 .
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B. Microscopic Evaluation and Stress-Strain Results

The behavior of a composite material during fracture

is a combined effort of matrix and fiber individual pro-

perties as well as their mutual interaction. Systematic

evaluation of fracture surface characterizations yield

information about the composite failure mode and the

nature of matrix-fiber interaction. The comparison of

composite properties with microstructural fractures provides a

basis for complete failure analysis. Evidence to support the

postulated effects of the fiber-matrix bond, the load

distribution capability of the matrix, the toughness of the

matrix, and the temperature degradation effects on the

matrix can be obtained from fracture surface analysis.

C. Gr/Ep fracture surfaces have been looked at by several

authors. In fact, ASTM STP 696, from which reference [35] was

taken, has no less than seven articles on Gr/Ep failure

mechanisms while ASTM STP 775 has at least five articles

on Gr/Ep failure mechanisms. Accordingly, no Gr/Ep failed

specimen photographic analysis is given in this study.

However, comparison of APC-2 fracture mechanisms will be

compared to Gr/Eo findings .jhen applicable.

APC-1 is not as well-studied as Gr/Ep. However, some

papers depicting APC-1 fracture surface photographs are

available [3,21,22,25,261. Thus, no photographic analysis

of APC-l is made in this paper. However, comparison of APC-2

mecansm .• r,:tjHe .mechanisms w',ill be compared to APC-I findings w,,hen applicable. .

..:,:'._
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Many brittle material systems are known to exhibit a

linear stress-strain relation to fracture. The dominance

of fibers in a composite system are primarily responsible

for linearity in brittle systems. More ductile material

systems demonstrate non-linearities for stress-strain

data. In order to capture the nature of any non-linearities

in APG-2 several specimens were strain gaged. These specimens

were strain gaged with three gages as shown previously in ..

Fig. 11. The far field gage measured total specimen strain
-.

while the top-of-hole and side-of-hole gages measured the

effects of the cut outs on strain for the specimen.

The microscopic evaluations and stress strain results

in this section are further subdivided into a compression

CJ sub-section and a tension sub-section with each sub-section

containing stress-strain results and discussions and

scanning electron microscope microphotographs and dis- ,.

cussions. The compression section contains an additional

sub-section discussing the 90 and 95 percent of average

compression failure load test results. The 90 and 95

percent of average tension specimens did not show external

visible signs of failure and, therefore, are not addressed

separately in the tension sub-section.

I. Compression Failure Analysis

To understand the compression microphotographs better,

the compression analysis begins with the strain results.

* ..
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These strain results indicate that non-linearities occur

at various loadings depending on specimen test temperatures.

To understand the failure process itself in compression, the

next sub-section after strain results presents the 90 and

95 percent of average compression load specimen analysis.

With the knowledge of the pre-failure patterns, the final ,S

sub-section of compression analysis deals with the completely

failed surface analyses. The tension sub-section will

follow Lhe complete compression failure analysis.

(a) Compression Strain Results

Compression experimental strain results are depicted

in Fig. 30-35 for 0.2" diameter specimens at the four test

temperatures. The far-field strain data in Fig. 30 shows a

non-linearity exists during compression loading at room

temperature. The non-linearity is at approximately 77% of

failure load or 3300 pounds. Examining strain gage results

for this specimen, using the side-of-hole results, in

Fig. 31, demonstrates that the non-linearity at 77% load

is sufficient to cause failure of the side-of-hole strain

gage. Examination of the 90 and 95 percent failure micro-

photographs shows the out of plane fiber buckling which can

cause the gage failure.

t 2500 F, shown in Fig. 32, the far-field gage results

demonstrate linear loading rate to failure, 3000 pounds.

The side-of-hole gage result in Fig. 33 shows that there is

,. =. .-S4f ~ ~ - .- *.. - Pk ~ - L LS ~ 2 ± A A
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significant non-linearity at the side of the notch and the

non-linearity exists at 87 percent load, 2550 pounds.

At 275 F the non-linearity does not occur in the far-

field results until 96 percent load, 2500 pounds, as seen

in Fig. 34. The side-of-hole gage shows load non-

linearity occurring at 1800 pounds, 72 percent of failure

load.

The 3000 F far field gage did not survive the temper-

ature effects. The side-of-hole gage however, indicates

non-linearity at approximately 74 percent of failure load,

1700 pounds in Fig. 35.

Overall, the far field results show that as temperature

increases, the non-linearity in loading occurs at a lower

load level. When fibers dominate the material properties,

the reduction in actual load where non-linearity occurs can ,
..

be caused by two separate mechanisms (or a combination of

the two): (1) fiber degradation and (2) matrix degradation

to the extent that the matrix fails to transfer loads to

the fibers effectively and/or fails to retain the inherent

properties of the matrix. Since the temperature ranges

for this experiment are sufficiently lower than temperatures

where graphite fiber degradation occurs and no symptoms of

fiber degradation Lvere observed in the microphotographs, the

first cause for strength reduction may be eliminated.
.%' %*,

There are many instances where matrix degradation, the

second cause for reduced strength, has occurred. Matrix

753
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i ,. "-. degradation occurred between matrix and fiber, as well as,

within the matrix itself. Examination of the scanning

electron microscope microphotographs in the following

section will demonstrate effectively the matrix degradations.

Before examining the scanning electron microphotographs

for the compression failures, a few details must be pro-

vided so the reader will understand the location on the

specimen where the photographs were taken. The compression

microphotographs are generally divided into two primary

catagories. The first catagory is called the top view.

In this view, the observer is looking at the flat width

surface as shown in Fig. 36a, view A. In this viewing,

specimens are studied at the top failure surface adjacent

to the notch, perpendicular to the crack, and are termed

"top view". View B of Fig. 36a shows a specimen cut length-

wise and viewed into the notch parallel to the crack,

termed "in-hole". The tension microphotographs are divided

into two primary catagories with two lines-of-sight possible.

The majority of tension microphotographs depict observations

taken from the upper line-of sight in Fig. 36b with the

primary catagories being "near the hole" and "away from the

hole". The remainder of tension specimen are viewed

looking at the top surface fiber ends, that is the first

0ply 0 fibers as that shown in Fig. 36b lower line of sight.

The microphotographs in this work are for the 0.2" diameter

specimens. The compression microphotographs for specimens

..-.....
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loaded to 90 and 95 percent of average compression load are

presented and discussed in the next section, followed by

complete compression failure specimen microphotographs.

Following the compre 3ion sections, the tension strain re-

sults, and tension microphotographs are presented and discussed.

a. 90 and 95 Percent of Average Compression Failure Load Analysis

The first compression microphotographs, Fig. 37 and 38,

are 90% of average compression failure load for the four

test temperatures (i.e. Room temperature, 250 F, 275°F and

300 F). It is observed that laminates demonstrate more

brittle behavior at the lower temperature. The matrix has

provided better support at room temperature. The fibers

have sustained a higher load at the lower temperatures.

The fibers in the 300 F specimen, Fig. 38b, have had such low

loading that very little fiber displacment has occurred.

Fig. 37b. demonstrates 0°0 fiber failure mechanism

quite well. The hole is on the left side of the figure.

Note the seeming exponential decay of fiber length that has

crippled toward the hole. The more support the matrix

gives to the fiber, the larger the length of fibers.

That is, the room temperature specimen has crippled

fibers near the hole in a larger area compared to the

elevated temperatures.

The 95 percent of average compression failure load

specimen are presented in Fig. 39 and 40. It can be seen

that the fibers at room temrperature ,ind 250 F h;ave failed

7)
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(a) 275 0F

(b) 300F

Fig. 38. 90 Percent of Average Compression Failure
Load. Top View. 130X. (2750F and 300 F
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(a) RT

(b) 250'F

Fig. 39. 95 Percent of Average Compression
Failure Loaq5 . Top View. 130X.
(RT and 250 F)
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in crippling toward the hole. The 2750 F photograph, Fig. 40,

shows some damage on the hole surface. This damage

might act to cause severe local load redistribution, pre-

venting fiber buckling. However, the start of fiber

crippling is seen in the lower right quadrant of Fig. 40a.

This damage is an anomoly and was not encountered elsewhere

in this experiment.

The in-hole view of the 90 percent of compression

* failure load is presented in Fig. 41 and 42. The crippling

0
of the 0 fibers into the hole can be seen in each micro-

photograph. The room temperature specimen indicates good

, matrix support of fibers. This is evident because much more

fiber crippling has occurred for the lower temperature. The -]

elevated temperature specimen indicate a decrease in matrix

support. As temperature increases, less total compressive

" force is supported by the fiber-matrix composite.

It is interesting to note that only the 00 fibers

have crippled into the hole. This observation is consistent

throughout the compression failure specimen.

The interaction of the various plys can be seen in each

photograph also. The delamination process is in its initial

stages can be seen through the separation of laminae for a

in-the-hole location in Fig. 43a. Note the ductility of

the matrix as the laminae separate, seen in Fig. 43b.

The 95 percent of average compression failure load is

depicted in Fig. 44-47. Again, the in-hole crippling of the

" ' 3
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(b) 250'F

Fig. 41. 90 Percent of Average Compression Faigure
Load. In-hole View. 32X. (RI and 250 F)
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(a) 275~ F

(b) 300 0 F

Fig. 42. 95 Percent of Average Compression Failure
0 0

Load. In-hole View. 32X. (275 F and 300 F)
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Fig. 43. 905 Percent of Average Compression
Load. In-hole View. Lamina Separation.
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the 00 fibers into the cut out is seen. Note the out of

plane crippling of the top 00 lamina in Fig. 44 and 45. Not

all of tne crippling energy is expended to cripple the 00

fibers of the top lamina into the hole, some of this energy

is expended to cripple out of plane. Microphotographs pre-

sented later in this work will demonstrate that the lamina

itself is split, part of the top 00 lamina cripples into

the cut out and part of the 00 lamina cripples out of plane.

This use of energy in crippling out of plane is also

shown by the larger amount of fibers crippled into the cut

out within the laminate (the number five and twelve laminae)

compared to the amount of fibers crippled into the cut out

of the first and last laminae.

-O, A closer view of the matrix is presented in Fig. 46

and 47. A thin film of matrix can be seen adhering to

the fibers at room temperature. The matrix is more brittle

at room temperature than elevated temperature, but the

ductility of the thermoplastic PEEK can be seen quite

easily. Although Miller did not study a compression

loading [351, the Gr/Ep matrix shown in his work does not

demonstrate the ductility of the matrix at room temperature

tnat Fig. 40a depicts. The method of matrix failure at

room temperature would be termed as partially cohesive

because the matrix still adhers quite well to the fiber.

Progressing through the temperature ranges in Fig. 46 and ,0

47, one notices the matrix becomes more fluid, more

3
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visco-elastic. In the 300°F microphotograph it can be seen _

that the matrix provides very little support to the fiber.

The matrix is similar to a stiff fluid at this temperature.

It is interesting to note also the fiber failures.

The fibers exhibit a mixed mode of bending, tension in

part of the fracture face and compression the other, or a

shear mode. --

C. Catastropic Failure Analysis

When tested to failure, the compression specimens

demonstrated a unique failure pattern. Compression specimens .

tested at room temperature broke into two separate pieces

upon failure. Specimens tested at 250 F, 275 F, and 3000F

did not fail in this manner (see Fig. 48). Each elevated

temperature specimen remained in a "solid" piece. This

failure pattern prevented through the thickness examination

of the compression specimen. Instead, only the top view and

in-hole view are capable of viewing without damaging the

the fracture failure mechanisms themselves as one would

attempt to examine through the thickness failure patterns.

This failure pattern again supports the idea that the room

temperature matfix supports the fibers more efficiently

* than elevated temperature matrix. The fiber-matrix resists

more stresses or stores more energy to put it another way.

Then, upon failure or release of the energy, the quantity of

Prer], ;.ifftcLnty lirre to c3use ccmplete breakdown of the specimen.

9 3
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S-,The in-hole views for compression failures are pre-

sented in Fig. 49 and 50. The crippling effect at failure

can easily be seen for the 00 fibers. The room temperature

. failure shown in Fig. 49(a) shows that the 00 fibers have

failed to such an extent, that they have turned perpendicular

to the load direction and the original 00 direction. This

figure also demonstrates the intra-laminar separation of the

first and sixteenth plys. These plys demonstrate a sepa-

ration of the lamina into separate directions, part of the

00 fibers in this lamina fail into the cut out and another

part of the 00 fibers in this lamina fail out of plane.

These failures demonstrate the complex nature of composite

failures. Inter-laminar stresses and intra-laminar stresses

are distributed in various manners throughout the specimen.

The individual lamina can be seen acting somewhat indepen-

dently in these figures (49 and 50). Examining Fig. 51,

it is obvious that inter-laminar stresses cause the matrix

deformation between the 00 crippled fibers and adjacent

900 fiber lamina.

Closer examination of the crippled 0 fibers is pre-

sented in Fig. 52 - 55 for the various experimental tem-

peratures. It can be seen that the 0 fibers have failed from

crippling modes: bending, shear and buckling stresses have

contributed to individual fiber failures. Fig. 52 demon-

strates excellant adhesive strength, the matrix has failed
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(a) 250F

(b) 300 F

Fig. 51. Compression Fail8 re Specimen, In-hole
V'iew. Crippled 0 Fibers with Inter-
lamina Matrix Deformation. 260X.



IF r r '- , . T w~r l J@= , = k 2-_ .W ~ 4 . -" *... ~. . . -

in at least partially cohesive mechanism. The matrix at j

room temperature is ductile, as observed between the fibers

* ~ 4n the lowxer microphotograph of Fig. 52.

The 250°F test specimen in Fig. 53 show that the matrix

is not as adhesive to the fiber when compared to the room

temperature specimen. However, a complete adhesive failure

mechanism is not seen at 250 F as some matrix still adheres

to the fibers. The matrix at 250 F has some matrix still

0adhering to the fibers. The matrix at 250 F appears more

ductile and more plastic than at room temperature.

The 275°F test specimen in Fig. 54 depict more cohesive

failure than adhesive failure. The matrix can be seen

adhering to the fiber but the toughness of the matrix

00 seems to be deminishing. The shearing capability of the

matrix appears to be much less compared to the room tem-

perature microphotographs.

The 3000F test specimen in Fig. 55 demonstrate cohesive

and adhesive failure. Matrix can be seen as a very thin

film on some fibers while on other fibers the matrix appears

very "fluid".

Very large magnification, 6500X, of compression

specimen are presented in Fig. 56 and 57. These figures

more graphically demonstrate the specific matrix-to-fiber

bonding characteristics and are presented to amplify the

discussion of matrix-to-fiber bond discussed for Fig. 52-

55.
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(a.) 1300X

(b.) 3250X

Fig. 52. Compress~on Failure Specimen, In-hole
view. 0 Fibers Interlaminar Surface,
Room Temperature.

100.



(a.) 1300X

(b) 3250X-

Fig 5~. Cr~pessOflFailure Specimen, In-hole0
View. 0 Fibers Cripple Surface, 250 F.
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(a)1300X

~1*54. Cornpres~ion Failure Specim~en, In-hol3e
View, 0 Crippled Fibers, 275 F.
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(a 130OX .

(b) 3250X

Fig. 55. cornpres-iofl Failure Specimenl, In-hole -

Vie~, Crppled Fibers, 300 F .
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The room temperature specimen matrix (Fig. 56a) shows "

shear, (hackles) failures. The matrix is ductile yet cap-

able of distributing and resisting stress. The sepa-

ration of fibers in a mode I fracture demonstrates the

ductility of PEEK. Contrast the larger deformation of

matrix in the 250 F specimen of Fig. 56 with the room

temperature. Although the matrix deforms more, that is

the matrix is more plastic, the matrix is not as cohesive

as room temperature. In the 250 F specimen, the fiber

fracture surface should be noted also. The bending failure of

the fiber can be seen with the lower portion of the picture

the tension loaded side, and the upper portion has been

compressively loaded.

Inter-lamina matrix deformation for the crippled 0-

fibers is amplified in Fig. 58 and 59. Reviewing Fig. 52

for the inter-lamina of the room temperature, the inter-

lamina matrix deformation between the crippled 00 fibers

and the 900 lamina directly adjacent show the degradation

of matrix at elevated temperatures. At elevated temper-

atures, the matrix "flowis" more and provides less capability

to transfer loading or provide fiber support as it becomes

more "fluid". Not only does the matrix provide less support

for the fibers at elevated temperatures, the matrix also

provides less inter-lamina strength also. This loss of sup-

port for the fibers and reJdctian of inter-lamina strenQtn

,-]*... e y icc .jrt fir t. e . 1 £ . ,t nn vf - re..;.h Or C..'.
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.a) RT

(b) 2500 F

Fig. 56. Compres-ion Failure Specimen, In-hole

Viewv, 0 Crippled Fibers, 6500X.
(RT and 250 0F)
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(a. I300X

(b.) 6500 X

Fig. 58. Compresiol Failure Specimen, In-hole
View, 0 Cri~pled Fibers, Inter-Lamina
F a ilu r e, 275 F.
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(a)3250X

(b. 6500X

Figi. 59. COrnprespiof Failure Speci~men, in-hole

View', 0 Cri~pled Fibers, Inter-Laminla

F a ilu r e, 300 F .
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compression loading at elevated temperatures for APC-2,

supporting the graphical depiction of laminate strength

reduction previously presented.

Changing the viewing perspective from in-the-hole to

the top view, compression failure specimens are shown in

Fig. 60 and 61. The room temperature specimens indicate a

large amount of energy was expended during the fracture

process. Examining these figures it is noticed that as

temperature increases, fewer fibers are failed toward the

hole, indicating that the fibers have experienced less

severe loading at elevated temperatures. Reviewing Fig. 44, 07

45, 49 and 50, it can be seen that an increase in specimen

test temperature reduces the amount of out-of-plane

crippling and intra-laminar separation of the first 00 fiber

ply. This observation supports the theory that the fibers

contain less energy at elevated temperatures than at room

temperature. The more energy the matrix-fiber system re-

sists, the larger the energy release on failure; conse-

quently larger displacements, larger intra-laminar sepa-

ration, and larger zones of crippled fibers indicating

better support for fibers from the matrix, as well as

better load transfer caQabiiity of the matrix.

An interesting verification of the intra-laminar

fracture of the first 00 I3mina is shown in Fig. 62. The

S-'..,
... ... ... ,"..



Fig 60 Copeso Fabr Spcmn To View.-. - . . -

130X.(RT nd 20 F)

110-



Z.P

() 275 O

Fig. 61. Ccmpressign FaiJluie Specimen, Top View.
10.(775 F and 3000F).
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0original 0 fiber direction is parallel to the length of

the page. Note the angles of the failed fibers beneath the

top fractured fibers, the fibers have broken toward the

cut out. However, the top fractured fibers have buckled

out of plane toward the viewer and remain fairly well

aligned to the original direction. The lower microphoto-

graph in Fig. 62 is an enlargement of the upper micro-

photograph. Note the matrix failure mechanisms. The

matrix shows that the specimen was tested at room temper-

ature. Due to the relative brittleness of the matrix at

that temperature, the matrix demonstrates cracking between

fibers, chunks of matrix from compressive forces, and some

ductile shearing phenomena.

C. An examination of fiber end fractures is presented in

Fig. 63, 64 and 65. The 275°F test specimen is shown in

Fig. 63. The fiber ends point toward the notch. The fiber

ends demonstrate that a mixed mode of failure occurred and

not a pure tension or compression failure. Rather the fibers

have failed from shear, bending, and buckling mixed modes.

To this point, the ends of the crippled fibers nearest the cut out

have been examined. The opposite end of crippled fibers is shoa n in

FLg. 6 -and 65. These ends demonstrate the compressive build-up

of matrix around the fiber. Fig. 65 is a 6500X magnifi-

cation of the upper left corner of the lower microphotograph

in Fig. 64. The fiber can be seen but a large amount of matrix

has been corpressed by the fiber arnd the matrix surrounds the fiber.

I• •
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(a)3250X

Fig. 63. Corn~ression Failure Specimen, Top Viev.,,
275 F, Crippled Fiber Ends.
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(a.) 260X

(b)13COX

Fio. 6Ls. Corn~ression Failure Specimen, Top View,
300 F, Crippled Fiber Compressed Ends.



Fig. 65. Com~ression Failure Specimen, Top View,
300 F, Crippled Fiber Compressed End,
6500X .
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Compression failure fracture surfaces are characterized

clearly by 0 fiber crippling and inter-lamina ply sepa-

ration. The matrix shows significant degradation with in-

crease in temperature for compression loading. The matrix -*"

degradation leads to reduced fiber-matrix interaction, i.e.,

the fibers Aithstand less loading and ultimately demonstrate

significant strength reduction in compression.

The initial compressive failure for a notched specimen

occurs at the notch where the largest stress concentrations

are predicted. The 00 fibers initially "bend" toward the

cut out but do this very locally. Increasing the applied

load, the fibers are subjected to greater stresses and

these stresses cause displacements. When the energy is

sufficient fracture occurs, originating at the cut out and -

extending outward to the specimen edge.

The progression of crack growth from the cut out out-

ward to the edge of the specimen is also a phenomena of

tension failure as will be shown in the following section.

Specimen will be seen to fail locally around the hole in a

manner very dissimilar to failure at a distance away from the

hole. The matrix properties play an important role in this

occurrence and will be presented in the following sub-

section along with experimental strain results.

2. Tension Failure Analysis

To complete the microstructural analysis, an evalu-

7o the experimental tension strain results and

7i



... ...-

scanning electron microscope microphotographs is presented

in this sub-section. Problems were encountered in obtaining

sufficient quantities of near-hole and top-hole strain gages

due to limited time available for this study and lead time

required to manufacture the 0.015" gages. Additional problems, .

incurred during the experimental process itself, have com-

bined with the logistical problem to severely limit the amount

of experimental strain results. To further limit the tension

study, the specimens loaded to 90 and 95 percent of average

tension failure load did not demonstrate visible external

failures. Although lack of external damage occurred, micro-

photographs of fracture surfaces will sufficiently demonstrate

the fracture process. This sub-section contains the strain
1 results for tension specimens which is followed by scanning

electron microscope microphotographs.

a. Tension Strain Results

Room Temperature strain data is presented in Fig. 66.

The far-field gage results demonstrate that APC-2 has

linear response to 4400 pounds or 95 percent of failure load.

The side-of-hole gage, however, demonstrates that non-

linearity occurs locally, beside the hole, at 3000 pounds,

65 percent of failure load. The lack of external damage

at 95 percent combined with the higher stran rate indi-

cates that PEEK matrix is very ductile and capable of

l'istributing Load very ieli'.

.. . . ...- -.. 'I ** "-o -



9. The limited quantity of strain gages prevented suc-

cessful accomplishment of the experiment at 250 0 F. The _V

strain results for 275 F are presented in Fig. 67. Non- .a

linearity in the specimen begins to occur at the side of

the hole at the same time non-linearity occurs throughout

L the specimen, indicating the same failure mode is occurring

throughout the specimen. As discussed in the compression ."

sub-section, fiber degradation is not a likely mode of

degradation, rather matrix degradation can be easily dem-

onstrated.

The 300 F strain results are shown in Fig. 68.

Although non-linearity occurs at less than 50 percent

failure load, early gage failure occurs detracting from

the integrity of the strain data. It is likely, temper-

ature has effected the gages' bonding ability.

Although strain data is limited for experimental

tension specimens, the failure modes of the composite %

are still discernable using scanning electron microscope

microphotographs. The following section presents the

tension failure modes as observed in the SEIM.

b. Tension Microscooic Analysis

Tension specimen .'4e:e observed microscopically using

a scanning electron microscope. The inspection of

fracture surfaces must ce consistent from specimen to

specimen. That is, the sane 900 ply must be evaluated for 6

~ ~~~~... .. .... ...-::. .. ... ........... ..- . ........ ..... . ..., ......-. , .. .., =================.
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W i' each specimen and must be evaluated in the same general

location. This technique was followed throughout the

tension specimen examinations. As mentioned earlier, there

are two primary areas of interest, near the hole and away

from the hole, and two principal viewing vantage points, :4

top view and a frontal view. The reader may want to make

a quick reference to Fig. 36b if uncertainty of viewing

method is encountered. The first set of photographs dis-

cussed are top of specimen views of the first 00 ply

(Fig. 69-79).

The 00 fiber fracture surfaces for the first ply,

viewed from the top, are shown in Fig. 69-79. Fig. 69 and

70 are near-hole views for each of the test temperatures. L.

Fiber pull-out is evident at each notch location and at

each temperature. Fiber pull-out is an indication of

plastic deformation and toughness. The brittle Gr/Ep

system evaluated by Miller and Wingert [35] does not demon-

strate fiber pull-out for brittle fracture mode, but at

elevated temperatures the epoxy system was more ductile -

and fiber pull-out occurred. The extent of fiber pull-out

is also an indication of toughness. A tougher material

resists crack growth and it can be seen that the PEEK

matrix allows and supports large fiber displacements, i.e.
°. -.,=

fiber pull-out.

Fig. 77 and 72 are magnifications of Fig. 69 and 70

and are presented to depict matrix characteristics. The ."
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(a) RT

S(b) 2500 F

0I
Fig. 71. Tension Specimen, 0~ Fibers, Top

View, Near Hole, Matrix. 130OX
(RT and 2500 F).
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0p

a) 275F

(b) 300 F

Fig. 72. Tension Specimen, 00Fbe ; op
view, N~ar Hole, matrix. (275 F

and 300 F).
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i rooom temperature specimen in Fig. 71 shows some shear '

stresses have occurred within the matrix as the fibers have

been pulled out and "hackles" formed on the side of the

Jj. -

fibers. The amount of shearing is minimal when compared '4;

to deformations depicted in Donaldson's work [2]. As-.--

I..o .1'.

temperature increases, it appears that less and less shear

stresses occur in the fracture modes shown in Fig. 71 and

72. It is obvious also that significant matrix adheres to

the fibers at all temperatures, indicating the primary

method of matrix failure is cohesive rather than adhesive.

Fig. 73 and 74 are microphotographs of specimen away-

from-hole but still top view. First, comparing these

figures as temperature elevates from RT to 300 F, again

the fiber pull-out can be observed. When each temperature

specimen in Fig. 73 and 74 are compared to the corre-

sponding near-hole specimen in Fig. 69 and 70, it can be

seen that the length of fiber pull-out in the near-hole

fibers is greater than the same temperature specimen away

from the hole. This is an early indication that a pheno-

mena of stress is occurring at the hole that does not occur

farther from the hole. -

Fig. 75 and 76 are magnifications of Fig. 73 and 74

and, as such, are far from hole microphotographs, top

view. These fibers indicate much hi-h- r shearing forces

123
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(a) RT

(b) 250F

Fig. 73. Tension Specimen, 00 Fibers, Top
Vie6, Away from Hole. 260X (PT and
250 F).
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(a) 275 OF

(b 300'

Fig. 74. Tension Specimen, 00 Fibers, To8
view, Aay from Hole. 260X (275 F
and 300 F).
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(a) RT

(b) 2500 F

Fig. 75. Tension Specimen, 00 Fibers, Top
View. Away gram Hole, Matrix. 130OX
(RT and 25C1I F).
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() 275 0F

(b) -300 F

Fi. 6. Tensionl Speciment 00 
Fibers, Top

Vievn Away From Hoe Mar. 0X

(275 F and 300 OF).
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,, and more brittle failure than near the hole for all test

temperatures. These hackle-like formations are indicative

of brittle failure [3,351.

0Fig. 77 is a comparison of 250 F specimen near the

hole and away from the hole. Note the relatively clean

matrix surface and yet ductile nature of PEEK in the near-

hole microphotograph. The far-from-hole picture in Fig. 77b

demonstrates hackle-like formations indicating shear

failure mechanism and compares well with shear mechanisms

previously observed [351.

Fig. 78 and 79 are comparisons of near hole (Fig. 78a

and 79a) and far from hole (Fig. 78b and 79b) matrix

characteristics. The same shear phenomena described for

Fig. 77 applies equally well for these microphotographs. -

Comparing matrix around the fiber end exposed in Fig. 77a

with the matrix around the fiber end exposed in Fig. 78a,

the matrix degradation with temperature from 250°F to

275°F can be seen. At 250 F the matrix is still capable

of extensive plastic deformation. Comparisons of Fig. 77b,

78b, and 79b clearly show matrix degradation. As temper-

ature increases, the matrix becomes more "fluid" and is

less capable of transferring loads and resisting loads.

This reduction in load capabilities would indicate a re-

duction in strength for elevating temperatures should be seen

from experimental data. The reduction in strength shown

in Fig. 14 concurs .jitn the microstructural failure mode.

. . . . . .-.. . . . .
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... The variation in fracture modes between near-the-hole

microphotographs and away-from-the-hole microphotographs

must be further evaluated before conclusive explanations

can be formed. Additionally, the extent of fiber pull-out

for the 00 fibers should be examined.

Changing view points for the 0 fibers is necessary

to examine more extensively the fiber pull-out and the hole

* effect. Fig. 80-87 are not top views but are either view

A or View B as shown in Fig. 36b respectively. Consequently,

0
all these microphotographs, Fig. 80-86, are 0 fibers

within the laminate. Since the laminate is symmetric, the

inner 00 plys should experience equivalent loadings.

Fig. 80 and 81 are near-hole specimens for each of

the four test temperatures taken at as close to the same

angle as possible. It is evident in these microphotographs

that the length of fiber pull-out increases with temper-

ature. It is also evident that the fibers have failed on

an individual basis and not as groups. This individual

fiber failure is indicitive of a ductile matrix where load

distribution can easily take place. The more brittle Gr/Ep

specimen [351 demonstrated significant coopertive fiber

failure and almost no fiber pull-out at room temperature.

Load redistribution efficiency would also be an indication

of notch sensitivity. A more brittle matrix would not be

capable of the efficient load redistribution of this PEEK

matrix. The notch sensitivity discussed in the graphical

137
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(a) RT

(b) 250'F

Fig. 80. Tension Specimen, 00 Fibers, Fronb
View, Near Hole. 650X (RI and 250 F).
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(a) 275F

(b) 300OF

Fig. 81. Tension Specimen, 0 0 Fibers, Front

view, Near Hole. 650X (2750F and

300F)
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.: ~*-~ presentations indicated APC-2 to be less notch sensitive

than APC-l and Gr/Ep and these microphotographs substan- I

tiate that finding.

Fig. 82-85 are presented to examine the matrix

characteristics for the various temperatures. The room

temperature specimens in Fig. 82 depict a ductile matrix

distributing load to fibers at varying fiber pull-out

lengths. Close examination of Fig. 82b shows that the matrix

is still very efficient and that failure occurs at least

partially adhesively. Examining Fig. 83, 84 and 85, it can

be seen that degradation of the matrix itself occurs. It

is noticed that the 300 F specimen still has extensive

matrix adhering to the fiber. From these microphotographs, ..
(Fig. 80-85) it can be seen that the matrix mode of failure

changes from adhesive at room temperature to cohesive at .

elevated temperature. This indicates that as temperature ,v

increases the matrix-to-fiber crystalline bond is stronger

than the matrix bonding within itself.

Continuing the comparison between near-hole and far-

from-hole microphotograph, the microphotographs for the far-

from-hole specimen, Fig. 86 and 87, corresponding to the

same temperature specimen in Fig. 80 and 81 are compared.

The far-from-hole fibers at each of temperatures in Fig. 86

and 87 demonstrate much less fiber pull-out than the near-

hole fibers. The fibers away from the hole seem to fail in

140 9.
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zM TRT

(a) 130OX

(b) 3250X

Fig. 82. Tension Specimen, 00 Fibers, Front
View, Near Hole, RT. (1300X and 3250X).
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(a F 3000Xan

View', Near Hole, 250F(3 Xan
3250X).

142



AL. s..

0
View, Near Hole, 275 F. (1300X and
65C0X).
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(a) 1300OX

(b) 3250X..

Fig. 85. Tension Specimen, 00 Fibers, Front
View', Near Hole, 300 F.(1300X and
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(a) RT

(b) 2500F

Fig. 86. Tension Specimen, 00 Fibers, Front
View, A~way From Hole. 650X (RT and
250F)
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Fig. 87. Tension Specimen, 00 Fib~rs, Front
View, away from Hole.275 F, 650X.
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bundles, again a sign of a more brittle failure away from

the hole compared to failure at the hole. The hypothesis
,, .. % .%

at this point would be that failure near the hole occurs

over the period of loading the specimen and failure away

from the hole occurs during the dynamics of catastrophic

failure. Thus one might say that the fracture occurs

"slower" at the hole than away from the hole, or, conversely,

the crack or fractures grows faster away from the hole.

For this hypothesis to be accurate, the 900 plys must also

demonstrate a "faster" growth away from the hole.

The 900 plys examined in this report are the two center

9Q0 plys. Before comparing the 900 plys near-the-hole and

( away-from-the hole, an examination must be made for each

case individually. One would expect that failure of the

0
90 lamina in a tension experiment would exhibit mode I

failure. However, Fig. 88, when compared to Donaldson's

mode I failures [21 for APC-1, are not similar in fracture

patterns. Fig. 89a is somewhat similar to APC-l mode I, but

other modes of failure occur in Fig. 89 that are not ob- a
served in mode I failure.

Donaldson observed in brittle failures the angle of

hacKles in a failure mode was an indication of the amount "

of shear stress experienced by the matrix, a flat hackle

experienced more shear stress than a vertical hackle, and

the hackle angle appeared to progress from flat angle and

pure shear load to vertical angle hickle and mode I failure

I I
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(a) RI

00

Fig. 88., Tension Specimen, 900 Fibers, Front

00
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)275'F4

(b) 300'

Fig. 89. Tension Specimen, 900 Fibers, Front
00View, Near Hole. 650X (275 F and 300 F) .
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-" load. In a ductile material, the formation of hackles is

not as well defined. Although formations such as those

seen in Fig. 89b are extremely close to hackles in formation,

the hackles in brittle failures are fairly uniform for a

given region. This is not the case in Fig. 88 and 89. In

fact, these figures indicate that more than mode I failures

occurred near the hole. Evidently, there are Poisson's ,.

ratio effects, compressive and/or shearing forces, within

the 900 ply due to inter-laminar strains and stresses, that

cause more than a single mode of failure.

Observing the microphotographs in Fig. 90 and 91

which are magnifications of Fig. 88 and 89, the degradation

of matrix with respect to temperature variations is obvious.

In Fig. 90 and 91, the matrix degrades from a ductile,

useful polymer at room temperature to a "fluid", non-load

bearing polymer at 300°g.

The far-from-hole 900 plys are presented in Fig. 92

and 93 for the four test temperatures. The room temperature

specimen demonstrates mode I failure similar to that seen

for APC-1 with a small region of hackle-like formations

indicating that possibly, a very localized shearing action

has taken place on a single fiber or two. Progressively

viewing Fig. 92 and 93 as temperature increases, it is

noticed that the matrix is fairly smooth, indicating

cohesive failure within the matrix in a mode I failure.

The matrix is examined further in Fig. 94 and 95. The

........ . .
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(a) RT

:- "-:. %

(b) 250°F

Fig. 92. Tension Specimen, 900 Fibers, Front
View, Away From Hole. 650X (RI and 250 F).
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(aL70

(a) 275F

Fig. 93. Tension Specimen, 900 Fibers, Front
View, Away From Hole.
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(a) RT

(b)~ 2500-
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(a) 275 F

S(b) 300'F

Fig. 95. Tension Specimen, 90 Fibers, Front

r.0V~~~Ve Away.. . .. .. FromFHole, Matrix. 1300X



matrix seems to form "stars" in the room temperature specimen ,

6.'.

mode I failure in Fig. 94, concurring with the findings of

others for mode I. At 250 F, the matrix is smooth textured

indicating that matrix coherence has decreased and matrix

degradation has occurred. Examining Fig. 95, the matrix is

seen to be smooth with some shearing evident and obvious.

Matrix degradation occurs at elevated temperatures.

Comparison between near hole failure modes in Fig. 88

and 89 can now be made to far-from-hole failure modes in

Fig. 92 and 93 for each of the test temperature conditions.

The near-hole microphotographs show that more ductility

has occurred during fracture mode at this location as

* ~ compared to the far-from-hole microphotographs, and present

more than one mode of failure as compared to predominantly

mode I failure away from the hole. The previous hypothesis

of slow crack growth at the hole followed by faster crack

growth away from the hole is supported by results from these

900 specimen microphotographs.

The final microphotographs to examine are for the 450

plys. The extent of examination required to fully evaluate

045 plys is excessive for this report. That is, there are

several possibilities of +45 and -45 lamina within the

specimen and not every specimen demonstrates failure planes

that are observable consistently throughout the temperature

ranges tested. Fig. 96 shovs t,.vo specimen failures at low

magnification, note the difficulty in examining both 45

:::::::::
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(a) Hole to Right

(b) Hole to Left

k7 Fig. 96. Tension Specimen, Lowu Magnification, 20X.
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plys at the edge of each of the cut outs. Four of fit

the 450 plys can be seen but the opposite sign 450 plys

can not be so easily examined. Note the way the opposite

sign 450 plys leave the area of the hole, these 450 plys

continue to extend from the 900 plys to the side of the

specimen. This makes viewing the original 450 plys an

extreme problem. In this light, only a representative

example is shown in Fig. 97 and 98, both figures are the

same specimen 250 F with the latter figure a magnification

of the first. Fig. 97 shows that a shear slide has

occurred within this 450 ply. The fiber bundle on the

left side has slipped forward with respect to the

fiber bundle on the right side and the area depicting the

former parallel faces is shown in the center of Fig. 97a.

Fig. 98a shows clearly the shearing stresses have formed

hackle-like formations very ,,vell. Viewing the ends of the fibers

(Fig. 97b and 98b), an unusual phenomenon for a tension specimen

is observed. A couple of possible theories for this

occurance are presented. First, at this temperature, the 450 plys

rotate a sligoht amount to align with the direction of

load. This phenomenon has been observed locally in lab

".- specimens but appears no: here in publications that were

read. Assuming the 450 plys rotate to align with the 00

fibers and then the specimen catastrophically fails, the

450 plys would regain the elastic deformation that

occurred prior to fracture. During this realignment, the

4~1
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(a) 260X

if

(b) 650X

Fig. 97. Tension Specimen, 45 0 Fibers
Front View, Away From Hole, 250 F.
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(a) Shear

(b) Fiber Ends

Fig. 98. Tension Specimen, 450Firs Fon

View, A\way From Hole, 250 F, 1300X.
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fiber ends rub against the other side of the failed

specimen and smear the fiber ends. A second theory

would be that the fibers are under a compressive load due to

some inter-laminar stresses and/or Poisson's ratio effects.

The first theory has more physical evidence, however.

During the scanning of specimens in the SEM, several

interesting observations occurred and three of these are

depicted in Fig. 99, 100, 101 and 102. Fig. 99 and 100

0 0are the same specimen (275 F, tension, 45 ply). Note,

the interesting formation of hackle-like matrix deformation

between the two fibers. Fig. 101 shows matrix degradation

at 275 F quite clearly, the matrix becomes very fluid.

This matrix degradation is also depicted in Fig. 102 as

very plastic deformation. .

The primary tension strength of APC-2 is derived 1rom

the properties of the graphite fibers. The extent of

effectiveness of the fibers is determined by the support

the matrix provides. As the matrix coherently degrades

the overall strength of the APC-2 laminate decreases. The

matrix provides good load distribution around and to the

fibers at roor temperatdire but this capability is decreased

as the matrix degrades for elevated temperatures. ,.

1 < '...."
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(a)~# 65O
7..

(a 950X

00
Fig. 100. Tension Specimen, 450 i~s Front

View, Away-Fron-Hoie, 275 F. (High
magnification).
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."' V. Conclusions

The vast expanse of experimental results and SEM

microphotographs allow several conclusions to be drawn

concerning APC-2 as a composite and APC-2 as compared with

Gr/Ep and APC-1. The conclusions drawn from this experi- '...

mental study are as follows:

1. APC-2 tension strength is only slightly affected ...-

by temperature increases up to the Tg for a given notch

size.

2. Tension strength of APC-I and APC-2 are com-

parable except at large (0.4" and 0.6") diameter holes,

where APC-2 exhibits higher failure strengths. ""

3. APC-2 is less sensitive to notch size than APC-1 .

when larger radius (0.4" and 0.6") cut outs are considered

for tension loading conditions.

4. APC-2 is less sensitive to notch size than Gr/Ep

when tension and compression loading are considered.

5. The characteristic length 'do  is less sensitive

to notch size in APC-2, for tension and compression, as

compared to APC-1 and Gr/Ep, demonstrating better matrix

load distribution characteristics in APC-2 "-"

-J. - . . . . . . . . . . . . . . . . . . . . *
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6. 6. The characteristic length 'ao ' is not as notch

sensitive in APC-2, for tension and compression loading,

compared to APC-l and Gr/Ep, confirming the better matrix

load distribution characteristics of APC-2.

7. The parameters C (notch sensitivity) and m

(exponential parameter) from Pipes' three parameter model of

failure prediction are not constants for a given material

when temperature variations occur.

8. The notch sensitivity factor, C, for APC-2 is

less than the values for APC-l and Gr/Ep when tension

loading is considered.

9. The two parameter and three parameter prediction

models are sufficient for a specific temperature but are

not as effective when temperature variations are considered, INN

thus no general failure prediction model has been presented

to date.

10. APC-2 compression strength is significantly and

consistently reduced by temperature increases up through the Tg. .7

11. Compression strength of APC-2 is more than com- - .,

pression strength of APC-l for temperatures through the Tg.

12. APC-2 has higher strength for notched specimens than Gr/Ep

for room temperature conditions jhen compression loading is

-NN. ... '..-,,
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.'.. .

considered, even though the Gr/Ep has a seven percent fiber

volume advantage over APC-2.

13. Matrix degradation with increasing temperature re-

duces the overall strength of a APC-2 for tension and com-

pression through cohesive failure of the matrix.

14. Under compression loading, the 00 fibers at the

cut out fail initially and the failure mode (crack) pro-

gresses from the notch to an outside edge perpendicular to

load direction.

15. The tougher thermoplastic, PEEK, does not provide

improved performance in laminates with holes when crippling

of the fibers is a dominant compression failure mode.

16. The crystallization process continues at temperatures

above the Tg and thus, larger amounts of matrix adhere to

the fibers.

17. Crack growth in tension specimens initiates at the

cut out and progresses toward the outside edge.

18. The crack growvth rates for tension specimen are

slower at the notch than away from the notch.

'::! :)
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' VI Recommendations

Although this study is extensive in detailing the

failure modes of APC-2 for tension and compression loadings, -.

in evaluating three failure prediction methods, and in

comparing failure strengths of three composite materials,

, there are still deficiencies that require further assessment.

To advance the state of art in these areas, the following

recommendations are presented.

(1) The specific failure mechanisms of individual

fiber direction plys should be studied for notched specimen.

A study of failure mechanisms for laminates of the same

direction (00 and 900) and symmetric directions (+45 ° and

-450) would lead to individual failure mechanisms. Then,

individual failure mechanisms could be compared to the more

complex laminate system failure mechanisms evaluated in this

. study.

(2) It is possible to determine individual fiber

failure direction using high magnifications on the scanning

electron microscope. This procedure consumes a significant

amount of time, but it can be used to describe the fiber

failure pattern for a fractured laminate. If the fibers

fail individually, there may be a randomness to the fracture

directions. However, if the fibers fail in groups, there

may be a general direction of crack growth that can be

determined. This met,-zd could be used to evaluate transition

170
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areas where different crack growth rates occur. An evaluation

of a brittle epoxy matrix composite and a thermoplastic ma- *.

trix composite is recommended to further define the crack

growth rate transition area.

(3) A general purpose failure prediction method

capable of handling various temperature states for a given

composite is needed for field use. A detailed analysis of

composites, tested to various temperatures, is required to

determine specific temperature effects. Through this

analysis, a material parameter such as the thermal coefficient

of expansion might be defined.

i-l7
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