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SECTION |

INTRODUCTION

The entire discipline of solid mechanics was originally developed
as a means to describe the response of “"ideal" materials, materials that
were generally homogeneous (i.e., only one material phase can be distin-
guished on a scale of length pertinent to engineering considerations),
had uniform material properties frem point to point, were continuous,
and in some cases were also linear, elastic and isotropic. As notch-
sensitive materials became more commonly used for structural applications,
especially during World War II, treatments of behavior dominated by
single notches, cracks or other defects appeared, and the subdiscipline
called "fracture mechanics" was developed. Fracture mechanics was a
significant departure from the phenomenological yield theories or failure
theories that had been the only alternative earlier, in that it recognized
the importance of a damage state, a characteristic condition that was
common to notch sensitive materials, which controlled the state of
stress and state of strength for a given geometry and loading, namely, a
single crack. While fracture mechanics is not generally thought of as a
mechanistic approach, especially not in the sense of dislocation theories
of strength which were also developed during that time, it is based on
what might be called a mechanistic characterization of the most important
aspects of the damage state which controls response in many homogeneous
notch-sensitive materials at the engineering level.

Composite materials are not homogeneous, and, using our earlier

definition of that word, the individual material phases are large enough

in characteristic dimension (volume, length, etc.) so that their individual




as well as combined response is of importance to engineering consider-
ations. The single most important consequence of that fact is that when
these materials are subjected to significant load histories a very
complex combination of defec*s may develop in each phase as well as
between phases. In fact, since fiberous composite materials are generally
used in laminated form with certain layers oriented in one direction and
other layers having different orientations, and since the strength and
stiffness of each layer is highly anisotropic, when several layers are
Taminated together with different orientations they will develop very
different types and degrees of damage during a specific loading. Hence,
the resulting laminate damage state will be non-uniform through the
thickness in a manner defined by the anisotropic material properties of
each ply and the stacking sequence of the plies.

In the context of even these simple and obvious facts, the most
common approaches to the description of damage development in composite
laminates (as well as the resulting strength, life and stiffness) are at
least incomplete; in some cases they are unreasonable. The most widely
used approach is the "failure theory" concept whereby a phenomenological
philosophy is adopted which results in a realtionship which is imagined
to represent the strength of the laminae in a laminate. Some systematic
reduction of laminae properties may be effected for sequential application
of the failure theory to successive ply failure and eventual laminate
fracture. This apprcach is of great value to current engineering design
considerations, but it is inherently limited by its phenomenological
nature. Moreover, the stress states calculated to compare with such

failure surfaces are calculated using the ideal undamaged condition

-3
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rather than some characteristic damage state as a basis for the deter
mination. While it is true that some properties (usually stiffness)

may be changed to simulate a damaqged condition, the same boundary value
problem (representing the ideal undamaged state) is generally solved.
When stress concentrators are present, the so-called notched response
must be treated differently, usually by some "adjusted" or "fitted"
linear elastic fracture mechanics approach. or a closely related restate-
ment of single-flaw analysis with additional parameters [1]. Neither of
these approaches has any direct relationship to the mechanisms of damage
development or fracture. Neither of these approaches is sensitive to
stacking sequences, edge effects, interlaminar stresses, interlaminar
constraint effects on strength, or microstructural detail of any kind.
The successes and failures of these two approaches are not the object of
this report: there are a considerable number of each.

A rational general approach to the mechanics of failure of laminated
composite materials has not been established, primarily because a
thorough and complete understanding of damage has not been established,
a characteristic damage state or condition has not been identified, and
the corresponding mechanics problem has not been set. Indeed, it may
not be possible to identify a single characteristic damage state for all
Taminates, but it is certainly not possible to deal with every crack on
an individual basis. Nor can much real progress be made by continued
refining of empirical or phenomenological descriptions which have very
Timited sensitivity to the physical damage involved.

In the context of these remarks, the following are the objectives

of the present investigation.
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1) To identify the precise nature of damage development in
quasi-isotropic graphite-epoxy laminates under various load

histories,

to determine the physical parameters which lead to a loss

no
—

of strength and/or life,

3) to establish the mechanics of the individual and combined
action of these parameters as they influence mechanical
response, and

4) to address the question of how these findings can best be
described by analysis.

The purpose of undertaking these objectives is to attempt to
develop an understanding of the precise nature of damage so that a
rational approach to the mechanics of failure can be determined. The
motivations for these activities are both practical and academic. The
designer who uses composite laminates, as well as the academician,
should be able to predict laminate response from lamina response, to
estimate notched or unnotched strength accurately, to estimate life, to

predict the change in stiffness of a component, and to design materials

and material systems for specific service (including reliability) spec-

ifications.
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SECTION II
APPROACH

The approach to attaining the objectives stated previously was
largely experimental. Analytical treatments of some of the situations
observed in the laboratory were introduced to enhance the learning
process and to develop an understanding of the mechanics which applied
to the observed behavior. The general approach was to attempt to
determine completely and precisely, the nature of damage, that is, the
initiation, growth and interaction of damage modes in composite laminates
during various load histories. Secondly, a study was made to identify
an underlying characteristic that related the many details of damage
development to each other in order to properly and uniquely define a
damage state for these materials. Finally, an attempt was made to
develop analytical descriptions and models, based on the well defined
damage state, which could be used to generalize the understandings and
to anticipate behavioral response without recourse to excessive testing.

The experimental investigations were conducted using AS/3501

graphite epoxy composite laminates having the following stacking sequences:

. (0,145,90)S , Type I

. (0,9O,t45)S , Type 11

. (0,902,i45)S , Type III
. (902,0,145)S , Type IV .

A11 specimens were normally 178 mm (7.0 in.) long by 25.4 mm (1.0 in.)
wide and had end taps. Type I and Type II specimens had a 76 mm (3.0

in.) test section, and Type III and Type IV specimens had a 70 mm (2.75

in.) test section. The same specimen geometry was used for static

T TS —
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tension and tension-tension fatigue tests. A number of investigative |

techniques were employed before, during, and after the mechanical tests

to measure the response of the material and study the damage state in

the specimens. The techniques include:

« microscopy

+ ultrasonic c-scan
« ultrasonic attenuation "
« acoustic emission

« replication

L i i

+  x-radiography

L —
o

« stiffness
«  thermography

+ sectioning.

The analytical work used to assist in the interpretation of data and

LA

representation of the damage process includes:

oy S o

+ a laminated plate theory stress analysis with thermal residual

stress and interlaminar normal stress approximation

S —

- a finite element stress analysis of the transverse plane of the

x

specimens

« a one-dimensional model of a characteristic damage state

« a three-dimensional finite difference solution of the stress balance
equations for a variety of cracked-ply problems.
Static tension tests were conducted in displacement control on an

Instron testing machine and in load control on an MTS load frame. Strains

==

were measured using Strain gages (single element and rosettes) and a 25.4

mm (1.0 in.) extensometer. Tensile loads were applied using a slow rate

|
|
i
|
|
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ramp function. At selected intervals in the loading, the tests were
interrupted to observe edge damage using microscopy and replication
techniques while the specimens were in the testing machine and under
load. Some tests were terminated prior to fracture and the specimens
were sectioned to determine the extent of damage growth through the
width of the specimens. In other cases, the tests were run to fracture.
Material and laminate properties are given in Tables 1 and 2, respec-
tively.

Cyclic loading tests were performed in load control at 15 Hz with
a stress ratio R = 0.1. Strains were measured by a 25.4 mm (1.0 in.)
extensometer attached to the specimen and the load and strain signals
were processed on-line by a Tektronix WP1100 data acquisition system.
At intervals of 1650 cycles, the system provided data on maximum load,
maximum strain, compliance, damping, and specific damping. At selected
cyclic intervals, the fatigue tests were stopped and the specimens were
held at mean load for a short period of time while making replicas of
the damage on the free edges of the specimens. In some cases, the tests
were terminated prior to one million cycles so that through-the-width
sectioning studies could be made to examine the damage in interior
regions. Specimens which survived one million cycles were either
sectioned or loaded to fracture in tension to determine residual stress.

During the static and fatigue tests, attempts were made to follow
the initiation and development of damage in a nondestructive manner.
When possible, these investigations were carried out in real time or
with only short interruptions in the loading history. Three techniques

for the study of damage states in composites have been developed and




TABLE 1

ROOM TEMPERATURE MATERIAL PROPERTY DATA

TYPE AS/3501 GRAPHITE EPOXY

Property Type I Type 11 Type IIT  Type IV
Average 0° Tensile Strength (KSI) 232 225 -—- ---
Average 0° Tensile Modulus (MSI) 20.0 19.4 - -
Fiber Volume (%) 63.8 60.4 63.4 62.2
Resin Content (%) 28.87 31.95 29.0 30.0
Density (1b/in.>) 0.0577  0.0570  0.0578 0.0574
Void Content (%) 0.13 0.04 0.16 0.47
Ply Thickness (in.) 0.0054 0.0054 ~—- ---
TABLE 2
AVERAGE MECHANICAL PROPERTIES OF
GRAPHITE EPOXY LAMINATES
Property Type 1 Type II Type III Type IV
Elastic Modulus (MSI) 6.2 6.5 5.5 5.0
Tensile Strength (KSI) 67.3 70.4 95.6 59.3
Fracture Strain (u in/in) 10,400 11,400 .- .-




applied during this program. These techniques, namely the replication

technique, a modified pulse-echo ultrasonic technique, and vibrothermog-

raphy, are described in more detail later in this section.

A number of more common techniques have also been used in concert
with each other and with the newly developed techniques. A brief
description of each technique follows:

1) Microscopy - Light microscopy and scanning electron microscopy
were used to observe the details of cracks and delaminations.
tarly in the program, a traveling light microscope was attached
to the crosshead of the testing machine to observe the edges
of the specimens during static tests. A major limitation of
this form of microscopy was the localized field of view and
the long time required to scan and photograph the entire
length of the free edge of the specimen. In many cases, the
damage events just prior to fracture occurred outside the
field of view of the microscope. This form of light microscopy
was replaced by the replication technique.

2) Ultrasonic c-scan - The c-scan is one of the more frequently

used nondestructive methods for inspection of composite mate-
rials. It is praticularly suited for detecting defects in the
plane of a laminated plate, and mapping regions of relative
good and bad quality in the plate. However, it is not possible
to quantify the severity of a defective region on an absolute
scale and the data is most accurately interpreted when it is
compared to a c-scan of a calibrated test standard. In the

present investigation, the c-scan was primarily used to




3)

determine the extent of the through-the-width growth of edge
delaminations.

Acoustic emission - During several static tension tests,

acoustic emission was monitored to detect the initiation of
damage in the laminates. Generally, the first acoustic
emissions were recorded at stresses between 15 and 25 percent
of the static tensile strength, and the acoustic emission
count rate increased steadily until the applied stress reached
approximately 70 percent of static strength. At higher
stress, the count rate became constant or decreased slightly
until just before fracture. Although the acoustic emission
data is difficult to interpret in terms of discrete damage
events (matrix cracks, fiber fracture, delamination, etc.),
the trends in the data are consistent with observations made
using other techniques.

Radiography - The acceptance of x-radiography as a common
nondestructive evaluation technique for graphite epoxy com-
posites has been impeded by the need to use an image enhance-
ment agent, such as tetra-bromoethane (TBE), to make the
damaged regions opaque to x-rays. However, it is possible in
some instances to create a situation which permits "soft" x-
radiography of graphite epoxy without the need for an image
enhancement agent. Although all aspects of the technique are
not completely understood at the present time, some success
has been achieved in our laboratory in resolving the details
of internal damage such as matrix cracks, delaminations, and

flaws.
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5)

Stiffness - Unlike strength, stiffness decreases monotonically
with damage and the change in stiffness can be monitored to
follow the development of damage throughout the loading
history. In some design situations, stiffness changes may be
incorporated in the failure criterion. Change in stiffness
data correlates very well with data from other techniques
which measure damage in composite laminates. Specifically, a
sharp change in ultrasonic attenuation and, in some cases,
acoustic emission count rate occur at the same stress, at a
knee or step in the static stress strain curve. During cyclic
loading of Type II laminates, the static and dynamic stiff-
nesses may decrease by as much as 10 to 12 percent while
strength decreases by only 2 to 3 percent over one million
cycles. The strength of Type I laminates, for example, tested
in fatigue at the same maximum stress (310 MPa) decreased by
15 percent after one million cycles, and the stiffnesses
decreased by 8 to 11 percent.

Sectioning - In order to completely and precisely determine
the nature and extent of damage in the composite laminates, a
large number of specimens with monotonic and cyclic loading
histories were sectioned parallel to the loading axis and
examined using the replication method. Sectioning studies aid
in the interpretation of the nondestructive investigation

data and provide a detailed description of the damage state
along the length and through the width of the specimen. The

results of these studies are presented in this report.
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Development of New Test Methods

The development of several experimental techniques that are dis-
tinctly advantageous for the study of the initiation and growth of
damage in composite materials has been one of the major auxiliary con-
tributions of this program. Replication, a modified pulse-echo ultra-
sonic technique, and vibrothermography have proven their versatility and
impertance as complementary, experimental methods for monitoring the
mechanical behavior of graphite-epoxy laminates. The replication tech-
nique uses a cellulose-acetate tape to record the surface topography of
a material and, as applied to composites, yields much information on the
development of damage along free edges (and can also be used to infer
interior damage). The modified pulse-echo method, on the other hand,
yields real-time information about the development of damage in the
interior of the composite. Finally, the vibrothermography technique
indicates damaged regions throughout the entire volume of the specimen.
The development of each of these techniques and their utility for

obtaining data in the present program are discussed in the following

section. 3
The replication method, as indicated above, uses a cellulose-

acetate tape to record the surface topography of a material. The tape

is applied to the desired surface partially dissolved or softened with
acetone and allowed to set on the surface. Because of the good wet-
tability of the plastic for graphite-epoxy materials, the softened tape
will flow into the underlying surface and when set, create an exact
duplicate record of that surface. Replication procedures have been

employed for a long time for the study of metallographic micro-structures.
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However, as far as the present authors are aware, the technique was
first applied and adapted to composites during this program. For composite
materials research, the technique has proven invaluable as a means of
recording the state of damage at intermediate points during the load-
time history applied to a specimen. The final failure site, for example,
can be followed backward through the replicas to ascertain the pattern
of damage development in this region. Furthermore, as discussed through-
out this report and in earlier reports, the replication method has been
directly and immediately responsible for obtaining the data required for
the development of the characteristic damage state model. The develop-
ment of the first transverse cracks in the weakest layers, the subsequent
multiplication into an equilibrium set of uniformly spaced cracks, the
additional development of transverse cracks in the adjacent layers, and
the final development of damage in the region of final failure is
easily followed and interpreted on the replicas.

Much work has also been done to develop the technique to the point
that free edge information can be used to infer damage development in
the interior, that is, across the width, of the composite specimens. A
large number of sectioning and replication tests were performed to
verify that, at least at the higher load levels, the information contained
on the replicas taken from the free edges is quite consistently indicative
of the damage state across the width of the material.

The ultrasonic pulse-echo method for measuring attenuation of
stress waves in materials was modified as part of this project to measure
the attenuation in thin, composite laminates with the use of a buffer,

or delay, block. This procedure has been detailed in earlier reports




Careful analysis of the path followed by the echos in the specimen

and buffer blocks led to the conclusion that measured attenuation changes

had to be accounted for by diffraction or scattering effects caused by

the developing damage state in the composite [4]. An analysis was

developed that can account for every type of attenuation change that was

observed experimentally, although at the present time, the predictions

are only qualitative [5]. The attenuation measurements were consistent t
in every case, in that a small change in attenuation was always observed
to occur at a load consistent with the first appearance of transverse
cracks in the 90° laminae and a large change always occurred at the load
corresponding to the knee in the bi-linear load-strain curve. In the
large majority of runs, these changes corresponded to an increase in
attenuation, but in a few cases, the attenuation decreased. Again,
these effects can be accounted for by the diffraction model when one
considers different crack spacings or crack openings.

The modified pulse-echo method has proven to be a very sensitive
monitoring method for indicating the onset of damage in the interior of
the composite laminates. It has now been used on a number of different

| laminate configurations and in a number of different projects. In every
case, it yields a sharp indication of damage initiation that has been
verified by other methods such as sectioning and X-radiography.

A third NDT technique that is both novel and unique was developed
through the support of this project. Vibrothermography [6] employs
low-amplitude mechanical vibrations to excite thermal patterns around

damaged regions. The thermal patterns are detected and displayed by a

real-time video-thermographic camera. The mechanical vibrations in the f
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specimen are preferentially transformed into thermal energy by either
coulomb or hysteretic stress-strain effects in areas of internal damage.
Stress concentrations around these regions generate greater hysteretic
heating at those locations. The preferential heating develops thermal
gradients that are easily detectable with a thermographic camera. There
are two important aspects of this technique which should be noted; (1)

the high frequency (-20 kHz) mechanical vibrations applied to the

specimen are of such low amplitude that they do not cause additional
mechanical damage and (2) since the developed heat patterns are directly
related to the stress fields, they are also closely correlated with the
actual mechanical state of damage. The last point should be considered
in comparison to the more usual thermographic method used elsewhere
whereby an external heat source is used to passively heat a material and
the thermographic camera is used to detect thermal gradients established
by regions of varying thermal conductivity. Such regions may be caused
by any number of variations (heterogeneous materials, for example) that
are not necessarily directly related to the mechanical damage state.

Analysis [6] has shown that for graphite-epoxy laminates the surface

heat patterns detected by the thermographic camera are nearly identical
to the underlying damage zone.

The vibrothermography technique has recently attracted some attention
in the aerospace industry and in a number of research laboratories as a
possible method for detecting damage in composite structures. Further
development and discussions are on-going between those organizations and i
our laboratory to help effect the technology transfer.

These three experimental techniques that have been developed under

the support of this project in our laboratory are uniquely capable of

15




determining, with a high degree of accuracy and reproducibility, the
damage state in a composite laminate. The three techniques are com-
plementary in that each yields differing information about damage in
different regions of the specimen. Taken together, they yield reason-

ably complete information about the degree of damage in the laminate.

R
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SECTION I1I

STATIC TEST RESULTS

As mentioned previously, from studies of replicas made at increasing
load, we can observe progressive damage at the specimen edge. These
studies have been made of specimens loaded quasi-statically to high
stress levels and cyclically at lower stress levels. Results of observa-
tions indicate that two distinct damage patterns develop in the specimens
depending on the stacking sequence, i.e., the damage states in Type 1
and Type Il materials were reproducable from specimen to specimen and
were distinctly different according to the specimen type. Furthermore,
the reproducable "Characteristic Damage State" was identical for speci-
mens loaded quasi-statically and cyclically.

In the case of both Type I and Type II specimens, damage in the
form of transverse cracking appears first. In both cases, it appears
first in 90° laminae, i.e., the lamina whose fibers are perpendicular to
the load axis or the lamina with the lowest strength along the load
axis. Initially, these transverse cracks are arrested at the lamina
interfaces, and do not propogate to adjacent plies. With increasing
load, cracks appear for a time almost solely in these 90° laminae.

Stated differently, the general trend is for the damage pattern to
develop along the entire length of the specimen rather than through the
Taminate thickness to adjacent lamina. From this point on, however, the
sequence of events differs for the two stacking sequences. In Type I
L0,~45.9O]S laminates, as load increases, the number of transverse

cracks in the 90° lamina increases until a constant or saturation spacing

is reached. These transverse cracks extend continuously across both 90°

lamina and initially stop at the 90°/-45° lamina interfaces (Fig. 1A, B, ().

17

NI memy e ey e R T £ TN




Sojeulwe] | 8dA] ul sudsjjled %ded) | 34nbi4

LIS e




sajeuLl
twey 1 adAl ul suusljeq ¥oes) (p,3uod) [ adnbLy4

19




As the load increases, however, these cracks extend into the adjacent -

45° Yamina and terminate at the -45°/+45° lamina interface. Hence,

cracks in these -45° lamina are frequently associated with transverse
cracks in the 90° lamina. While all transverse cracks in the 90° lamina
are flat, i.e., are perpendicular to the lamina interfaces, the cracks
in the -45° lamina are anqular. They appear at angles approximately 45°
from the horizontal as shown in Fig. 1D, E. A11 cracks along the
length of a -45° lamina have the same orientation and make approximately
' the same angle with the horizontal. Furthermore, as the figures show, |
| cracks in the opposite -45° lamina (on the other side of the 90° laminae) i

are mirror images of the aforementioned cracks. Again, all cracks

within those laminae are consistant in orientation. Cracks in the -45°

WK

lamina on the opposite specimen edge have a reverse orientation, in the

e 22 et T

sense that they extend in a direction which forms an angle with the

through-the-thickness "z" direction which has an opposite sign compared i

to its counterpart on the opposite edge, if the origin of their rotation |

is taken tc be the point at which they join the transverse cracks in the

IS Bp—

90° plies. Again, cracks in the opposite -45° laminae are mirror

images. Examination of specimens sectioned lengthwise through the

center of the width reveals that the transverse cracks in the -45°
lamina are colinear with those in the 90° plies. Coincident to the
appearance of the transverse crack extension into the -45° lamina,
longitudinal cracks appear in the 90° laminae. These longitudinal
cracks seem to grow from transverse cracks as indicated in Figs. 1E, F
and G. Eventually all of these longitudinal cracks join also, linking
all transverse cracks (Fig. 1H). Examination reveals that in extending
over the specimen length, the longitudinal crack will at times "jog" to

the 90°/-45° interface (delamination) and then "jog" back to the interior
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of a 90° lamina or to the central 90°/90° lamina interface as shown in
fig. 11. In other instances, central longitudinal cracks have been

observed to intersect a transverse crack and "jog" simultaneously to

both 90°/-45° interfaces, forming a fork pattern such as that shown in
Fig. 1J. 1In the case of static loading, once transverse crack saturation

spacing has been reached, branching into the first adjacent 45° lamina

has been completed and the longitudinal crack/delamination has extended
over the specimen length, no new damage appears. Very few cracks were

observed in the +45° lamina for static loading, even when loading was

carried to failure. When they did appear, however, they were horizontal

in orientation and extended from the -45°/+45° interface to the +45°/0°

|
|
)
f

interface (Fig. 1K). If loading continued, the central longitudinal
crack opened further, extending from the edges toward the center o the
specimen, until failure occurred. This can be demonstrated by comparing
the longitudinal cracks in Figs. 11 and 1K.

Damage in the Type II [0.90,ﬁ45]S specimens again begins in the
form of transverse cracks in the 90° lamina. Again they initially span
only the 90° lamina and do not cross the 90°/+45° interfaces, as shown
in Fig. 2A. These cracks become much more numerous than the transverse
cracks in the Type 1 material, i.e., the saturation spacing is much
smaller (0.332 mm average for 6 Type 11 specimens vs 0.735 mm average
for 5 Type I specimens). The 90° Tamina are not adjacent in this stacking
sequence and constraint on the 90° lamina is also much greater (the

adjacent lamina have 0° and +45° orientations as opposed to -45° and 90°

| orientations in the Type I material). The stiffer plies surrounding the

90° plies transfer the stress back into the 90° ply over a shorter distance

above and below a crack than for the type 1 laminate causing the next crack [
!
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to form closer to a given preceding crack. Because the cracks are much
smaller and more numerous, observation becomes much more difficult in
the Type Il material. This, in turn, makes fixing the exact chronology
of damage events more difficult. As the load increases, transverse
cracks appear in all the remaining off-axis laminae. These subsequent
cracks are more numerous in the 45° laminae adjacent to the 90° lamina
than in the interior 45° laminae. (The saturation spacing in the +45°
laminae was 0.693 mm for 6 specimens vs 1.712 mm for the -45° lamina in
the same statically loaded specimens.) As mentioned earlier, these
different crack spacings are entirely a result of the rate at which
stress builds back up from zero at the crack face in a broken ply. The
stiffness of the broken ply and the stitfness of the surrounding plies
determine this rate of build up and, therefore, the spacing of the
cracks. The closest distance from an existing crack that a new one can
form is the distance required to transtfer stress back into the broken
ply up to the undisturbed level that formed the first crack. Figures
2B, C illustrate these differences. Of the cracks in the 45° lamina
adjacent to 90" lamina, nearly half of them appear to be linked to
cracks in the 90° lamina. This is particularly evident at elevated load
(Fig. 2G). This is similar to the observation that a large number of
transverse cracts in the -45° laminae in the Type I material appeared to
develop from transverse cracks in the 90° laminae. However, in the case
of the Type II material most of the transverse cracks were aligned at
approximately 45° angles to the transverse plane at the outside edges.
Figure 2G shows that some transverse cracks in the +45° laminae are
horizontal (in the transverse plane) and others form at some angle to

the horizontal for this case. As was the case for Type I material,
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Figure 2. cont'd) Crack Patterns in Type 11 Laminates
\ }




cracks in the double interior plies (-45° laminae for Type Il material,

90° laminae for the Type | material) extended across both interior plies

as seen in Fig. 2D. Also similar to the Type I material was the appearance
of Tongitudinal cracking, again in the 90° lamina or at the 90°7/+45°
interface (Figs. 2t, F). In Type II material, however, this longitudinal
cracking did not extend along the entire specimen length. It occurred

only in short segments in one or two locations along the specimen length.
The depth of penetration of the Jongitudinal edge cracks was also less

than it was for the Type I material. In general, each off axis lamina !
seeks to achieve a saturation crack spacing before ultimate laminate
failure. This can be demonstrated by comparing Figs. 2G and 2C which %
cover the same general specimen area.

At this point we introduce the concept of a characteristic damage
state. While the precise and complete nature of this concept will be
explained in subsequent sections, a statement of the concept will be '
useful at this point. We have discovered that the transverse cracks
that form in the off-axis plies do not form in a random way, but form a

regular pattern with a regular spacing of cracks in each layer of each

laminate. The most important aspects of this regular crack spacing are

that it is a laminate property (entirely determined by the material in

each ply, the stacking sequence of the plies, and the laminate properties
but independent of load history, geometry, residual stress, etc.) and
that it is stable in the sense that when that pattern has formed no new
transverse cracks form in that ply until quite close to fracture at

which time cracks grow through the thickness from ply to ply. We have

come to call this condition the "characteristic damage state" (CDS) of a

laminate.
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Having described the general sequence of events leading to failure

and introduced the concepts of saturation spacing and a characteristic
damage state (Figs. 1D, E and 2G), we will now look more closely at the
details of the physical behavior. In the interest of presenting data in
its most useful and meaningful context, information defining the observed
characteristic damage states will be reported in terms of crack spacing.
This can be interpreted, physically, as the average distance between
transverse cracks when the whole length of the lamina is examined.

These distances were determined by dividing the lamina length by the
total number of transverse cracks observed in a given lamina. These
values were obtained by scanning the fep]icas of specimen edges and
counting the number of transverse cracks in each lamina. These numbers
will, of course, be identical for the center two iaminae (-45° plies for
Type Il material and 90° plies for Type I material) since cracks in
these lamina extend across both plies. However, values obtained for
each +45° and -45° (Type I) lamina and each 90° and -45" lamina will
generally differ slightly. In those laminae we were monitoring damage
in two "identical" plies symmetrically positioned about the laminate

midplane. To simplify the data presentation, the average of those two

values was used in subsequent calculations. The validity of this operation

is seen when Figs. 3 and 4 are examined. Figures 3 and 4 show the total
number of cracks over the 75 mm (3 in) gage length in each 90° lamina of
specimen 2652-14 (edges I and II respectively) at low stress levels.
These figures show the crack development in each 90° lamina to be quite
constant; indeed, they coincide at several stress levels.

It can be shown that this procedure is equivalent to physically

measuring the distance between each crack and taking the numerical

4
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average. While this Tater process was used to provide data from which

the standard deviation and variance was determined, it is a very time

VIR —

consuming process and would have greatly Timited the number of specimens

which could have been examined. A comparison of crack spacing data
obtained by both methods, and a statistical characterization of the E”
crack spacing data will be presented in the section on Fatigue Test Q
Results. This comparison will demonstrate the validity of the chosen
procedure.

In addition to the ease of operation, there are other advantages to

making and reporting damage state observations in terms of the number of

transverse cracks found. Figures 5 and 6 show the results obtained for
Type I specimen No. I-6 and Type II specimen No. 2652-10 respectively.

When the number of cracks is reported in this manner, the stable saturation
levels are easily perceived as plateaus in the curves. Comparing these
figures with Figs. 8 and 12, it can be seen that determining the stress
level at which saturation spacing is reached is much more difficult when
crack spacing is plotted versus applied stress. In the later case, the

resolution is not as great because we are essentially plotting the

inverse of a whole number (the number of cracks) multiplied by a constant
(specimen length). Comparing Figs. 7 and 12 also reveals another advantage
of recording damage in terms of numbers of cracks. Figure 12 shows that

the saturation spacing values range from 0.385 mm (for the 90° lamina)

to 1.65 mm (for the -45° lamina). At first glance, the small difference

may seem to be insignificant. When plotted in terms of numbers of
cracks, as in Fig. 6, the values range from 204 (for the 90° lamina) to
46 (for the -45° Tamina). When presented in this manner, the differences

in damage states from lamina to lamina are much more obvious.
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As stated earlier in the report, observations were made from
replicas taken while the specimen was under load in the test machine
grips. Since acoustic emission and ultrasonic transducers were often
attached to the specimens, access to both specimen edges was not always
possible. In these cases, replicas were made of only one edge. Much of
the data presented here was gathered in this manner. Although only one
specimen edge was examined, this information is representative of the
specimen behavior. Figure /7 shows the crack spacing in the 90° and +45°
laminae at both edges of specimen No. 2652-14. It shows that while the
average crack spacings on either edge differed at low stresses, the
values did coalesce as the applied stress increased. This indicates
that while it is desirable to monitor damage on both edges simultaneously,
the validity of the characteristic damage state concept does not suffer
when only one edge is examined.

Figures 8 and 9 illustrate the development of the characteristic
damage state in two Type I specimens. Neither specimen was loaded to
failure. (Both specimens were loaded to 3000 1bs.) Specimen I-6 was
tested in load control; specimen 1-9 was tested in stroke control.
Several fundamental characteristics of damage development in statically
loaded Type I material can be seen in these figures. First, there was
no appreciable damage in the +45° Tamina. This was true of all specimens
tested, even those loaded to failure. The figures also demonstrate that
transverse cracks appear first in the 90° Tamina, and crack spacing
values near the final saturation spacing values are attained early in
the loading. Saturation spacing is not attained in the -45° lamina
until much Tater in the loading history. For specimen No. 1-6, the

final saturation value of 0.664 mm was first reached at 415 MPa but at
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277 MPa, the crack spacing was at 90% of the saturation level (i.e., 0.764
mm). Saturation spacing in the -45° lamina for I-6 was first attained
at 450 MPa. Similarly, in specimen No. I-9, saturation spacing for the
90° Tlaminae was first achieved at 400 MPa but it never was reached in
the -45° laminae. When the test was halted at 3000 1b load (520 MPa
applied stress) a crack spacing of 1.30 mm was attained. This is
approximately equal to the average value attained by several other
specimens which were loaded to failure. It is believed that had loading
continued, crack spacing would have remained at approximately this
value.

To demonstrate the reproducibility of the characteristic damage
state, the crack spacing vs applied stress histories of five Type I
specimens have been plotted in Figs. 10 and 11. Two of the specimens
were tested in load control, the remaining three in stroke control. The
horizontal lines in each figure represent values predicted earlier by
Reifsnider using a modified Shear-Lag analysis which we will discuss in
a subsequent section. Figure 10 illustrates the results obtained for
the 90° laminae. Saturation spacing was attained in all specimens.
Although the initial portions of the curves may differ in slope, and
values may differ at low stress levels, they all did coalesce to the
same approximate crack spacing. Figure 11 shows the crack spacings in
the -45° laminae for the same five Type I specimens. Examination of the
data (see Table 1) shows that saturation spacing was achieved in three
of the specimens. It could not be stated conclusively that crack spacing
values in the remaining two specimens, which were not loaded to failure,
had stabilized. Howevér, the values attained at maximum load were com-

parable to saturation spacing values reached in the other three specimens.
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We can state from the figure that, as in the case of the 90° lamina,
although we see a variance in the curves initially, consistant final
values were achieved.

Tables 3 and 4 provide further information from the specimens
described in the figures. Table 3 gives the stress level at which the
crack spacing first attained its final, constant value. The table also
lists the ultimate stress level of the specimen or the highest stress
level applied when the specimens were not loaded to failure. Table 4
provides the number of cracks and the crack spacings attained at those

stress levels. It should be emphasized that the stress levels reported

in Table 3 for the 90° lamina are the values at which the constant crack
spacings were first achieved. As the figures illustrated, not only does
extensive cracking occur at low load in these plies but it also reaches

crack spacings comparable to the final crack spacings at low load levels.

We now consider the Type II [0,90,145]S laminates. Unlike the Type

[ specimens, extensive damage in the form of transverse cracking, appeared [
in all laminae. Transverse cracks appeared first in the 90° laminae,
then in the +45° Jaminae and finally in the interior -45° laminae. In

general, the appearance of cracks in a lamina did not seem to be linked
to cracking in adjacent laminae. That is, the cracks did not appear to
be Tinked as they did in the 90° and -45° laminae of Type I specimens. H
There does, however, appear to be some crack growth between the 90° and {
the +45° lamina if loading continues after the saturation spacing has

been achieved. Also, unlike the Type I material, there was little

longitudinal cracking. When it did appear, it was in short lengths ‘
confined to a 90° lamina or a nearby interface.

Figures 12 and 13 trace the development of the saturation spacings

e —————

for the 90°, +45° and -45° laminae of two Type II specimens. Both
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TABLE 3
STRESS LEVEL (MPA) AT WHICH SATURATION SPACING FIRST ATTAINED

TYPE 1 SPECIMEN

Lamina
Specimen No. . SR N )y Ultimate Stress
8 392 s 438 611
T 468 < 569 594
1-6 415 T 450 520"
1-7 338 Ay WL 520°
1-9 398 L = a77*
Average Stress
Level: 402.2 N 485.6
Standard
Deviation: 46.7 —_— f2ed

I-4 and I-9 tested in stroke control

Note: Specimen Nos. 1-3,
-6 and I-7 tested in Load control

1
Specimen Nos. I

]Specimen not lcaded to failure (3000 1b max load)

“Specimen not loaded to Failure (3000 1b max load)
3Saturation spacing not attained
4specimen not loaded to failure (3000 1b max load)

5Sdturation spacing not attained




VTV Nl S -

28

TABLE 4
NUMBER OF CRACKS/SATURATION SPACING
ATTAINED BY TYPE I SPECIMENS

Lamina
Specimen No. 9Q° +45 -45°
I-3 120/ .846mm - 95/1.07mm
[-4 135/.753mm -——- 104/.977mm
-6 153/.664mm -— 77/1.32mm
1-7 138/.736mm - 70/1.45mm
I-9 130/.781mm - 78/1.30mm
Average Number 1
of Cracks: 135 el 92
Standard Deviation: 12 13
Average Saturation 1
Spacing (mm); .756 -— J . o2
Standard Deviation: .06 17
Predicted Saturation
Spacing (mm): .760 755 .879

Note: Cracks were Counted over 4 in. length

1Averages Based on Results Obtained from Specimens I-3, I-4, I1-6.
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specimens were loaded to failure in stroke control. Saturation spacing
was achieved for all three orientations in specimen No. 65710 and for

\

-8,  The final crack spacing

the 90" and +45% lamina of specimen No. Job.

recorded before failure in the =457 lamina was .00 mm and the average

saturation spacing for this lamina was 1.04 mm, suggesting that the spacing

may have been approaching a comparable value when failure occurred. The

figures again demonstrate that transverse cracking appears first in the
Q0% lamina. The 907 lamina curves are also tlat indicating that crack
spacings comparable to saturation values were attained quite carly in
the loading. The curves for the other two ply orientations demonstrate

that although cracking appears at higher loads, it rapidly achieves

saturation,

Constdering Fig. 1. again, we can see that although saturation

spacing was apparently achieved for all three fiber orientations, the

+45% Tamina values decline slightly near the end of the test. In tigq.

0, a corresponding increase in the number of cracks is quite evident as

is a stight increase in the number of 907 lamina cracks. This phenomenon

has also been observed in other Type 11 specimens and 1s believed to be

due to crack growth between the 207 and 457 laminace.

Six Type 11 specimens were tested to failure.  The results of four

of these tests wore plotted in Figs. 14, 1h and 16, These figqures show

the crack spacing in the 20, #A5% and =457 laminae respectively.  The

results of only four of the tests were displayed to simplify the fiqures.

The horizontal lines in each figure represent the predicted values.  the

figures also demonstrate the consistancy of the characteristic saturation
spacing values from specimen to specimen.  Saturation spacing was achieved
by the 907 and +45° laminae in all specimens. 1t was reached in the

Although some variance is

A5 laminae of all specimens except Jobl-8,

i VR T RAT

-

P —————
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seen in the initial portions of the curves, crack spacing values coalesce
to the characteristic crack spacing values for each fiber orientation.
The figures also demonstrate that these characteristic values are unique
for each lamina.

Tables 5 and 6 provide further information on the test specimens.
Table 5 gives the stress level at which a constant crack spacing was
first attained in each of the specimen laminae. It also lists the
ultimate stress level of each specimen. Table 6 provides the nubmer of
cracks and the crack spacings at saturation. Although Figs. 12 and 13
demonstrate that cracking occurs first in the 90° lamina, then in the

+45° and finally in the -45° lamina, Table 5 shows that they all

achieve saturation spacing at approximately the same stress level. The

average stress levels at which saturation was attained was 471.5 MPa,

473.4 MPa and 473 MPa for the 90°, +45° and -45° lamina respectively.
In the Type I specimens, saturation was achieved much later in the -45°
lamina than in the 90° lamina. The average values for those specimens

were 402.2 MPa for the 90° lamina and 485.6 MPa for the -45° lamina. As

in the case of the Type I specimens, it must be emphasized that in the

3
Type II 90° laminae, crack spacing values near to saturation values were {

the 90° lamina of both specimen types, a comparison of these average

attained at relatively low loads. Although cracking first appears in !
|
!
E

stress levels also reveals that damage occurs at a much lower stress |
level in the Type I 90° laminae than in the Type II 90° laminae. The f
average threshold saturation stress level was 471.5 MPa for Type II specimens
versus 402.2 MPa for Type I specimens. The average threshold saturation u
stress levels for the -45° lamina were similar however, 485.6 MPa for

Type 1 and 473 MPa for Type II specimens. While these stress levels are not

important or precise, they indicate a significant difference in behavior.
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TABLE 5
STRESS (EVEL (MPA) AT WHICH SATURATION SPACING FIRST ATTAINED ‘
TYPE I1 SPECIMENS r

Lamina
Specimen No. 90° +45° -45° Ultimate Stress
2652-7 432 417 487 543
2652-8 468 483 ---] 514
2652-10 508 523 477 570
2652-11 477 477 477 523 :
2652-12° 477 ¥ e 477
2652-13 467 467 451 512 ;
Average Stress *
Level: 471.5 473.4 473.0 532.4 5
Standard P
Deviation: 24.4 38.0 15.4 24.3 )

]Saturation Spacing not Attained

2Specimen Failed During Loading at Time of Failure Load Was Jumping in I
50 1b. Increments due to Electronic Control Problems. Saturation
Spacing not Attained in +45° or -45° Lamina.
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TABLE 6
NUMBER OF CRACKS/SATURATION SPACING (MM)
1 ATTAINED BY TYPE Il SPECIMENS
Lamina
Specimen No. Sl +45° -45°
2652-7 202/.377] ]06/.7192 46/1.66
2652-8 193/.395 107 /- 712 38/---
2652-10 ]98/.3853 91/.8374 45/1.69
2652-11 198/. 385 112/.680 51/1.49
2652-12 193/.395 83/--- 33/---
2652-13 180/.423° 103/.739 44/1.73
Average Number of
Cracks: 194 103.8
Standard Deviation: 7.6 7.8
Average Saturation
Spacing: .393 37
Standard Deviation: .016 .059
Predicted Saturation
Spacing: .363 .875

]Rapid Increase @3500 1bs Load from 200-226

2Rapid Increase ©@3400 1bs Load from 106-135

3Number Increased STightly @3400 1bs Load and Again @3500 1bs,

4Number Increased Slightly @3500 1bs Load

Snumber Increased Slightly 3300 1bs Load
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Test Results: Fatigue Loading

Cyclic tensile loading of the specimens was conducted under load
control on a servohydraulic testing machine with R=0.1. About half of
the tests were interrupted at several intervals for the purpose of
making replicas of the edges to obtain a record of the damage develop-
ment. The dynamic stiffness as well as the specific energy dissipation
(hysteresis loss) was recorded in real time during testing by an on-line
computer aided data acquisition system. Static stiftness and residual
strength was measured at the end of the cyclic loading history in about
half of the tests. Other specimens were not fractured so that damage
patterns could be studied. Some specimens were sectioned so that the
damage state in the interior of the specimens could be assessed and
compared with the observations made on the specimen edge. No signifi-
cant difference in those observaticns beyond the obvious absence of
delamination (ply separation) and longitudinal cracking (logitudinal
cracks within a lamina) in the interior was observed. Figure 17 illustrates
how the damage state information was gathered.

The sequence of development of damage under fatigue loading in the
laminates examined is similar to the description given earlier for
quasi-static loading. However, cycling at a given stress level causes
additional cracks to form as a function of additional cycles of loading.
The type of cracks that form (i.e., the type of laminae that develop
cracks) is controlled by the load level, but the number of cracks increases
for successive cycles of loading at that level until a saturation number
of cracks is reached in each respective ply, forming a "characteristic

"

damage state," as we have seen for the static loading case. Cyclic

loading does not appear to change the stress threshold at which cracks
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form in an off-axis ply, but it will alter the number of cracks that
occur for a given stress level if a stable number of cracks has not yet
formed.

The Type 1 and Type II laminates discussed earlier will also be
used in this section to demonstrate the nature of the physical behavior
during fatigue loading. Figure 18 shows an example of crack development
in the Type I laminates. Cyclic loading at 40 ksi (275.6 Mpa) stress
amplitude (R=0.1) was interrupted long enough to make replicas of the
specimen edges at intervals which were chosen according to the rate of
change of data. The number of cracks counted in the 90° plies (on the
midplane of the [0,:45,90]S laminate) is shown by the top curve, the
number of cracks in the -45° plies is given by the middle curve and the
bottom curve is the running crack count in the +45° plies. The general
nature of this data is similar to the quasi-static loading case. The
number of cracks becomes stable (or almost stable in the case of the
+45° ply at this stress amplitude) at some point in the load history.
For this case, the number of cracks becomes stable after some number of
cycles at a constant load, rather than at some load level in an in-
creasing load history. The stable value is reached at about twenty
thousand cycles in the 90° plies, at about fifty thousand cycles for
the -45° plies, and a truly stable value does not seem to be attained in
the +45° plies for this load level and number of cycles of loading. The
straight lines shown on Fig. 18 are the stable values predicted (for the
two cases where stable values are reached) by an analysis to be discussed
in a latter section.

Since a more universal representation of the data is had by using

crack spacings instead of crack counts, the data in Fig. 18 is converted
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to crack spacings in Fig. 19. (The ordering of the curves reverses of

course.) However, much greater accuracy can be obtained by taking the
data as crack counts because of the large number of cracks and the fact
that the counting of a crack is a binary judgement while measuring a

crack spacing involves experimental error tor each crack. We did do
enough of each to be sure that our results were consistent. Of course,
converting crack counts to crack spacings implies that there is only one
value of stable crack spacing, i.e., that cracks eventually form in a
regular array equidistant from one another. It is precisely this tendency
which creates the "characteristic damage state" that we have mentioned; i

but, of course, the spacing is not precisely regular there being local i4

variations in strength, geometric irregularities and other perturbations
caused by the reality of the situation. We will provide a quantitative
characterization of these variations at the end of this section. The
fact remains that the crack counts level off and the crack spacings i
become constant for both quasi-static and fatigue loading because a
stable characteristic damage state does form consisting of a unique
regular array of cracks in the off-axis plies. This characteristic I 4
damage state is determined by the material properties, the ply orienta-
tions and the stacking sequence. Figures 18 and 19 show another important
fact. The crack spacings (or number of cracks at the stable level) are
the same for the cyclic loading as it was for the quasi-static loading.

Hence, we conclude that the characteristic damage state is a we]l defined

material (laminate) property independent of load history.

Figure 20 shows three individual data sets taken from fatigue tests

of three Type I laminates. The crack spacing in the 90° plies is plotted.
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The ordinate has been expanded compared to Fig. 19 so that a better
perception of the consistency of the data can be obtained. While some
small variability is seen in the data in the early part of the tests,
the consistency of the stable crack spacing corresponding to the char-
acteristic damage state is remarkable. Figure 21 is a similar plot for
the -45" plies. The same remarks about consistency can be made. The
same general behavior is observed for the +45° plies from the same three
specimens shown in Fig. 22. The +45" plies do not reach an equilibrium
crack spacing for these three tests conducted at 40 ksi (275.6 MPa). (The
specimens were not tested to failure.) The test data again shows good
consistency.

The Type 11 laminates exhibit the same type of crack development in
the scnse that they form equilibrium crack patterns or characteristic
damage states as we have called them. Figure 23 shows an example of the
observations on a Type Il specimen during cyclic loading at 40 ksi (275.6
MPa). The top curve represents the number of cracks in the 90° plies
(average of the individual readings from the two separate plies on the
edge under observation), the middle curve shows the crack counts for the
+45° plies and the bottom curve presents similar data for the -45° plies
which now adjoin one another along the specimen midplane. All three
of f-axis plies reach a stable crack count, and a stable (regular) spacing
of cracks as shown in Fig. 24. However, the number of cracks in each
layer (and the crack spacing) is very different from the values observed
for the Type 1 specimens which differed only in stacking sequence (recail
that Type I has a stacking sequence of [0,'45,90JS and Type 11 is arranged
in a [U,QU,~45JS order). Figures 18-22 show, for example, that the

number of cracks in the 907 plies nearly doubles when we go from a Type
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[ to a Type Il stacking sequence. (The straight lines correspond to

predictions of crack counts from our analysis, discussed in a latter
section.) The differences are most sensitively shown by crack count
plots, but crack spacings are more easily compared to other data so, as
before, we use that representation hereafter. For the 90° plies in
several Type Il specimens the crack spacings are shown in Fig. 25. The
ordinate is expanded for the purpose of assessing data consistency. It
is evident that the crack spacing at the stable condition is extremely
reproducible. The variability in the early developmental stages of the
damage is simply further evidence of the nonuniqueness of that part of
the phenomenon. The same type of data is shown in Fig. 26 for the +45°
plies of the same Type II specimens reported in Fig. 25. The nature of
the damage state development is essentially identical to that in the 90°
plies, except that the stable crack spacing is very different from that
observed in the 90° plies. The -45° ply data are shown in Fig. 27.
Again, the consistency of the data is good and a very stable crack
spacing is reached, creating a very well defined and unique characteristic
damage state for these laminates.

[t was mentioned earlier that damage state development data were
generated in two ways. The most efficient and accurate way of obtaining
an average crack spacing was to simply count the total number of cracks
in a given layer and divide by the specimen length. Because a large
number of cracks were counted from each layer in a given specimen and
each crack involved only a binary decision (is it there or not), the
crack count method was very quick and very effective. It did not,

however, provide any information regarding the distribution of crack
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spacings and, therefore, did not reveal whether the stable crack counts

actually corresponded to a well defined crack spacing or not. To obtain

such information we took measurements of crack spacings directly, one by
one from a large number of damage states. The data are summarized in
Table 7; histograms of the observations are shown in Figs. 28-30.

Data for individual specimens are shown to provide a perspective on
specimen to specimen variations as well as on the variability of crack
spacings within a given specimen. The values in parentheses are data
which have been corrected for crack coupling by disregarding a crack
which results from growth of a coupled crack in an adjacent layer in the
crack counts. While the standard deviations for data taken from a given
specimen are sometimes large, the data are consistant, especially from
specimen to specimen in the Type Il laminates. Comparison with the
figures shown earlier verifies that the two methods produce essentially
identical average values. The distributions shown in Figs. 28-30 indicate
a more or less normal shape; a skewing to the low crack spacing side
with tails on the high spacing side can be seen in Figs. 29 and 30, but

the displacements are not large. The ranges of the data are significantly

large, reflecting the complexity of the material and the local variations
in such things as strength, volume fraction of fibers and geometry, but

the central tendency of the distributions is certainly well defined and

the distributions are well behaved.




TABLE 7

STATISTICAL ASPECTS OF CRACK SPACING OBSERVATIONS

Specimen No. Average 90° Ply

TYPE I MATERIAL

TYPE 11 MATERIAL
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Survey Tests on Comparison Laminates

Two additional laminates were studied in order to establish the
effect of parameters such as the influence of having two 90° plies next
to one another, and the behavior of laminates having (double) 90" plies
on the outside surfaces. The in-plane stress fields and interlaminar
stresses were different from the type I and [l laminates, and the plies
used to make up the laminates were different. The material system was
maintained constant. A LU.902,'45]S (hereafter called Type 111) and a
L90L,.O,:45]S laminate (hereafter called Type IV) were chosen for these
studies. The number of tests of various types run on these two laminates
was smaller than the number run on the Type I and II laminates. (About
ten specimens each of the Type 111 and IV were tested.) The survey
tests were intended to establish trends and present comparisons with

earlier results. Some interesting contrasts did emerge.

The Type III laminate might be expected to compare with the Type 1l
laminate since it differs only in that there are two 90° plies just
below the outside 0° plies rather than just one. However, there is
considerable contrast in the damage states that develop. The predicted

and observed crack spacings in the two laminates are listed in Table

8 for the characteristic damage state in both cases. The crack

snacing in the Type [II laminate for the double 907 plies is much greater
than for the Type II case, i.e., there are many more cracks per unit
length in the laminate which has a single 90° ply between the 07 and 45° i
plies than there are in the double 907 plies of the Type 111 laminate.
Since the 90° plies are in quite similar surroundings in both cases, the
fact that the crack length is twice as long in one case would appear to

be the most influential factor, i.e., a longer crack relaxes the stress
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over a longer perpendicular distance from the crack tip, other things

being equal. Such a result and conclusion might have been anticipated.

A somewhat less expected result was the substantial increase in crack
coupling and delamination in the Type IIl laminates compared to the Type
[I's. For example, at 40 ksi (275.6 MPa) amplitude cyclic loading (R
0.1), there was complete and stable characteristic damage state formation
in the Type Il laminate. For the Type III laminate the regular arrays

of cracks in each ply that we identify with the CDS had begun to be
disrupted by crack growth at about 800,000 cycies at that stress level,
at least in the sense that many cracks in the +45° plies were coupled to
cracks in the double 90° plies. A schematic diagram of that situation

is shown in Fig. 31. The observed crack spacing is smaller in the 90°
plies than is predicted by our analysis. It appears trom the analysis
and from our observations, that cracks in the +45° plies grow into the
90° plies, although it may be that some other coupling process occurs.,

[f cracks in the double 90° plies grew into the 45° plies, the observed
spacing in the 45° plies would be expected to be lower than the analysis
prediction. The fact that such a discrepancy exists in the 907 plies,
along with the facts that the cracks in the 90's become rather irregularly

spaced in the case cited above and the cracks appear (from our replication

studies) to have grown from the +45° plies into the 90° plies leads us
to suspect that growth may be occurring that way, at least in some
cases.

Another interesting comparison is the strength of Type Il and 111
laminates. Although we have relatively inconclusive data (due to only
a lTimited number of ultimate strength tests) it would appear that the

ultimate strength of the Type III laminates is low, especially in comparison

to the Type II laminates. Figure 31 shows another aspect of growth in
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the Type III laminates that is peculiar to them. There is a considerable

amount of interfacial or interlaminar crack growth and crack coupling,

especially for this rather low stress level. A significant percentage
of the +45° intertace is cracked due to cracks in those two layers
coupling together by that mechanism.

Perhaps the most unusual new type of behavior observed in the 1
damage development in the Type III specimens is crack formation in only ‘J
one of the double 9C° pair at some early point in the load history.

This type of behavior was only very rarely observed in the other laminate

types. When a crack forms in one ply of an adjacent identical pair it
virtually always extends across both plies for the other laminate types
studied. However, for the Type III case cracks in one of the two 90°

plies were observed to form independently of the other ply in a signif-

icant number of cases, usually at some discontinuity in the ply such as
a matrix rich region or irregular ply boundary. Of course as loading

continued the crack spread into the other ply to form a crack through

both 90° plies in that location. However, this behavior contributed to
irregularity of the crack spacing and acted to increase the number of
cracks since it was found that when a crack in a single 90° ply formed
alone, often a crack in the adjacent 90° ply would also form alone some

short distance away. Rather than couple together those two cracks

f
!
I
}
|

usually spread across both plies forming a pair of parallel cracks quite
close together which disrupted the otherwise regular array of cracks
that formed through both plies essentially instantaneously. These
parallel pairs and the cracks coupling with cracks in the +45° plies are
thought to be the principal reason for the observed (DS spacing being

smaller than the predicted value in Table 8. Further data gathering is
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needed to resolve this point. In summary, the Type III laminates appear
to have a higher degree of crack coupling and growth through the Taminate
thickness and a correspondingly lower strength.

The Type IV laminates are also very different. The [902,0,345]S
stacking sequence of these laminates isolates the cracks in the double
90° plies. No growth of cracks from the 90° plies to the 45° plies, or
the reverse, can occur. As a result, the crack spacing in the 90° plies
is very stable and very regular with variations usually being clearly
traceable to surface irregularities or other local causes. The analytical
prediction of the CDS spacing in Table 8 is quite satisfactory, even
though the spacing is a very unusual value, the second largest value
observed in any laminate tested. Another result of the constraint on
crack growth appears to be an increase in strength, based on our limited
sample size. It is also interesting to note that for quasi-static
loading the +45° plies form very few cracks. In fact in some cases it
is difficult to find any. This is further evidence of the influence of

crack formation in one ply on that in another.
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SECTION IV
MECHANICS OF THE "CHARACTERISTIC DAMAGE STATE"

As we noted in the earlier sections, during the course of our
investigations we have made a very startling discovery regarding the
transverse crack formation process. We have discovered that each laminate
(i.e., each material and stacking sequence) has a completely unique
characteristic damage state (CDS) that it creates by forming cracks with
an essentially regular spacing in each off-axis layer of the laminate.
The crack spacing in each off-axis ply is determined by the properties
of the cracked ply and the properties of the neighboring plies, as well
as the properties of the laminate. The same plies stacked differently
will have a different spacing of cracks. We have come to call this
situation the "characteristic damage state" of a given laminate. It
has the following properties and attributes.

1) The characteristic damage state (CDS) depends only on the

laminate properties, including the stacking sequence, and
is independent of extensive variables such as tensile load
history or geometry.

2) The CDS is a unique, distinct, well defined physical situation

which can, therefore, be described and modeled analytically.

3) The CDS is the stable damage state that forms prior to failure

and has the same significance, in that sense, as the single
crack in a homogeneous material.

We noted earlier that the number of cracks seems to reach a common
maximum as quasi-static loading occurs. As we also noted above, the

same stable maximum is reached under cyclic (fatigue) loading. The CDS




is stable in that once it has formed no new transverse cracks form
independently in the off-axis plies. Quite close to failure of the
specimen cracks do couple up and spread from ply to ply as we will dis-
cuss below, but the damage state from which final fracture develops, the
CDS, is stable up to that point.

The discovery of the CDS is a recent finding; the generality of the
concept has not been established. However, the local mechanics of CDS
formation has been examined and some apparent progress has been made in
understanding and representing the physical situation. Reifsnider has
postulated a simple model which can be used to predict the CDS for any
Taminate. Comparisons of those predictions with twelve cases for which
experimental data is available shows very good agreement (see Table 8).
The success of the simple model suggests that the principles it is based
on are valid. The model utilizes an equilibrium element approach. The
cracked ply (or plies) is represented as one element in a plane con-
taining the thickness and longitudinal directions of the laminate as

shown in Fig. 32. Neighboring (uncracked) plies are represented as

elements, and the remainder of the laminate is represented by an element.

Each element has one dependent variable, the average displacement.

Axial and shear forces are summed up for each element and boundary
conditions are set, resulting in a system of coupled equations to solve.
Solution of these equations yields a rough estimate of the stresses in
the neighborhood of the crack in the thickness-length (x,z) plane.

There is one parameter in the model, the length over which a gradient of
shear stress exists between layers, which must be estimated based on

experimental observations of deformation fields. The basic premise that
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Figure 32. Equilibrium element used for one-dimensional model
of characteristic damage state formation




is used to predict the CDS from the analysis is that the closest distance

at which a new crack can form is determined by that distance from an

existing crack at which the stress in the cracked ply reaches the undisturbed
value which caused the first crack. Hence, that distance represents lower
bound on crack spacing. When that spacing is reached a stable CDS is

formed. The manner in which the stress is transferred into the cracked

ply by the shear stresses exerted by the neighboring uncracked plies
determines this characteristic distance. A brief example of these
calculations is given below.

We imagine a schematic representation of the [O,.'45,90]S laminate
situation shown in our earlier figures wherein two 90° plies are cracked,
but no further damage propagation has occurred (see Fig. 32). We assume
that the constraint layers next to the crack have an orientation of a
degrees to the load axis. We further assume that the disturbance caused

by the broken layer does not extend beyond the first constraining

(unbroken) ply on either side of the broken ply. Finally, on the basis

of experimental observations we estimate that any gradients in response

from ply to ply occur over a distance, b, which extends one twentieth of
the ply width into each ply, or about the thickness or one tow or

bundle on either side of the ply interface in the case of graphite epoxy

for example.

To consumate the analysis, we envoke an equilibrium element approach,
a method which is as old as the discipline of mechanics, and which as
been applied to other problems in composite materials by other investiga-

ters [7,8]. Referring to Fig. 32, we consider the equilibrium of an

element dx long, two ply thicknesses wide, and of unit thickness repre- L
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senting the region immediately above or below a crack in two 90° plies.
A simple force balance can than be written including only stress compon-
ents thought to be important, two shear stress components on either side
of the element representing the action of the constraint layers and an
axial normal stress component within the element in this case. The

resulting equation is

2
du Uy -U
90 , 76(22_90y .
aE, 4o 3 282 = 0 (1)

where Ex90 is the uniaxial engineering stiffness of the 90° ply in the x
direction, G is the engineering shear stiffness of the matrix material,
U90 is the average X displacement of the 90° ply at a given point, and

the stress transfer region dimension b has been used to write the con-

straining forces in difference form. For the constraint layers, an
equilibrium element can also be constructed having width ¢ and axial
displacement U2 as shown in Fig. 32. The resulting equilibrium equation

is
d°u
B, —2 + E
X dx

(Ugg *+ US - 20)) = 0 (2) |

where Exn is the uniaxial engineering stiffness of the constraint layer,
U® is the undisturbed laminate displacement and U“ is the average dis- '3
placement in the constraint layer. We choose to normalize these equa-

tions by the definitions

e Exyy ]
U= Ua(@.) au X = (G—-)Z ax (3)

~|—

where Ex is the laminate uniaxial stiffness and Ty is the laminate applied
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stress. Equations (1) and (2) then take the form

d2 2
Ugg d'u,
A dx2 tu, - Ugg = 0 and B 51?— *Ugg + X - 2ua =0 (4)
where
2
: b  be
A—Eand B-a—z‘

for this case. The boundary conditions require that the disturbance die
i out at Targe distances from the crack and that all stresses with normal

components vanish at the crack face. We also require that displacement

components vanish along the Y axis in all unbroken plies. The analytical

statement of those conditions follows.

du90 dua

e e S S R S (5)
du

90 = = = =

5 (x =0) =0 u (x=0)=0 (6)

Solutions to equations (4), as well as a large class of similar equations
are easily obtained and are available from such familiar situations as

the coupled oscillator problem. For our purpose we choose solutions of

the form

ax

- - -Bx
Ugg = X + C1e + Cze &)

2 -axX -BX
Uy, = X + D]C]e + DZCZe

as found in reference [8]. These are solutions if the auxiallary condi-

tions




D B2A . 1 (2.4020k 3
) a,R = Zﬂﬁ" + ng-[B +4A° ]2 (8)
D: = 1-Ag"
are satisfied. Boundary conditions (6) also require that
-D, D,
S v St e (9)

[t can be seen that boundary conditions (5) are automatically satisfied

by equations (7). The system of equations (7-9) then provide the complete

solution to the problem.

Each ply in each laminate requires a new solution of coupled equations.

When the plies on either side of the ply being analyzed are different from
each other three coupled equations rather than two must be solved and new

auxiallary equations will develop. Also, the equations take on somewhat

different forms when a free surface is encountered. Laminates of

arbitrary type can be easily analyzed, however, and characteristic

damage states can be predicted for all cases.

To calculate this spacing we need only solve for the stress in the
90° plies, in the present case, and determine the distance required for

our normalized stress to reach the value of approximately 1. For the

present material we use a = 0.30 mm, b = 0.015 mm, ¢ = 0.15 mm,

Ex90 = 9.17 GPA, EXO = 142.7 GPA in the analysis.

stress verses normalized distance from the crack face is shown in Fig.

A plot of normalized

33 for this case. In order to establish a value of x at which the

stress reaches the undisturbed value one must either pick a discretion-

ary value off of the plot or return to the equations and set a specific
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value of the normalized stress. In the interest of precision, the
latter was done for the data below; a value of 0.999 was used as the
normalized value of stress at which a new crack would form. (Since the
function is asymptotic it was reasoned that the material would not wait
for the miniscule difference between, say, 0.999 and 1 before breaking.
However, the choice does not affect the validity of the concept.)

The results of this calculation, and others, are shown in Table
8 along with the spacing values measured experimentally. The experi-
mentally determined values are expressed as the range of values included
within one standard deviation above and below the average measured
value. Both static and fatigue data are shown for the third entry in
Table 8 which corresponds to the calculation described. It can be
seen that the predicted value of 0.76 mm falls well within the range of
experimental values for both cases. However, this regular spacing of
cracks is observed in other situations. If the simple model postulated
above is valid, it should describe those situations as well. Table 8
shows several calculated characteristic crack spacings compared to
experimental observations. In general the agreement between the predicted
and observed crack spacings is close. The range of predicted spacings
is large, covering a multiple of about four between the lowest and
highest values. Of all predictions made to date none appear to be
unreasonable in light of our experimental data.

Figures 34 and 35 show the predicted characteristic damage states

for the Type I and Type II laminates, along with a tracing of the observed
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damage states. The observed state for Type | laminates is shown by the
typical pattern on the top of Fig. 34 and the predicted state is shown

on the bottom. The basic features are faithtully reproduced by the
analysis. Figure 35 shows the same type of comparison for a Type I
laminate. Aside from the fact that the analysis appears to predict the
CDS well in both cases, it is important to notice how different the
damage states are when the.stacking sequence, only, is changed. The 90°
plies for example, have nearly twice the density of cracks in the Type

IT Jaminate as they do in the Type 1 contfiguration. This difference
might be expected to produce a difference in properties. It is, in

fact, so. The strength of the Type I laminate, for example, is con-
sistently lower than that of the Type Il material (delamination of the
Type I laminates may contribute to this difference). Transverse cracks
also reduce the Taminate stiffness so that a difference in crack densities
will also mean a difference in stiffness change. Finally, during fatique
loading at stress levels of half the ultimate strength up to about two
thirds of that value, the CDS of the laminate usually develops fairly
completely. It becomes, then, a well deiined damage state which can be
modelled carefully and accurately, a state which controls the state of
strength and state of stress from which the final fracture event develops.
Hence, it is very desirable to be able to predict the CDS for arbitrary
laminates. It would appear that even the very simple analysis discussed
above can capture the essential features of the CDS, at least raising

the possibility that we can anticipate the fatigue damage state for any
laminate. The generality of the method is suggested by the comparisons

shown in Table 8 and by the predictions shown by the straight horizontal
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Figure 36. Schematic diagram of the cracked laminate
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lines in the figures of the previous section. The model has been tried

for a variety of widely different cases including plies on a free

surface and plies having drastically different surroundings. Agreement
with observations has been quite good.

Although the one dimensional analysis is very convenient and
instructive, the details of the mechanics involved in crack formation
and especially crack growth can not be extracted from such an analysis.
The precise nature of the stress field in the neighborhood of a crack in
an off-axis ply will determine how that crack grows into the «t ply,
or along the ply interfaces, or couples with other cracks, or partici-
pates in a laminate fracture event. The mechanics of these important
aspects must be investigated by means of a more general and more precise
analysis scheme. To investigate the nature of such stress fields in
composite laminates with internal cracks transverse to the direction of
loading the following model was developed.

[t is assumed that the laminate is infinitely wide, and that the
cracks extend across the width. Therefore, the stresses are independent

of y (Fig. 36). The equilibrium conditions then become:

0 GIXZ
SR =
IX dz 0
mx T 2
5 9z O (10)
\‘1 \‘k‘
| XZ Z
4+ —_——=
; X 92z v
92




Based on this assumption, and with the aid of the constitutive
relations for the material system under consideration, the y dependence
of the displacements u, v and w (in the x, y and z directions respec-
tively) can be determined analytically. Accounting for the symmetry

conditions, the functional forms of these displacements are found to be:

ulxay,2) = Bix.2)

vix,¥,2) = V(x,2) + Cy (11)

wix,y,z) = W(x,z)
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