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(ABSTRACT)

Damage initiation and growth under compression-compression fatigue loading were investigated
for a stitched uniweave material system with an underlying AS4/3501-6 quasi-isotropic layup.
Performance of unnotched specimens having stitch rows at either 0° or 90° to the loading
direction was compared. Special attention was given to the effects of stitching-related
manufacturing defects. Damage evaluation techniques included edge replication, stiffness
monitoring, X-ray radiography, residual compressive strength, and laminate sectioning. It was
found that the manufacturing defect of inclined stitches had the greatest adverse etfect on
material performance. 0° and 90° specimen performances were generally the same. While the
stitches were the source of damage initiation, they also slowed damage propagation both along
the length and across the width and affected through the thickness damage growth. A pinched
layer zone formed by the stitches particularly affected damage initiation and growth. The
compression failure mode was transverse shear for all specimens, both in static compression and

fatigue cycling tests. Specimens without stitches were not available for for comparison.
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I. INTRODUCTION

The aerospace industry has been using laminated composite materials in place of more
traditional engineering materials for over 20 years, largely due to the considerable savings in
weight composites provide. New material systems and manufacturing techniques result in more
and more applications for composites every day. Larger and more complex structures are now
being made out of composites with near net shape manufacturing. This results in even more cost
savings. However, it is not the conventional laminated composites, such as tape or prepreg,
which are being used in these new applications. These composites are limited by their tendency
to delaminate, resulting in low damage tolerance. The new trend is to use composites which are
reinforced in one or two directions, to inhibit delamination and improve impact and damage
tolerance. These new composites, referred to as either advanced fiber composites or textile
composites, encompass a variety of reinforcement techniques, including weaving, stitching,

braiding, and knitting.

These new textile composites are not without their limitations. In general, composites reinforced

by these techniques show an improvement in impact and damage tolerance at the cost of



reducing in-plane properties such as strength. However, Palmer and Curzio [1], in their
identification of the major factors limiting increased composite material usage, show that any
improvement in damage tolerance will more than compensate for a loss in strength.
Consequently, textile composites are getting more and more attention as their potential

applications continue to expand.

The NASA-Langley Research Center is currently involved in a program to characterize several
textile composite material systems. Work with stitched uniweaves, stitched and unstitched knits,
3-D braids, and 3-D weaves is either presently being performed or is planned. To date, the most
extensive work has been with stitched uniweaves [2-7], which are described later. In the present
investigation, a material similar to that used by Portanova [7] was tested in compression-

compression fatigue to determine modes of damage, including damage initiation and propagation.

Literature review

This section contains a brief review of laminated composite reinforcement techniques aimed at
suppressing delamination, a more detailed review of work done with the specific material system
tested for this repont, and a discussion of damage mechanisms and development in composites,

especially three-dimensionally-reinforced laminates.

Delamination Resistance

Conventional composite materials have a high tendency to delaminate, causing brittle
compressive fracture and low impact tolerance, and prompting extensive research into new

material systems aimed at suppressing delamination. Several different methods to suppress



delamination have been investigated, broadly divided into those that affect the resin and those
that affect the fibers. Resin alterations have included using a toughened matrix resin [8], or using
an interleaf resin between layers which is tougher than the matrix resin [9]. Fiber alterations
include the new textile techniques, tufting [10] or stitching [11-186] third-direction tibers through the
thickness, or incorporating a buffer strip [17] into the laminas. All of these methods have been
shown to improve delamination resistance and damage tolerance in composite materials. The
newest textile materials, such as 3-D weaves, braids, and knits, often have their fibers interlocked
in such a way that conventional delamination is no longer possible. These materials, such as
stitched uniweaves [2-7, 18], 3-D braids [19], and interlock weaves [20], fail in a transverse shear

mode under compressive loading.

Now that it is known that delamination resistance can be improved by a variety of advanced fiber
techniques, further research is being conducted to determine the advantages and disadvantages
of each method. Factors to be considered include cost of materials and processing, ease of
manufacturing, and whether the strength and stiffness of these materials meet design
requirements. Taking these factors into account, Palmer and Curzio [1] advocate a
woven/stitched material (also referred to as a stitched uniweave) as having the best potential for
large applications when compared to materials having similar properties. Its advantages over
conventional composite materials include improved resistance to crack propagation, increased
interlaminar fracture toughness, better compression after impact properties, improved resistance
to delamination, labor savings over individual ply layups, and damage-tolerant, cost-effective
structural parts [1]. These advantages have encouraged industry and researchers to take a

closer look at stitched uniweaves.



Stitched Uniweaves

Stitched uniweaves are formed in three steps. First, unidirectional tows are held together by
woven fill fibers (2% of total fiber weight) to form a lamina. Next, these lamina are stacked
together and stitched through the thickness to form a laminate (see figure 1). Finally, the

laminates are infiltrated with resin.

The fill fibers and stitch fibers usually differ from each other in weight and/or material. The stitch
fibers have three parameters besides material and weight: direction, spacing, and pitch (see
figure 1). Direction refers to the angle between the stitch direction and the loading direction.
Stitch spacing is the distance between adjacent rows of stitches. Stitch pitch is the number of
stitches per inch within a row of stitches. Together, stitch spacing and pitch determine the

number of penetrations per inch that the material experiences.

The laminates are usually impregnated using a resin transfer molding process, which requires a
low viscosity resin. The graphite tows forming the laminae and the resin system used varied from

study to study.

Work done to date with stitched uniweaves has investigated various combinations of stitch
parameters and materials to evaluate the resultant material properties. A review of this work

follows.

The earliest work with a stitched uniweave material system, performed at NASA-Langley in 1985,
was done by Funk, Dexter, and Lubowinski [2]. They investigated three stitch configurations and
performed several types of tests. The stitching direction was 0° only, and the stitch fibers were
either polyester or Kevlar. They found that while the different stitch configurations had similar

static properties, they exhibited significant differences under impact and open hole compression
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testing. In comparing the stitched material to a similar unstitched material system, they noted
improvements in compression after impact performance, lower impact damage area, and higher

interlaminar fracture toughness.

Dexter and Funk [3] expanded on this work in 1986, this time investigating five stitch
configurations. In this study the effects of stitch pitch and spacing were investigated. Findings
included: increasing the number of stitches reduced tension strength but increased compression
strength, stitch pitch significantly affected damage resistance and interlaminar fracture toughness,
and the material with the most stitch penetrations per inch was the most effective in suppressing

impact damage and improving interlaminar fracture toughness.

The next study of this material system performed at NASA-Langley was published by Lubowinski
and Poe [4] in 1987. They used extra material left over from the 1985 study [2], this time
performing fatigue testing and looking at damage progression in the stitched material. Stiffness
loss and delamination onset were recorded, and radiographs were taken to monitor damage
progression. They found that while the stitched materials had lower static strengths and earlier
delamination onset than a similar unstitched material, all the stitch configurations resuited in
longer fatigue lives than the unstitched material, and that fatigue performance improved as the

number of stitches increased.

Also in 1987, Ogo [18] performed a study at the University of Delaware on stitched uniweaves.
He investigated various stitch configurations and their effects on in-plane and interlaminar
properties. As in previous studies, he found that the static tensile and compressive strengths

decreased due to stitching, while interlaminar fracture toughness increased.



The Palmer and Curzio report [1] was published in 1988. In addition to advocating the
woven/stitched textile manufacturing process and citing its advantages, they discuss the
fabrication of a three-blade stiffened panel preform and the vacuum impregnation process used to
transfer resin into the preform. By their estimates, a cost reduction of over 48 percent could be
achieved by using this manufacturing process with stitched uniweave composites for large

stiffened panels.

Dow, Smith, and Lubowinski [5] also published a report in 1988 dealing with stitched uniweaves.
They placed stitches in both the 0° and 90° directions and used a variety of stitch spacings and
pitches. They also used a heavier fill yarn than was used in the earlier studies. In addition, they
looked at fiberglass and carbon stitch fibers at deniers that gave similar knot breaking strengths to
the Kevlar being used. They also tried two different fabric/resin systems, one of which was a high
performance system which performs much better than the other one in the unstitched state (and
also costs much more). Findings included: the two fabric/resin systems performed comparably in
the stitched states, all three stitch threads provided similar performances, and performance

improved as stitches became more closely spaced (more penetrations per inch).

Dow and Smith published again in 1989 [6], a continuation of their earlier work. Twelve stitch
configurations, varying all three parameters (stitch spacing, pitch, and direction), were
investigated. Further findings indicated that a stitch pitch of eight stitches per inch gave the best
performance, and that stitching in one direction only gave as good a performance as stitching in
two perpendicular directions. They also noted that stitching did not degrade open hole
compression strength from the unstitched state, and that thermal cycling did not result in a loss of
compression strength. Three-blade stiffeners, manufactured as described in [1], were tested, and

they performed excellently in post impact compression.



The most recent Langley study of this material was performed by Portanova, Poe, and Whitcomb
[7], published in 1990. Based on results from the earlier studies, they focused on just one stitch
configuration: stitch pitch of eight stitches per inch, row spacing of one-eighth of an inch apart,
stitch direction 0°, and S-2 fiberglass stitch thread. The layup of the woven material was quasi-
isotropic, [+45/0/-45/90]es. The fatigue performance of this material was compared to an
unstitched toughened resin tape composite designed to resist delamination. The stitched
uniweave was found to be much more damage tolerant, but it suffered a weight penalty because
it was 20% thicker than the tape composite due to the stitch and fill fibers. Fatigue damage
progression was monitored in open hole compression testing, and it was found the that stitches
changed the compressive failure mode from matrix cracking and delaminations to a transverse

shear/fiber buckling mode.

In conjunction with NASA-Langley, Douglas Aircraft Company has been performing stitch
parameter evaluations of stitched uniweaves. In their progress report of April 1990 [21], they
present a comparison of properties of composites made with different stitch threads but the same
stitch configuration. These studies resulted in the material system shown in figure 1. It was
essentially the same woven material system as that tested in [7] except that the fill fiber
percentage was decreased from 5% to 2% (by weight). This resulted in an improved
performance in several areas, including compression after impact, impact damage area, and
strain at failure. Some changes in static properties were noticed (in compression, a lower
ultimate strength and higher modulus; in tension, both a higher ultimate strength and modulus).
The authors had two recommendations. First, due to a poor performance in transverse testing,
they said that the stitch direction for structures should be the same as the major loading direction.
However, the layup of their material was non-quasi-isotropic, which probably contributed to the

performance deficiencies. Secondly, like Portanova [7], they noted that the increased thickness



due to the stitches and fill fibers added a large weight penalty and needed to be controlled.

To date, analysis and/or modelling of stitched materials has been limited. Mignery, et. al. [14]
used a 2-D finite element model to compare interlaminar normal stresses and strain energy
release rates between stitched and unstitched materials. Peistring and Madan [15] developed
semi-empirical relations based on stitch parameters. Su [16] constructed a fracture model to
simulate delamination in a stitched material. However, no works have yet been published dealing

with the modelling or analysis of stitched uniweaves.

Damage Development

Damage mechanisms and development in conventional laminated composites have been the
topic of many studies. Charewicz and Daniel [22], in their study, reviewed the different types of
studies done to monitor damage in composites and performed their own tests to develop a
cumulative damage model. Their damage evaluation methods included x-radiographs, residual
stiffness, and residual strength. In addition to these methods, edge replication [23] has proven
useful in documenting the initiation and growth of edge damage. Stalnaker and Stinchcomb [24]
successfully employed this method to track edge damage of a quasi-isotropic tape laminate

during fatigue loading.

Many studies have employed stiffness loss monitoring to assess the degree of damage present in
a composite fatigue specimen. Most of these studies tested specimens in either tension-tension
(T-T) or tension-compression (T-C) fatigue. In both tension fatigue stiffness loss and
compression fatigue stiffness loss, it was found that tape composites generally follow a three

stage pattern of stiffness loss [25, 26]. The three stages are: a sharp stiffness drop in the first 5-
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10% of life, a gradual linear decline in the next 80-80% of life, and a very sharp decrease in the
final 5-10% of life. In woven composites, it was found that in tension fatigue stiffness loss the first
stage is less pronounced, and often runs into a middle stage which is not as linear as in tape
composites [27]. In addition, the gross tension cycle stifiness loss before failure was higher for
woven than for tape composites. In T-C fatigue, Bakis [26] found that for tape laminates
compression cycle stiffness loss was more severe than tension cycle stiffness loss, with final
specimen failure being controlled by compression. Bakis also found that by normalizing both
stiffness loss and specimen fatigue life, a single master curve of stiffness loss for all fatigue stress
levels could be postulated. While not much work has been done with compression-compression
(C-C) stiffness loss, it follows from Bakis's T-C results that it should be a reliable method for
estimating the stage of life for C-C fatigue specimens. However, the pattern of compression
fatigue stiffness loss for stitched uniweaves would be expected to be more like the pattern seen

for woven composites than for tape composites.

Damage development in composites subjected to compression-compression fatigue loading (the
loading conditions studied in this report) was examined extensively by Ryder and Walker
([28],[29]). They worked with prepreg tape graphite/epoxy laminates of various I: ? us and
geometries. They found a generally applicable compression fatigue damage process which
changed very little for different lay-ups, loading conditions, and specimen geometries. The
general pattern was: microcracks initiate (or are present initially), grow, and saturate;
delaminations become the dominant damage event and extend; fibers fracture in many regions;
fracture occurs at a "worst site" of damage ([28], p. 236). It was hoped that a similar general
damage process could be established for stitched uniweave compression-compression damage

growth,
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Damage development in composites reinforced through the thickness has been examined in
several studies. In an early work, Robinson and Francis [30] tested a 3-D woven material and
used acoustic emission monitoring to record damage events. They also used scanning electron
micrographs to more closely examine sites of damage. Other authors have looked at deformation
and failure mechanisms in nonwoven stitched composites. Cholakara, et. al. [11] observed that
the compressive failure mode changes from being predominantly delamination in 2D composites
to modes such as fiber buckling and matrix cracking in stitched laminates. They also noted that a
combination of failure modes in the stitched composites led to a gradual failure process, as
opposed to a sudden failure process as seen in 2D composites. Chung, et. al. [12] used optical
and scanning electron microscopes to look at failure mechanisms in stitched and unstitched
composites. They found that third-direction fibers suppressed free edge delamination and slowed
delamination propagation. They further noted that the stitched composite's failure mode was
fiber-dominated, including fiber buckling, breakage, and pull-outs, as well as interfacial
debonding. Mignery, et. al. [14] used enhanced x-radiographs to monitor delamination
progression in stitched composites, and found that the stitching effectively arrested delamination

propagation.

Two of the previously mentioned works dealing with stitched uniweaves also included a look at
damage development. Radiographs were used by Lubowinski and Poe [4] to monitor damage
propagation through the thickness of a stitched uniweave. Under both tension-compression and
compression-compression fatigue loading, they found that damage progressed slowly until just a
few thousand cycles before failure, when damage began to spread rapidly. They also monitored
compression cycle stiffness loss during fatigue loading, and found that stiffness loss in stitched
uniweaves started earlier but progressed more slowly than in unstitched composites, allowing the

stitched composites to experience more damage before failing. The final value of stiffness loss
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was quite high compared to unstitched laminates, and similar to that found in woven materials.

Portanova, et. al. [7] used edge replicas to monitor fatigue damage progression in open-hole
compression-compression specimens. They also found that damage in stitched uniweaves
progressed more slowly than in unstitched specimens, and delaminations were less predominant.
They speculated that the stitching arrested delamination growth by reducing the opening or peel

stresses, thus prolonging the fatigue life of these specimens.

The variety of methods used to monitor damage development reflects both the goals of the
authors and the equipment available to them. Both destructive (laminate sectioning, residual
strength testing) and nondestructive (X-rays, C-scans, edge replicas, stiffness loss) testing
provide valuable information conceming the state of damage present in a composite specimen at
different stages in its life. Through a combination of these evaluation methods, a more complete

characterization of a material's damage modes can be achieved.

Summary

Stitched uniweaves show great promise as a damage-tolerant composite material which is easily
fabricated into large net-shape parts and structures, and is much less costly than other damage-
tolerant systems such as toughened matrix composites. Work to date with stitched uniweaves
has included evaluations of static properties and damage tolerance, as measured by impact
resistance, compression after impact, and delamination propagation. Stitch parameter studies
have investigated various combinations of stitch material, weight, direction, spacing, and pitch.
From these studies a particular stitch configuration was chosen and further studies were made,

such as investigating open hole and post impact compression fatigue behavior. Some preliminary
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work was done with fatigue damage initiation and propagation. A more thorough examination of

damage initiation and modes is needed.

There have been two major concerns noted pertaining to the performance of this material system.
The first is that the increase in laminate thickness due to stitch and fill fibers causes a weight
penalty [7] and should be minimized. This was overcome by decreasing the weight percentage of
fill fibers [21]. The second concern is that the material performed poorly when the loading and
stitching directions did not coincide; however, this occurred for a thin, non-quasi-isotropic layup
[21], as opposed to the thicker quasi-isotropic layup tested in [7]. In this study, a quasi-isotropic
layup with the decreased fill fiber percentage was tested, thereby addressing both performance

concerns.

Problem Statement

The primary objectives of the present study were to investigate damage initiation and propagation
in a graphite/epoxy stitched uniweave material. The stitch configuration for this material was
chosen based on the results from previous studies. Special attention was given to stitching-
related material defects, and the effects these defects may or may not have on material
properties and response. Specimens were tested in compression-compression fatigue because
compression is usually the limiting factor in composite material usage. Damage was monitored
on both a global (laminate) and local (ply) level using a variety of destructive and nondestructive
test methods. The effect of damage states on the laminate were monitored by stiffness loss and
residual strength, while damage on a local level was monitored using edge replicas and x-ray

radiographs.



Il. EXPERIMENTAL PROCEDURES

Material and Specimens

The specifications for the material system used for this study were chosen based on results from
previous studies. The dry fabric, consisting of individually woven laminae laid up quasi-
isotropically and then stitched together, was made by Texlile Technologies, Inc. The stitching
process used is known as the modified lock stitch (see figure 2). The advantage of modified lock
stitching over standard lock stitching is that the knots formed by the needie and bobbin threads

are placed at the outer surface of the laminate, minimizing lamina fiber damage [5].

Referring to figures 1 and 2 for nomenclature, table 1 lists the raw materials used to manufacture
the specimens for this study. AS4 graphite fibers are commonly used for lamina warp tows. The
sole function of the weave fibers was to hold the lamina tows in place during stitching, therefore
they were a low-denier fiber and only comprised 2% of the total dry fabric weight (denier is a

textiles term meaning weight in grams per 9000 meters of yarn length). Next, the woven laminae

were stacked in a quasi-isotropic 48-ply layup ([+45/0/-45/90]gg) prior to stitching. Modified lock
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Standard Lock Stitch

Needle
Thread

Bobbin
Thread

Modified Lock Stitch

Needle
Thread

Bobbin
Thread

Figure 2. Lock Stitching [5]
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Table 1. Composite raw material information

Laminae

AS4 graphite tows

Fill (weave) fibers

225 denier 1/0 glass untwisted, plain weave pattern

Stitch
fibers

needle thread
bobbin thread

200 denier Kevlar 29 2-end twisted
3678 denier S-2 glass 449-1250 untwisted

Matrix

3501-6 neat resin
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stitching was then performed in one direction only, at one-eighth inch row spacing and a pitch of
eight stitches per inch. The two different fibers used in the modified lock stitching process have
similar knot breaking strengths, but the S-2 fiberglass threads are much more flexible than
the Kevlar threads. Therefore, S-2 fibers were used as the bobbin thread, which was generally
crimped much more than the needle thread (see figure 2). The dry fabric preforms were then
impregnated by Douglas Aircraft Company using their resin transfer molding (RTM) process
known as vacuum impregnated molding (VIM). This process required a low viscosity resin, for

which 3501-6 was chosen.

Four plates (designated K, L, M, and N) were received from Douglas Aircraft Company. Their
average dimensions were 12.05 inches long by 7.00 inches wide by 0.300 inches thick. Each
plate was ultrasonically C-scanned to detect major defects; all plates were determined to be of
similar quality. Manufacturing uniformity was also checked by performing acid digestion tests on
scraps from each plate. This test determines the relative weight and volume percentages of
fibers and matrix. Results for fiber percentages, reported in table 2, include all fibers; that is,
tow (AS4 graphite), stitch (3678 denier S-2), and fill (225 denier S-2) fibers together comprise a
weight fraction of about 66%, which compares quite favorably with fiber weight fractions achieved
in high-quality unstitched laminates (typically 65-70%). For comparison, the similar stitched
uniweave material tested in [7] had only 56% weight fraction fibers, although that material had a
higher weight percentage of fill fibers. This difference alone should account for a significant

increase in specimen static strength.

The plates were machined at NASA-Langley Research Center. The machining pattern is shown
in figure 3. Each plate yielded ten specimens with the stitches running in the longitudinal (0°)

direction, and seven specimens with the stitches running in the transverse (90°) direction. The six
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Table 2. Plate content information

Fiber weight

Plate Density, gm/mm3 percentage
K 1.60 66.6
L 1.59 64.4
M 1.59 66.1
N 1.58 66.7




19

stitch direction

90° specimens
1" by 4“

0° R —
specimens
51 " by 4"

7"

Figure 3. Plate Machining Scheme and Specimen Nomenclature















