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Abstract:

Material thickness variations are required to optimize the design of laminated composite structures.
These thickness variations are accomplished by dropping layers of material (plies) along the structure
to match the load carrying requirements. Unfortunately, these ply drops produce internal stress
concentrations as a consequence of material and geometric discontinuities. This thesis provides a
parametric experimental investigation of ply drops in E-Glass stranded fabric reinforced polyester
composites and structures. These parameters include: ply drop location, laminate thickness, number of
plies dropped at one location, fabric type, loading condition, fiber content, and spacing between ply
drops. The damage which develops at ply drops is typically delamination cracks which propagate
between the layers of reinforcing fabric.

There were two parts to this study: (1) to examine delamination propagation rates at ply drops and
determine crack growth threshold levels, and (2) to determine the effect of ply drops on the lifetime of
various composite materials. Tests were conducted on both small coupons of material and beam
structural elements with ply drops in the flanges.

A strong sensitivity to ply drop position and manufacturing details is shown for fatigue damage
initiation and growth. The results indicate that it will be difficult to completely suppress damage and
delamination initiation in service. For 0° plies, single internal ply drops provide the greatest
delamination resistance. Multiple ply drops should be spaced at correct intervals so that the
delaminations from each do not overlap prior to arrest. It was found that, in most cases, there is a
threshold loading under which little growth after initiation is noted. Delamination retardation
techniques such as ply edge feathering, “Z-Spiking” and adhesive layers improve the delamination
resistance in many cases. After delamination has occurred, especially with exterior ply drops, it can be
repaired with adhesives. Ply drops adversely affect fatigue lifetime of low fiber content laminates more
severely than for high fiber content laminates. The choice of fabrics used in a laminate can have a
significant impact on delamination rates, but the lifetime of the laminate is insensitive to fabric type.
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ABSTRACT

Material thickness variations are required to optimize the design of laminated
composite structures. These thickness variations are accomplished by dropping layers of
material (plies) along the structure to match the load carrying requirements.
Unfortunately, these ply drops produce internal stress concentrations as a consequence of
material and geometric discontinuities. This thesis provides a parametric experimental
investigation of ply drops in E-Glass stranded fabric reinforced polyester composites and
structures. These parameters include: ply drop location, laminate thickness, number of
plies dropped at one location, fabric type, loading condition, fiber content, and spacing
between ply drops. The damage which develops at ply drops is typically delamination
cracks which propagate between the layers of reinforcing fabric.

There were two parts to this study: (1) to examine delamination propagation rates
at ply drops and determine crack growth threshold levels, and (2) to determine the effect
of ply drops on the lifetime of various composite materials. Tests were conducted on both
small coupons of material and beam structural elements with ply drops in the flanges.

A strong sensitivity to ply drop position and manufacturing details is shown for
fatigue damage initiation and growth. The results indicate that it will be difficult to
completely suppress damage and delamination initiation in service. For 0° plies, single
internal ply drops provide the greatest delamination resistance. Multiple ply drops should
be spaced at correct intervals so that the delaminations from each do not overlap prior to
arrest. It was found that, in most cases, there is a threshold loading under which little
growth after initiation is noted. Delamination retardation techniques such as ply edge
feathering, “Z-Spiking” and adhesive layers improve the delamination resistance in many
cases. After delamination has occurred, especially with exterior ply drops, it can be
repaired with adhesives. Ply drops adversely affect fatigue lifetime of low fiber content
laminates more severely than for high fiber content laminates. The choice of fabrics used
in a laminate can have a significant impact on delamination rates, but the lifetime of the
laminate is insensitive to fabric type.




| ' CHAPTER 1

INTRODUCTION

Today’s need for stronger, lighter and cheaper structures has generated much

! interest in materials development, especially in composite materials. Fi‘ber-reinfo;rced
| ,
‘ composites have played a leading role in the technological advancement of structural
material systems. Typically, fiber-reinforced composites are known for being light
V\;eight, high strength materials which are more durable than gonventiqnal materials. The
use of composite materials in structural applications is rapidly increasing for commercial
applications. With this increased use comes the need for a better understanding of the
performance of the structures fabricated from composite materials, called composite{
structures. A large portion of composite structures are comprised of layered, laminated
composite materials; thickness variations in such laminates are achieved by changing the
number of plies in proportion to the thickness change. This requires the termina';i'onv of
layers, or plies, within the laminate, which then introduces a characteristic flaw into the
material.

Laminated composites typically are fabricated from planar sheets of material, so

that all fibers are oriented in a plane. Careful design and selection of the in-plane fiber
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3
discontinuous plies to create a local build-up or thickening at high stress points. Finally,
bonded or bolted joints are réquired‘ to attach multiple sub-components of the structure.
Each of the structural elements shown in Figure 1 develop significant out-of- plane
normal and shear forces when the component is under load. These interlaminar loads are
acting on the plane of minimum strength and toughneés of the laminated sﬁ‘uctur&
Therefore, each of these structural elements have the potential to cause a delamination of
the individual layers. In addition, most analyses and failure models do not account for
these interlaminar loads. The interlaminar performance of these critical sfruc’aual
elements provides a limit to the structural performance of the composite structure. It is.
important to note that the approacéh taken in this thesis is also directly applicable to some
degree to all of the interlaminar stress risers illustrated in Figure 1.

The approach in this work was to focus on the ply-drop configuration. This is an
unavoidable flaw if the thickness is to be tapered, and has received limited atfention in the
literature with respect to low cost composites of this type under fatigﬁe loading. A
parametric experimental study of the influence of various geometric details of ply drops
was carried out using laminate coupons, in terms of both the delamination resistance and

the reduction in fatigue lifetime. The work is then extended to ply drops in the flanges of

larger I-beam structures.




CHAPTER 2

BACKGROUND

This Chapter reviews the basic mechanics of delamination in terms of the strain
energy release rate. Several key problem areas associated with thickness transitions in
composite laminates are then identified and discussed. Issues in need of an increased
research effort are identified.

Strain Energy Release Rate

Once a crack is initiated in a structure it can be further propagated in any of three
different modes, or a combination of these. Figure 2 shows the three modes of crack
growth. Mode Iis an “opening mode” crack, which is caused by normal stresses. In-
plane shear causes Mode II or “sliding mode” cracks and Mode III cracks are caused by
out-of-plane shear and are known as “tearing rr‘10de‘"’ cracks [2].

The strain energy release rate, G, is based on the Griffith criterion [2]. Griffith
‘stated that crack propagation will occur if the energy released upon crack growth is.
sufficient to provide all the energy that is required for crack growth. The Griffith

equation can be represented as
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6

extends, the crack will propagate according to some R-curve behavior, requiring higher G
values as crack extension occurs [2].

To determine an opening mode, or Mode I, strain energy release rate for
delamination, a double cantilever beam (DCB) specimen is used. The critical strain
energy release rate can be obtained by determining the area enclosed by the loacﬁng and
unloading curves on a load-displacement diagram, which is the incremental change in
stored strain energy, U, with crack extension Aa. A typical loading-unloading diagram

for a DCB specimen can be seen in Figure 3. Another method to determine G, values

12P2a?

" EB%3 @

Ie

uses an analytic formula (Eq. 2) proposed by Benbow and Roesler [3] and Gilman [4]
which takes into account the strain energy generated due to the bending moment of the
DCB test, where a is the crack length, E the modulus parallel to the crack direction, B fhe
laminate width, h is the half height and P, is the critical load. Many G values can be
obtained from a single DCB specimen which allows a crack resistance (R) curve to be
generated, indicating how ( and if ) the resistance to crack growth changes with increasing
crack length.

To determine Mode II crack growth rgsist,ance, it is necessary to use a different
test method to determine the corresponding strain energy release rate. Eﬁd notched

flexure (ENF) tests apply a load to the center of the coupon; when the applied load
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configurations investigated, little change in the global.stress-strain behavior and‘ulti:ma-te
load carrying capability were observed relative to similar constant thickness laminates.
The work illustrated an effect due to the placement of multiple ply drop-offs. When
discontinuous plies were distributed along the specimen length, the laminate failed
similar to a laminate without ply drops. However, when\multiple plies were dropped at
one position in the laminate, a delamination failure resulted. It was suggested that the
apparent penalty in the in—pldne response may be more severe for compression loading.

Wisnom [7] looked at the size effect of coupons on delamination rate. Larger size
coupbns showed a decreasing delamination rate. Also, when the number of plies dropped
in one location was increased, there was a significant increase in the rate of delamination.

The effect of the‘ fiber content on ply drop effect has not received much attlention.
The apparent reason for this lack of research is that the majority of work has been
centered around the use of pre-preg laminatés which generally have ply thicknesses of
less then 0.2 mm, with fiber volume contents ranging narrowly in the fifty to sixty percent
range. The fiberglass laminates being studied for use in this project ranged in fiber
content from the low thirties to the mid-fifty percent range.v Mandell, et al. [8] showed
that the tensile fatigue resistance decreases with increasing fiber content. The cause of
this is postulated as due to the decreased amount of resin between plies which acts as a
buffer to reduce stress concentrations resulting from matrix cracks in adjacent layers.

Compression Testing of Ply Drop Iaminates
Grimes and Dusablon [9] investigated’ the static and fatigue coml;ression behavior

of graphite/epoxy composites with internal ply drop-offs subjected to severe operating
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environments. A [£45/0/90]s family laminate with up to four dropped f)lies was tested.
The static strength and stiffness were insignificantly affected by the discontinuities.
However, the endurance limit was decreased by up to 30 percent depending on the
orientation of the discontinuous layers.

Curry, et. al. [28] noted that dropped plies can cause a significant reduction in
compressive strength. Also, the greater the change in axial stiffness between the thick
and thin sections, the greater the reduction in strength. The reduction in compressive
strength is much greater than the reduction in tensile strength.

Damage Accumulation

Ulman et al. [10] conducted an extensive experimental program with
graphite/epoxy laminates with single ply drops. Damage initiation and growth from both
open holes and ply terminations were evaluated during both static testing and constant
amplitude fatigue testing of a [0/+45/90] family laminate. The results ind_icated that
although the loading mode greatly -inﬂueneed the damage development process,
interfacial delamination was present in both static and fatigue loading before ultimate
failure. Tapered specimens were shown to be dorﬁinated‘ by the ply drop. Under tensile
loads, the damage progressed frqm matrix cracking in the resin-rich zone, to transverse
cracks at the ply termination. Continued loading induced delamination which increased
in size until final failure. In fatigue loading, the damage development was similar, but,
delamination growth dominated the last 75 percent of the structural life. A similar
fracture response was illustrated for compression loading; however, the process occurred

much more rapidly.
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Reifsnider [11] showed that the residual (remaining) strength of typical
composites does not deteriorate from the static value until a few hundred cycles before
failure. This was because the accumulated damage in fatigue smﬂples was éimilar in type
and amount to that in quasi-static tests near failure. |

Stress Analysis of Ply Drop Laminates

’ A numerical study of a 30-ply carbon fiber laminate containjng‘two zero degree
dropped plies at different locations through the thickness wa; performed by Adams, et al.
[12]. A three-dimensional finite element analysis incorporating nonlinear orthotropic
lamina properties was conducted to assess the effect of compressive load, moisture and
temperature. Although the residual thermal stresses resulting from post cure cooling
were found to be significant, the interlaminar stresses were negligible compared to the in-
plane stresses. It was concluded that the dropped plies have little effect on the in-plane
stresses.

Kemp and Johnson [24] presented a failure analysis of an eight-ply quasi-isotropic
graphite/epoxy laminate containing up to three dropped zero degree plies, in a single drop -
step. The finite element method was applied to determine the resulting three-dimensional
state of stress. Interlaminar stresses were found to be significant at the location of the
dropped plies. In-plane failure loads were calculated bésed on both resin failure neér‘ the
dropped plies and intralaminar failure in tension and compression. A maximum principal
stress criterion was applied to predict resin failure and the Tsai-Wu criterion was applied
to predict intralaminar failure. The analysis predicted ipitial failure to occur in the resin.

No experimental data was generated to correlate with the numerical results.
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Curry et al. [28] studied sixteen-ply graphite/epoxy laminates, containing four
plies terminated at the mid-plane. A stress based failure theory was applied to predict the
axial compressive strength. The 'resuits were shown to under estimate ex;;erimentally
determined failure loads by 33 percent. A Experimental resﬁlts indicated that both the
tensile and compressive strength are reduced by the presence of a thickness discontinuity.
However, the reduction was larger for compressive loading. In addition, the reduction in
strength was shown to be inversely related to the increase —in axial stiffness of the thick
" section relative to the thin section.

Fish and Lee investigated the tensile strength of tapered glass/epoxy 1mniﬁates
with multiple internal ply drops [13]. A three-dimensional finite element analysis was
conducted and the average stress concept was applied to predict the initiation of failure.
Strength predictions, based on the stress in the inter-ply resin layers and an averaging
distance of one ply thickness, were found to correlate with the experimentally observed
delamination failure. However, the predictions were valid only for deiémination
initiation and not delamination growth. Laminates both with and without significant edge
effects were tested. The failure mode for those with negligible free edge effects was an
unstable delamination growth across the width of the laminate, followed by stable
delamination growth in the axial direction. One of the tapered laminates showed an
increase in strength while the other showed a decrease. Alternatively, laminates
containing 90° plies showed a significant free edge effect. The corresponding failure

mode was a combination of free edge delaminatioﬁ and delamination growth in the axial

direction [14].
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A similar analysis for laminates with external ply drop-offs was conducted by Wu
and Webber [15]. A two-dimensional finite element analysis was performed.
Interlaminar peel and shear stresses were found to peak in the corner regions of the
external steps. The failure of the laminates in delamination was attributed to these peak
stresses.

Unidirectional glass/epoxy and graphite/epoxy laminates with internal drop-offs
were studied by Hoa et al. [16]. Under tensile loading, the laminates failed in
delamination at load levels well below the in-plane strength. Stress and strain variations
within the taper were obtained using a three-dimerllsional finite element model employjng
a quadratic displacement based element. An acoustic emission was 'found‘ to cotrespond
to fhe initiation of delamination while no chaﬂge in the stress-.strain'response was
observed. Reasonable correlation between experimental aﬁd numerical results was
reported when the interlaminar stresses were compared to the interlaminar strength of the
material.

Delamination Preventidn

Another type of ply drop occurs in laminates with discontinuous interlaminar
layers in the use of buffer strips [17,18]. A buffer strip is added or constructed by either
discontinuing specific fiber layers of a laminate, usually the stiff zero degree plies, or
inserting additional plies of lower longitudinal modulus. The objective is to create

" discrete region of increased local compliance within the component. The result is a
superior construction in terms of damage tolerance. As damage in ';he; main laminate

grows, it can be arrested and controlled by the more compliant buffer strips. Such a
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construction has been shown to reduce the sensitivity of composite structures to inherent
damage and to increase the lifetime of the component [19].

Another method currently being used is called “Z- Spiking”. Aztex Co.
(Waltham, Mass.) uses fibers positioned in foam which is then vacuum pressed into the
laminaté to reinforcé laminates in the thickness direction. This reinforcement is
especially useful for bonded joints, where the strength of the joint is matrix dominated.
Aztex [20] reports a minimal decrease in the in-plane properties and a 30-fold increase in
interlaminar fracture toughness. Tanzawa [21] showed that although the z reinforcing
fiber content was approximately 0.6%, the normally brittle carbon fiber/epoxy plates had
the same critical strain energy release rate as carbon fiber/PEEK plates. By increasing the
critical strain energy release rafe, the structure becomes more delamination resistant
without having to increase the cost by using the more expensive PEEK thermoplastic
matrix.

Chan [22] used narrow, tough thermop"lastic interlayers to prevent coupon edge
delamination. In another study, Masters [23] used an entire layer of adhesive to improve
the impact toughness of composites. These interlayers provided a tough region where.
propagating cracks could be arrested before growing long enough to cause a catastrophic
failure in the component.

Existencg of a Resin Rich Region

It has been shown that during processing of a variable thickness laminate, a pure

resin region de\‘lelops at the end of the discontinued plies. Therefore it is thé resin flow

from surrounding layers during processing that creates this neat resin zone. After the
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resin fills the mold, porosity can become entrapped in the‘resin in this area creating stress
concentrations which can initiate delamination. The volume and dimensions of this
region are clearly a function of the number of discontinuous layers at a given location and
the orientation of the surrounding layers. The existence of this neat resin region has been
observed in several works [24-28]. A common method:employed to account for this
micro structural detail is to inspect actual laminates with photo microscopy. Although
this identifies the size and shape of the neat resin zone, there has been little effort to
address the change in fiber volume content near a discontinuous layer. Chan and Ochoa
[26] did attempt to account for the change in ply properties that occur local to the
discontinuous plies.
Design Considerations
In metallic structures, damage tolerance technology has beéen used effectively to
characterize crack growth under cyclic loading for a material, predict the rate of crack
growth in the structure under service loads, and establishhinspection iptervals and
nondestructive test procedures to ensure operational safety [29]. Because composite
delamination represents the most commonly observed macroscopic damage mechanism in
laminated composite structures, many efforts have been undertaken to develop similar
procedures for composite materials by characterizing delamination growth using fracture
mechanics [30-33]. Although this approach is promising, there’ an;. some fund‘amental
differences in the. way fracture mechanic; characterization of delamination in composites
may be used to demonstrate fail safe designs compared with the classical damage

tolerance treatment used for metals.
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Many papers have been published recently where the rate of delamination growth
rate with fatigue cycles has been expresged as a power law relationship in terms of the
strain energy release rate, G, associated with delamination growth [1-4]. This fracture

-mechanics characterization of delamination growth in composites is analogous to that of
fatigue crack growth in metallic structures, where the rate of crack growth with cycles is
correlated with the stress intensity factor at the crack tip. However, delamination growth
in composites, with a relatively high crack growth exponent, may change too rapidly over
too small a range of load, and G, to be incorporated into a classical damage tolerance |
analysis for fail safe designs [2,34,35]. Where in metals the range of fatigue crack growth
may be described over as much as two orders of magnitude in G, the growth rate for a
delamination in a composite is often characterized over less than one order of magnitude
in G. Hence, small uncertainties in applied loads may yield large (order of magnitude)
changes in delamination growth. Different damage mechanisms may also interact with
the delamination and increase the resistance to delamination growth. Delamination
growth resistance curves may be generated to characterize the retardation in delamination
growth from other mechanisms [36,37,38]. This delamination re;istan;:e curve is
analogous to the R-curves generated for ductile metals that account for stable crack
growth resulting form extensive plasticity at the crack tip. However, unlike crack tip
plasticity, composite damage mechanisms such as fiber bridging and matrix cracking,
may not always be present to the same degree.

One alternative to using the classical damage.tolerance approach “for composites |

would be to use a strain energy release rate threshold, below which no delamination
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growth occurs, and design to stress levels below this threshold. Metals are
macroscopically homogeneous, and the initial stress conditions that create cracks at
particular locations in preferred directions cannot be easily identified beforehand.
Composites, however, are macroscopically heterogeneous, with stiffness discontinuities
that give rise to stress risers at known locations such as free edges, internal ply drops, and
matrix cracks. Alfhough these stress fields are not the classical variety observed at crack
tips, and hence cannot be characterized v;rith a single common stress intensity factor, they
can be characterized in terms of the strain energy release rate, G, associated with eventual
delamination growth [4].

The most common technique for characterizing delamination onset in fatigue for
composite materials is to run cyclic fatigue tests on standard composite specimens, where
G for delamination growth is known, at maximum load or strain levels below that
required to propagate a delamination monotonically. A strain energy release rate
threshold for delamination onset may be developed by running tests at several maximum
cyclic load levels and plotting the cycles to delamination onset versus the maximum
cyclic G, corresponding to the maximum cyclic load or strain applied[39-43]. This G
curve may then be used to determine a threshold value of G for delamination and to
predict delamination onset in other laminates of the same material, or at other points [44].

Uncertainty inherent in predicting service loads has generated concern for using a
no-growth threshold design criterion for high cycle fatigue applications. If G values
exceed no-growth threshold levels, a catastrophic delamination propagation may occur.

O’Brien [45] outlines a damage threshold/fail-safety approach for composite fatigue
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analysis that involves the following steps:
1.) Predict the delamination onset thresholds using fracture mechanics.

2.) Assume that surpassing the delamination threshold corresponds to complete
propagation.

3.) Determine the remaining load carrying capability of the composite with
delamination present using composite mechanics (i.e., check for fail-

safety).

4.) Iterate on Steps 1 to 3 to account for multiple sources of delamination.

Step 1 may be used to demonstrate the delamination durability of any composite
structure. Step 2 reflects a way to deal with relatively high exponent delamination growth
observed for composites as compared to metals. An alternative would be to predict the
delamination growth rate using growth laws that incc.>rporate R-Curve characterization,
thereby taking into account the resistance provided by other damage mechanisms. Finally,
Step 3 acknowledges that the residual strength of the composite is a function of structural
variables, and it is not uniquely a question of material characterization. This proposed
damage-threshold fail-safety concept incorporates generic material prdperties of fracture
mechanics and also takes into consideration the uniqﬁe characteristics of laminated
composites.
Motivation for Thesis

Previous research has focused on graphite/epoxy [6] or pre-impregnated E-glass
and S-glass [7] laminates containing ply drops. Graphite/epoxy laminates havg better
fatigue resistance than do glass fiber composites [7]. The pre-impregnated comI;osites

usually have thinner plies than do typical laminates of the type used in this study, which
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may minimize ply drop effects. To achieve efficient designs, wind turbine blades require
severe thickness tapering to reduce the overall weight. Blades are also subjected to very
high cycle fatigue loading, which can lead to delaminations over a period of many years.
This, along with an absence of adequate data on the effects of ply drops in laminates
using the E-glass stranded fabrics ‘;ypical of blade and other low cost composite

applications, gives motivation for this thesis.
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CHAPTER 3

EXPERIMENTAL METHODS AND MATERIALS

Test matrix and description of specimens

This section provides a brief overview of the different cases tested. Table 1 gives
the lay-up of each case as well as other comments. Table 2 gives the test métrix used to
determine the properties of the laminates listed in Table 1, including the number of
coupons tested at each stress level, and the loading conditions (tension or compression).
In the following paragraphs, plies which are terminated (near mid-length of the coupon)
are shown with asterisks. As described later, éll laminates were resin tr‘ansfer molded
using stitched or woven fabric reinforcement.

The laminates were based on the DD set of laminates, which exhibited the best
fatigue performance of the lamiﬁates pre‘viously tested [47]. Selelcted cases of ply drops,
both interior and exterior (on the surfacé), were introduced into lélminates. After initial
delamination studies with single ply drops were completed, multiple ply drops at the
same location, as well as spaced along the length,[were also studied. Attempts to
suppress delamination with the addition of adhesives, feathering and “Z-Spiking” were

then studied. All of these attempts investigated dropping 0° plies. The effect of dropping

single and multiple +£45° layers was then studied. In addition, A130 woven fabric fér the
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zero degree layers was also substituted for the standard D155 fabric used in .the‘Db
family of laminates.

The ESA laminate included a single exterior zero degree piy drop. The actual
configuration of the laminate is [0*/0/+45/0/0/+45/0], where the angle given is relative to
the applied load direction. Ply configurations follow standard laminate notation [46]. The
ESB laminate has the configuration [0/0*/+45/0/0/+45/0], while the ESC laminate has the
configuration [0/+45/0/0*/0/+45/0], with a central ply being terminated. In terms of
percentages, the ESA, ESB and ESC laminates have a 14% drop in thickne’ss, with 20%
of the zero degree layers being dropped. The ESD laminate has two internal plies being
dropped with the laminate configuration [0/+45/0*/0%/+45/0]. Tﬁis isa33%dropinthe «
total thickness, with 50% of the zero degree layers being dropped. Figure 5 shows an
actual polished cross-section through an ESB coﬁpon prior to testing. The edge of the ply
drop is somewhat smeared during molding, with a resin rich area ahead of the drop. The
thickness taper coincides with the ply drop as closely as possible, to give an
approximately constant fiber content along the length. .

In the next set of laminates thicker materials were used tc; invés;cigate less severe
thickness tapering. The ESE laminate had the configuration [0*/(0/+45/0),], while the
ESF laminate incorporated a single internal ply drop into the thic.:ke.r laminate
[0/0*/45/0/0/+45/0/0/+45/0]. In each of these laminates the thickness was tapered 10%,

while the percentage of zeros being dropped was 15%. The ESG and ESH laminates both




Table 1. Lay-up of fiberglass materials with ply drops

Lay up of Fiberglass Materials with Ply Drops

Laminate ~ Ply Configuration Description
ESA [0*/(0/+45/0),] Single Exterior Ply Drop
ESB [0/0%/+45/0/0/+45/0] Single Interior Ply Drop
ESC [0/+45/0/0*/0/+45/0] Single Center Ply Drop
ESD [0/2:45/0%/0%/£45/0] Double Central Ply Drop
ESE ~ [0*/(0/+45/0),] Slngle Exterior Ply Drop, with thicker laminate
ESF [0/0*/£45/0/(0/+45/0),] ~ Single Interior Ply Drop mth thicker laminate
ESG  [0*/0*/(0/+45/0),] ~ Two exterior ply drops with thicker laminate
ESH [0/0*/0*/+45/0/(0/+45/0),] 7 ‘ Two interior ply drops with thicker laminate
ESI [0/0*/,()’?&475/0/0&45/0] ' Two interior ply drops with different spacmg between the ply drops
ESJ 7 [0*/(0/+45/0)] “Z- Sp1k1ng” ofa single exterior ply drop.
ESK [0%/(0/£45/0),] Smgle exterior ply drop, Hysol EA9309.2NA adhesive applied to ply drop
7 before polyester resin was put in the mold.
ESL [O/O*/i45/0/0/i45/0] Slngle interior ply drop, Hysol EA9309.2NA adhesive applied to ply drop
) before polyester resin was put in the mold.
ESM - [O/O*/d:45/0/0/:i:45/0] . Attempted “Z;Splkmg» with an interior ply drop. The zero degree ply being
7 dropped was slipped through a cut +45 layer.
~ESN [0**/£45/0/0/£45/0] Outside zero degree layer used as a butt-joint.
) ESO [0/4+45%*/0/0/+45/0] Inside +45° degree layer contains a butt-joint.
ESP | [0/+45%/+45%/+45/0/(0/+45/0),] ~ Two interior +45° layers being dropped.
ESQ [0/0%/0%/:£45/0/(0/+45/0),] Two interior ply drops with thicker laminate
7 _ Al30 fabric instead of D155 fabric
"ESR [0/+45/0/£45%/+45%/0/+45/0] Two interior 45 ply drops at the centerline

(44




‘Lay up of Fiberglass Materials with Ply Drops

Laminate | A Ply Configuration Description 7
- JKA [0*/(0/£45/0),] Alternating tows were pulled one half inch
“Feathered” _ ] 7 past the adjacent tows in the ply drop layer.
JKA - [0%/(0/+45/0)] Random mat laid down underneath the ply drop
Random - ,
JKB [0/0%/+45/0/0/+45/0] ’ Alternating tows were pulled one half inch
“Feathered” past the adjacent tows in the ply drop layer.

* Ply being terminated
** Ply contains a butt-joint oriented at 90° to the load direction.
The subscript s denotes a symmetrical lay-up about the location of s, while the notation ( ), indicates that the lay-up in ( ) is

repeated n times [46].

£
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Table 2. Test matrix

Laminate Tension Coupons Compression Coupons
Configuration (R=0.1)* ' (R=10)*

Maximum. #of | Minimum # of
Stress (MPa) | Tests | Stress (MPa) | Tests

ESA Static 6 -207 2

207 -138 2

‘ 138
ESB Static
345
310 .
276
ESC Static
345
276
ESD Static
138
ESE ‘ Static
207
138
121
ESF 345
276
207
ESG Static
345
207
138
103

=IN|===mr]=]ba]=]=]NN]N] =]~ ] W] W
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Laminate Tension Coupons (R=0.1)* Compression Coupons (R=10)*
Configuration Maximum. # of Tests Minimum # of Tests
Stress (MPa) Stress (MPa)
ESH Static 8 -276 ‘ 3
| 454 1 207 | 2
414 5
345 3
276 7
207 6
ESI1 310 1
276 3
ESI2 310 2
276 3
246 1
ESI3 276 3
241 2
207 1
ESI4 310 1
276 4
241 1
ESJ 276 1
207 3
ESK 276 1
207 2
138 1
ESL 276 ‘ 2
241 2
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Laminate Tension Coupons (R=0.1)* Compression Coupons (R=10)* -
Configuration Maximum. " # of Tests Minimum # of Tests
Stress (MPa) ~ Stress (MPa)

ESM 276 1

ESN 276 1
172 1
138 1
103 2

ESO 345 1
310 2
276 3

ESL Static 3
552 2
414 3y T
276 3
207 1

ESR 276 2
241 2

JKA 276 . 3

“Feathered”
JKA 276 3
Random
JKB 276 3
“Feathered”

* R = minimum load/maximum load

included more than one ply drop at the same position. ESG had two exterior zero degree

layers dropped while the ESH laminate had two interior plies dropped. The laminate
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configurations were [0*/0*/(0/+45/0),] for the ESG laminate and
[0/0*/0*/+45/0/0/+45/0/0/+45/0] for the ESH laminate. In both of these laminates the
thickness was tapered 18% , while the percentage of zero degree layers being dropped
was 25 percent.

The ESI laminate contained multiple single ply &rops with each ply drop separated
by multiples of 13 mm spans. For example, the ESI2 had a 25‘ mm spacing between ply
drops, while the ESI3 laminate had a 38 mm spacing in between ply drops. The laminate
lay-up, [0/0*/0*/+45/0/0/+45/0], had a 25% thickness taper while the percent bf ZEros
being dropped was 33%.

ESJ and ESK used special details shown in F igure 7 in an attempt to increase
delamination resistance. The ESJ laminate used “Z-Spikiﬁg” [47 ], to provide a thickness
reinforcement. This was accomplished by interlacing the exterior zero degree ply drop
with a continuous zero degree layer. This helped to prevent the surface ply dropAfrom
peeling away when the coupon was loaded. The ESK laminate also was an exterior ply
drop; to prevent delamination, a tough epoxy adhesive, Hysol EA 9309.2NA, was
applied to the ply drop zero degree layer and the first continuous layer and then allowed
to cure before the resin was introduced into the mold. The fabric lay-up for both the ESJ
and ESK laminates was the same as for the ESA laminate, [0*/0/£45/0/0/+45/0]. The

ESL and ESM laminates considered delamination prevention for internal ply drops. The
ESL laminate used the same Hysol adhesive as the ESK laminate. Again the adhesive was
applied both underneath and above the ply drop and allowed to cure before the resin was

introduced into the fabric. The ESM laminate represents an attempt to “Z-Spike” an
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effect of dropping +45° layers. In this laminate the thickness was tapered 18%, with no
zero degree layers being dropped. The ESQ laminate had the same lay-up as the ESH
laminate, two interior zero degree ply drops, but the fabric being used for the zero layers
was the warp unidirectional woven A130. The last laminate is ESR, which had the lay-up
[0/+45/0/+45%/:45%/0/=45/0]. This looked at the effect of dropping multiple £45° layers
in a thinner laminate. No zero degree layers were dropped? anc.l. the thickness was tapered
25%.

Additional coupons investigated the possibility of suppressing delamination by
adding to or tailoring the laminate properties. The first configuration used the ESA
laminate as a basis for comparison, and a second configuration used thg ESB laminate as
a basis. For the JKA coupons, random mat fabric was included between the ply drop and
the first continﬁous zero layer. Random mat was not used in the internal ply
configuration case. A second modification is called “feathering.” In this case, alternaﬁng
tows were pulled one half inch past the adjacent tows to provide a less defined
delamination site. This modification along with “Z-Spiking” can be seen in Figure 6.

Material Preparation

The various E-glass/polyester materials used in this thesis were all manufactured
by RTM (Resin Transfer Mc’)lding), which consisted of a pe‘ristaltic pump fbrcing the
resin into a closed, vented mold containing the reinforcing layers[48]. To incorporate ply
drops into the manufacturing process, the following procedure was used to prepare. the

| mold. First the mold was coated with a mold release (Frekote 700- NC), air dried, then

the individual fabric layers were placed in the mold. The lay-up of a laminate with ply
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direction of the fabric when it is rolled up; convérsely, weft fabrics have the
unidirectional tows oriented so they are pe“rpendi’cular to the length of the roll, which is
generally only 1.3 meters wide. D155 fabric is a unidirectional fabric which weighs
approximately 526 grams/ m*. The D155 fabric is available in the weft direction only,
and while the properties are good, the current manufacturing lengths makes it unsuitable
for structures lonéer than 1.3 meters. The second type of unidirectional fabric used in this
thesis is A130. This fabric is a woven warp unidirectional fabric which has good tensile
properties, but because of the curves introduced from large thermoplastic beads
connecting the tows, creating the weave,‘ the compressive properties are significantly less
than the D155 properties [49]. Finally the £45° fabric layers involve the DB120 fabric,
the DB representing double bias fabric of 407 grams/m?.

The resin used in these experiments was CoRezyne 63-AX-051, an unsaturated
orthophthalic polyester, manufactured by Interplastic Corporation. This resin was
combined with methyl ‘et.hyl ketone peroxide (MEKP), 2% by volume, to catalyze the
cross-linking reaction. Curing of the materials was at ambient conditions, followed by
two hours at 60°C

Specimen Preparation

After the plates had been left to cure for at least five hours, they were removed
from the mold. The edges were trimmed off to eliminate any edge anomalies. All
specimens were cut using a water-cooled diamond saw. The coupon edges were then
polished in sequential steps down to 400 grit emery paper fr10m Buehler. This helps to

suppress, but not eliminate, edge generated delamination. For coupons run to more than
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10° cycles, fiberglass tabs were bonded onto the ends with Hysol EA 9309.2NA adhesive.
The coupons were then post-cured a second time at 60 °C for two hours. Tensile coupons h‘
were 20 cm long by 2.5 cm wide with a gage section of 13 cm. Compressive coupons
were 10 cm long by 2.5 cm wide with a gage section of 5 cm.

All coupons were tested for the fiber content using a matrix burn-off method
described under ASTM D 2584. The only deviation from the ASTM standard was in the
amount of material used in the burn off test, 15 to 20 grams rather than the prescribed 5
grams.

Test Facility and Development

All of the coupons were tested using an Instron 8501 servo-hydraulic machine.
This machine allowed maximum and minimum peék loadings to be accurately maintained
while varying the loading wave forms and counting the number of cycles applied to the
specimen. The specimens were clamped into the Instron usiné hydraulic grips. The
amount of pressure used to clamp the specimens was varied according to the maximum
stress experienced by the specimen, to prevent ;:oupon crushing. If, during the course of
the test, the grip hydraulic pressure gauges fluctuated, which could indicate sample
slipping, the test would be stopped and additional pressure would be added to the grips.
This method was ﬁsed to avoid over-clamping the specimens and causing excessive
gripping or tab failures.

An extensometer ( Instron 2620-525) was used to determine strains for
calculation of the initial modulus. The extensometer was attached to the edge of the

coupon via rubber bands. In all cases the initial longitudinal elastic modulus, E,, was
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measured on the thin section of the coupon by taking a least squares fit of at least five
equally spaced load intervals. The modulus of the thin section then provided a basis for
calculating the maximum running strain for a given stress.

A minimum of three static tests were performed to obtain an accurate ultimate
tensile strength for each laminate. These static tests were performed under displacement
control, with a displacement rate of 12.7 mm/sec. Fatigue tests used a sine-wave cyclic
waveform with the testing machine in load control. The first coupons were set to run at a
maximum stress of approximately 60% of the ultimate stress, with a minimum stress of
10% of the maximum stress, giving an R value of 0.1 ( R= minimum stress/ maximum
stress). After these coupons faile;d, a best fit line through the two points was used to
predict the approximate lifetime of coupons being run at different stress levels. All test
coupons were run at fre_quencies where the coupon temperature did not rise fnore then 5
°C above room temperature. A fan was placed approximately one meter awa‘1y to provide
additional cooling of the coupons. Fatigue tests were either performed until failure,
which was defined as the inability of the coupons to carry the maximum load, or until

delamination at the ply drop extended along the entire length of the coupon and into the

grips.




H@

L% 118"
| 9& "$ 16 # " &# % % %
%'$" " 1" . % "2 |' 24816 S=TK S;=C@QUNE@U;=CET.

SNE@T=2 ™# B!6! & ', % & "$12 $" W $ (

%#' "5 $;.Cl&"$!" I# %'$" " & &* I
$'%?& 2 "le! $&" % "! "* >S@$$6"'% &" ('# ? '
""" 6 R (N S (T 2 $'% %

:GF/+ 0.1/++9 +0- G*:.
=:1H /+ 1G9+ G*..
Fl+<

J .1+9.0/ +K/.. /-
"“# B2 , % & "$!

"¢ # & 6!#" 1 #& 16" W !"! (>@ $$56"% >==

$$'* % " (@82 ! CHS$$S > 61" %# %

%



36

into the coupons, to bypass the resin-rich area ahead of the release fabric, with a flat head
screwdriver. The area where the hinges were to be mounted for loading was then sanded
to remove any release agent from the molding process. Typical piano stock hinges were
then mounted to the coupon ends using Hysol EA 9309.2NA adhesive. The end notch

flexure (ENF) specimens had the same dimensions as the DCB specimens, but with no

hinges.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter is divided into four sections. The first section presents results for the
delamination resﬁstance of various laminates, where the delamination was allowed to
progress over the entire specimen length. Compaﬁson between various ply drop
combinations are made in terms of delamination growth‘rates as well as initiation and
arrest. The second sectio;l looks at the influence of ply drops on the fatigue lifetime of
the laminates, including design knockdown factors. Appendix A contains the fiber
content, elastic modulus, maximum running stress and the number of cycles to which
each coupon was fatigued. Appendix B contains the delamination length versus cycies for
all of the coupons tested in the first section. The third section presents results for
composite I-beams containing ply drops, comparing results in these structural ‘
components with coupon results. The last section presents basic results for criticai strain
energy release rates iﬂ Modes I and II delamination using double caﬁtilevef beam and end
notch flexure coupons, respectively.

Delamination Study

Effect of Plv Drop Location

Table 1 lists details of laminates ESA, ESB, and ESC, each of which contained a

single 0° ply drop. The ESA laminate has a single exterior 0° ply drop. Static tensile tests
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Table 3. Comparison of delamination resistance of different ply drop configurations.

Arrest

Laminate Lay-up % Strain for 25.4 mm Thresﬁold %
delamination in 10° cycles % strain®
strain’'
ESA [0*/(0/+45/0),] 0.6 0.5 0.4
ESB [0/0*/+45/0/0/+=45/0] 1.1 1.1 0.8
ESC [0/£45/0/0%/0/+45/0] 1.1 1.1 08
ESE .  [0%/(0/+45/0),] 0.6 0.4 0.4
ESF | [0/0*/x45/0/(0/+45/0),] 1.0 1.0 0.7
ESG [0+/0%/(0/45/0),] 0.4 -
ESH [O/O*/O*/i45/()_/(07i45/0)2] 0.7 0.6 05
ESI [0/0*/0*/+£45/0/0/+45/0] ) 114 1.0 0.7
ESJ - [0%/(0/+45/0)] 0.8 - -
7 “Z-Spiked”
ESK [0*/(0/+45/0)] 0.7 -
B Hysol EA 9309.2NA
ESM [0/0*/:45/0/0/:45/0] 1.1 - —
_ Hysol EA 9309.2NA _

I_ no further gfowth over most of the 10° cycles

2- no delamination after at least 10° cycles.

Fabrics: 0°: D155; +45°: DB120 except as noted

Laminates ESO, ESR and ESP not shown, +45° layers did not delaminate.

| 4- Same as ESB, except multiple ply drops.
B. No delamination; however, failure of coupon occurred at ply drop.

(44
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delamination arrested after 10° cycles. The threshold strain values are obtained from the
highest stress where no delamination had formed after 10° cycles. These results are
limited to the 10° cycle range , and could vary at high cycles.

Effects-of laminate thickness and
multiple ply drops at the same position

Two significant parameters in dropping plies are the percentage of the total
thickness (and total 0° plies) which are dropped, and the number of plies which are |
dropped at the same position. These parameters were explored with laminates ESD
through ESH. Laminate ESD had two interior 0°ply drops, while maintaining the same
basic lay-up as the thin sections of the ESA, ESB and ESC laminates, without adding
additional 0° plies to be dropped. This resulted in a 33 percent drop"in thickness (a 50%
drop in the percent 0° plies), whereas the ESA, ESB and ESC laminates ‘were only
tapered 14 percent, with 20% of O°plies dropped. This interior ply drop did delaminate
when statically loaded to failure, but no delamination occurred when the coupoﬁ was
fatigued. The laminate simply broke through the thickness at the ply drop. The difference
can also be seen in the moduli of the thick and thin séctions, 22 GPa versus 15 GPa,
respectively, resulting from a higher percent of 45° material in the thin sectfon (Table 1).
This bounds the practical range of thickness taper that can be used successfully in a
desigfl.‘ Having too much taper can ‘prevent delamination, but only because the thin
section can only support véry low loads. Only two coupons were tested sincé no

delamination occurred prior to tensile failure.
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The ESE and ESF laminates

The ESE and ESF ‘ laminates incorporated a single 0° plir drop into a base laminate
that was thicker than the ESA laminate. The percent thickness change in these laminates
was reduced to 10% as compared to the 14% for the ESA laminate. The ESE laminate
had an exterior ply drop while the ESF laminate had an interior ply drop. The
delamination rate was slightly lower for the ESE laminate than for the ESA laminate
(Figure 17), but the strain to produce a 25 mm delamination in 10° cycles was about the
same, 0.6% (Table 2). The ESF laminate also had a sightly slower delamination rate than
the ESB laminate, but the strain value in Table 2 was slightly lower at 1.0% for ESF
versus 1.1% strain for ESB. The delamination mode of both of these laminates was very
similar to their thinner counterparts.

The ESG and ESH laminates were also thicker in cross-section, plus, in an
attempt to simulate a manufacturing situation, two plies V\»iere dropped instead of one.
The ESG laminate contained two dropped plies on the outside while the ESH laminate
contained two dropped plies in the interior (Table 1). In both cases these configurations
behaved poorly compared with their single ply drop counterparts. During testing of the
ESH laminate, the resin rich area ahead of the ply drbp was observed to crack exfensively
during the fatigue test. When the coupon was at the maximum stress of the fatigue cycle,
fracture and fragmentation in the resin pocket occurred. No matrix material was left
ahead of the ply drop after the initial cycles. This is illustrated in the Figure 15.

The ESG laminate, with a double external ply drop, delaminated more easily than
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the delamiﬁation properties of typical laminates used in this thesis. The ESN laminate
contained an exterior 0° butt-joint. This had the same effect as dropping a ply, as the ply
delaminated at the same rate as for the ESA laminate. However, the ESO laminate
contained an interior £45° layer butt-joint. The +45° layer did not delaminate and caused
no damage which influenced the lifetime of the coupon. This suggests that dropping -
+45° layers makes for a less delamination critical design. This is not surprising since zero
degree layers carry the majority of the load and have the greatest influence on stiffness.
However, dropping +45° layers can only be used to a limited extent, since they are not .
present in great numbers in this class of laminates.
Effects of +45° Ply Drops

To confirm the effect of dropping +45° degree layers on delamination rate, the
ESR laminate was laid up similar to the ESC Iaminate. However, instead of incorporating
two interior 0° ply drops, the ESR laminate incorporates two £45° ply drops along the
centerline. This laminate showed no signs of delamination into the thick section as did all
the other laminates, as the delamination actually propagated into the thin'section. This
delamination may have been artificially inﬂuencéd by the high degree of tapering, 25%
of the thici{ness, which caused a severe shape change. |

To get a better estimation of the influence of +45° layer ply drops, the ESP
laminate Wa;s manufactured with two £45° ply drops (four total plies). The laminate
showed no signs of delamination, even after 300,000 cycles at maximum stress of 276
MPa, whereas the ESH laminate, with two interior 0° layers, had delaminated. However,

after this many cycles the coupons had prémature end failures. This laminate shows
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results that are consistent with the laminate containing the +45° butt-joint. The +45°
layers are much more compliant than 0° layers and are less prone to delamination at ply
drops.
Effect of A130 warp unidirectional fabric

The ESQ la;minate used the same laminate lay-up as the ESH laminate, but made
use of the A130 unidirectional woven warp direction fabric in place of the D155 weft
fabric used in other laminates. The delamination ¢ould not be measured with any
consistency from coupon to coupon. The A130 fabric is constructed of unidiréctional
strands woven around a transverse thermoplastic bead every 25 to 30 mm. The
delamination would propagate from one bead to the next and then arrest. After continued
fatigue the delamination would jump to the next bead. However, the A130 fabric overall
showed less delamination resistance than the D155 fabric, with the delamination
propagating unstably between beads. A typical example of this is that at 310 MPa level,
a laminate using the A130 fabric would delaminate to the grips in under one thousand
cycles, whereas a laminate using the D155 fabric would not delaminate that far until after

30,000 cycles.
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So far the only attempts to repair delamination have involved exterior ply drops,
since interior ply drops present an access problem. One possible method of repair would
be drill a hole into laminate that is smaller than the critical flaw size and draw a vacuum
around the hole. This would draw the repair adhesive into the delamination and pc;ssibl-y
extend the lifetime of the component. (This has not yet been demonstrated.)

Comparing different laminates

In order to make this work useful to a designer needing to incorporate ply drops
into a design, Table 2 compares the various laminates, by listing the percent strain needed
to cause a 25 mm delamination at 10° cycles. By knowing the apparent penalty for using
different ply drop configurations, more efficient designs can be developed. For example,
by using an exterior ply drop instead of an interior ply drop, there would be an 83%
reduction in the strain-car;'ying capability of the laminate. Another example would be if
two plies are droppéd on top of one another instead of the plies being distributed along
the length, there would be an 57 % reduction in the strain carrying capability of the
laminate. Similar conclusions are evident for the strains to arrest a delamination and for

the threshold strain to initiate a delamination, also listed in Table 2.
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Effect of Ply Drops on Lifetime

In the previous sections, different lay-ups were tested in relatively short fatigue
tests to determine the rate of delamination. This section describes a study of the ESB and
ESH configurations at extended fatigue cycling, in terms of the effect of ply drops on
total coupon lifetime. The ESH laminate consisted of the lay-up
.[0/0%*/0*/+£45/0/0/+45/0/0/+45/0], where the asterisk plies are being dropped. The ESB
laminate, with a single ply drop, had a lower delamination rate thaﬁ the ESH laminate in

the delamination fatigue tests.

Fiber Volume Content Effect

The results are rei)resented in terms of conventional S-N fatigue data sets for
control and ply drop cases. In Figure 26 the performance of the ESH laminate at two
different fiber contents can be seen. The fiber volume content had little effect on the
Jaminate \,vith ply drops, contrary to the significant effect reported for control materials
[50]. The low fiber content control DD5 laminate with no ply drop has an S-N curve
slope of about 10% of the static strength per decade of cycles. This fatigue performance is
optimal for élasé fiber composites, and is used as a standard to corﬁpare other lamiﬂates
[50]. The delamination rates and lifetimes for the laminates containing ply drops are
about the same for both low and high fiber contents. This is contrary to fiberglass

laminates without ply-drops previously tested (DD5 & DD7), Mandell, et.al. [50], which


































































































































































































































