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SUMMARY

Joints provide a path for transfer of load and are important components in an
assembly of structures, particularly in translating joint strength improvements directly to
significant cost savings. These cost savings are more evident in composite joints since
manufacturing of more complex single piece components results in a reduction of both part
count and labor. An improvement in joint strength for co-cured composite joints through
minimized free-edge delamination was investigated for a quasi-isotropic [0/ £45/90]; lay-up
based on the quantitative assessments of the quasi-static and fatigue strength and qualitative
understanding of the fatigue damage initiation and propagation for the [0/ 4 60/90], family
of co-cured composite joints. A previously proposed co-cured joint concept, the Single
Nested Overlap (SNO) joint, was compared against a Straight Laminate (SL) and a single
lap joint. The SL represents a “perfect” joint and serves as an upper bound whereas the
single lap joint represents the simplest generic joint and is the base design for the SNO joint
concept. Three categorized failure types, which represent the predominant failure modes
in the SL, single lap, and SNO joints, along with two different fatigue strength indicators
were used for quasi-static and fatigue strength comparison. With fatigue run-out defined at
1x10% cycles, the fatigue damage initiation and propagation at high loadings was monitored
with an Infrared Thermoelastic Stress Analysis (IR-TSA) technique, while a damage type
comparison was used at low loadings. Quasi-static Acoustic Emission (AE) counts were
observed to be Fatigue Limit (FL) indicators for [0/ &+ 6/90]; SL and SNO joints. The

validity of these FL indicators was also assessed in the comparison of damage types.

xviii



CHAPTER I

INTRODUCTION

Joints provide a path for transfer of load and are important components in an assembly of
structures, particularly in translating joint strength improvements directly to significant cost
savings. These cost savings are more evident in composite joints since manufacturing of more
complex single piece components results in a reduction of both part count and labor. This
work investigates the improvement of co-cured composite joint strength through minimized
edge delamination based on quantitative assessments of the quasi-static and fatigue strength
and qualitative understanding of the damage initiation and propagation during fatigue.

Among the two types of composite joints, mechanically fastened joints are more con-
venient for disassembly, inspection, repairs, and replacement but develop regions of high
stress concentrations around fastener holes, which increase susceptibility to matrix crack-
ing and delaminations. Adhesively bonded joints, however, are prone to manufacturing
defects, storage conditions and service conditions, which results in considerable scatter in
joint strength evaluation. In this investigation, the strength improvement of a previously
proposed co-cured joint concept, the Single Nested Overlap (SNO) joint (Figure 1c), is
compared against the Straight Laminate (SL) (Figure 1a) and the single lap joint (Figure
1b). The SL represents a “perfect” joint and serves as an upper bound while the single lap
joint represents the simplest generic joint and is the base design for the SNO joint concept.
The SNO joint is modified from the single lap joint through an overlapping/interleafing of
adjoining top/bottom adherend plies to provide multiple interfaces for load transfer, which
lead to a reversal of the peel stress.

A systematic investigation of the quasi-static and fatigue behavior of this previously con-
ceived SNO joint is conducted in this research. In particular, the behavior of the [0/46/90],
family is studied and an improvement in joint strength is proposed based on observations.

A literature survey pertaining to earlier work conducted on co-cured composite joints and
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related assessment tools is provided in Chapter 1. Chapters 2 and 3 discusses the failure
modes necessary to compare the strength of the SL, single lap, and SNO joints under mono-
tonic and cyclic loading, respectively. Various indicators are used to quantify the fatigue
strength comparison. An observation of quasi-static cumulative AE count peaks as fatigue
limit predictors is explored in Chapter 4 with further discussion of their applicability in
Chapter 5. Chapter 5 also includes two different approaches to studying fatigue damage
initiation and progression at high and low stress levels. Building upon the presented work,
an improvement in joint strength is investigated in Chapter 6. The conclusions and future

work are summarized in Chapter 7.

1.1 Literature Survey

With the increasing cost of energy sources to consumers and the burden of depleting re-
sources to the environment, the importance of reducing structural weight with alternative
materials in engineering applications is growing quickly. Composite materials are attrac-
tive, particularly in the aerospace industry, because they offer significant improvements in
strength-to-weight and stiffness-to-weight ratios compared to metals. However, the sustain-
ability of these strength and stiffness benefits under long term service conditions is harder to
predict than for metals because of the pronounced difference in damage initiation and dam-
age propagation. Unlike metals, composites failure tend to be more brittle and the fatigue
damage mechanisms are significantly more complex because of the variety and interaction
of their different damage types.

The subject of this study is co-cured composite joints. Joints are important elements
within an assembly of structures because they provide a path for transfer of load but
they also represent weaknesses in the structure and are often sites of damage initiation.
Co-cured composite joints reduce part count and manufacturing cost but non-destructive
evaluation techniques for reliable assessment of their strength and stiffness are lacking.
This study addresses the importance of the physical understanding of co-cured composite
joint failure mechanism for strength characterization and joint improvement techniques.

Non-destructive testing techniques, such as acoustic emission and infrared thermoelastic



stress analysis, are used in conjunction with quasi-static and fatigue loading for damage
monitoring and strength assessment. Finally, based on the understood damage mechanism,
a joint improvement study was conducted to further improve the joint strength of a co-cured
SNO joint proposed earlier [24, 23, 22].

This chapter begins with an introduction to composite joints and non-conventional co-
cured composite joints to explain the motivation for this study. Following that, some of the
non-destructive testing techniques applicable to composites are discussed with specific focus
on the two techniques adopted in this study, acoustic emission analysis and infrared ther-
moelastic stress analysis, to emphasize the importance of these two techniques in strength
and damage assessment of co-cured composite joints. A brief outline of fatigue and damage
evolution of composites and a summary of the work done on the study of edge delamination
in composites is presented to underline the significance of the current joint improvement

study through minimization of edge delamination.

1.2 Composite Joints

As compared to metal components, composites are more flexible in accommodating larger
and more complex one-piece components in the manufacturing process, which allows for an
efficient reduction in part count. This reduction could amount to significant savings in labor
hours and cost, particularly in the aerospace industry where more than six million parts
from over a thousand vendors are assembled with approximately half a million rivets and
three million fasteners for a Boeing 747. However, due to the lack of load carrying members
in the through-the-thickness direction, metal joints are still preferred in applications with
significant through-the-thickness stresses and/or concentrated loads. For example, on the
F/A-18, titanium fittings are joined to the graphite/epoxy skin for each of the half-wing
before attachment to the fuselage to allow for higher bolt bearing loads in the the wing-to-
fuselage attachment.

The subject of this investigation is co-cured composite joints, which is an alternative to
mechanically fastened joints that reduces cost and increases durability. A summary of the

advantages and disadvantages of bonded and bolted joints taken from Hoskin and Baker



Table 1: Summary of advantages and disadvantages of bonded and bolted composite-to-
metal joints in aircraft applications [50]

Bonded Joints Advantages Disadvantages
1. No stress concentrations in adherends 1. Limits to thickness that can be
2. Stiff connection joined with simple joint configurations
3. Excellent fatigue properties 2. Inspection difficult
4. No fretting problems 3. Prone to environmental degradation
5. Sealed against corrosion 4. Requires high level of process control
6. Smooth surface contour 5. Sensitive to peel and through-thickness
stresses
7. Relatively light weight 6. Residual stress problems when joining
8. Damage tolerant dissimilar materials
7. Cannot be disassembled
Bolted Joints  Advantages Disadvantages
1. Positive connection 1. Considerable stress concentration
2. No thickness limitations 2. Relatively compliant connection
3. Simple process 3. Relatively poor fatigue properties
4. Simple inspection procedure 4. Hole formation may cause damage to
composite
5. Simple joint configuration 5. Prone to fretting
6. Not environmentally sensitive 6. Prone to corrosion
7. Provides through-thickness reinforcement

—~

not sensitive to peel stress)
8. No residual stress problems
9. Can be disassembled

(1986) [50] is provided in Table 1. In the following sections, mechanically fastened and
bonded joints are briefly discussed based on their selection criteria and analysis methods.
A number of good literature reviews of composite joints, available in the literature, are
Hart-Smith (1973, 1977, 1980, 1987) [41, 42, 43, 47], Oplinger (1980, 1996) [72, 73] and
Poon and Xiong (1996) [76].

1.2.1 Mechanically Fastened Joints

Fastener holes are typically drilled using tungsten carbide tipped bits under controlled
pressure at a low feed rate so as to avoid delamination in the composite laminate. Bolts are
then used to fasten the two parts together. The drill exit surface can also be coated with a
layer of film adhesive to further prevent delamination. For stress and strength analysis of
both single- and multi-fasteners in metals, two-dimensional analysis have been adequately

established in the literature [104, 83, 78, 65, 33, 75, 109, 87, 108, 73, 10, 60, 61, 51, 59, 52].



However, similar success with bolted composite joints may not be inferred since the material
properties of metals are distinctively different from that of composites. For example, the
lack of yielding in composites makes bolted composite joints more sensitive to edge distances
and hole spacings than their metal counterparts.

The analysis of mechanically fastened joints is usually divided into single row and multi-
row designs. A single row of fasteners is used on non critical, lightly loaded joints (e.g.
airframe bearings), while multi-row designs that have more rows of fasteners to distribute
load transfer more efficiently, are used on highly loaded joints (e.g. root joint of a wing
or a control surface). Various factors affect the stress state in a bolted joint, including
the dimensions of the planar geometry, loading conditions, degree of material anisotropy,
bolt-hole clearance, bolt flexibility and friction between the laminates [52]. Load sharing in
these joints depends strongly on (i)the number of bolts, (ii)the diameter of bolts, (iii)the
material of bolts and (iv)the stiffness of joining members [27].

Oplinger (1996) [73] gives a detailed review on bolted joints, summarizing the available
two-dimensional and three-dimensional stress analysis methods for single row and multi-row
joints since the mid 60’s. Hart-Smith (1987) [47] provides a thorough review on both bonded
and mechanically fastened joints, addressing their shear load transfer mechanism, their key
characteristics and analysis. A review on the development of analytical tools in mechanically
fastened joints can be found in Poon and Xiong (1996) [76], while MIL-Handbook 17F [27],
volume 3, Chapter 6: Structural Behavior of Joints presents the state of the art practices
in aircraft industry and succinctly summarizes the key factors that govern the behavior of

mechanically fastened joints in composite structures.
1.2.2 Selection Criteria For Mechanically Fastened Joints

The use of mechanical fastening methods to join parts of a big assembly together provides an
added convenience when it comes to disassembly, inspection, repair or replacement. Addi-
tionally, joint design for a thick composite laminate still remains simpler for a mechanically
fastened joint as compared to a bonded joint, where multiple steps or scarfs are required to

increase the contact surface for sufficient through-the-thickness strength.



The difference in material properties between metals and composites determines the
differences in joint strength, failure mechanism and failure modes. Composites are brittle
and lack the ductility of metals to smoothen out stress peaks that develop around the
fastener holes. The stress concentration around a fastener hole for a composite laminate
based on Hart-Smith’s [47] semi-empirical model is illustrated in Figure 2. These fastener
holes cut through the main load-carrying fibers in the composite laminate and, unlike metals,
results in significant load redistributions due to matrix cracks and delaminations around
the fastener holes. Furthermore, an absence of fibers in the through-the-thickness direction
implies that the resulting through-the-thickness strength is totally dependant on the matrix.
As such, specialized fasteners have to be used in composite joints as opposed to rivets, which
are typically used in metal joints. Composite failures are also progressive, implying that
the harder to predict non-linear material responses have to be taken into consideration,
particularly at the contact between the bolt and fastener hole, bringing about the need to
consider multiple failure modes in composite joints.

The location and failure mode are important in the analysis and design of mechanically
fastened joints as well, because their effects are factored into the failure criterion. A variety
of failure modes for single-hole bolted joints are illustrated in Figure 3. For fiber dominated
in-plane failure modes, net section failure of a composite is the most common. Bearing
stresses, which are stresses acting on the joint face directly as a result of the force applied
by the fastener, may also cause the laminate to fail right before the bolt or by pull-through.
Shear-out may precede bearing failure depending on hole spacing, edge distances, and lay-up
[27] but can generally be corrected with a larger edge distance for each fastener. Delamina-
tions are commonly present, though not a primary cause of failure, and bolt failure should
also be considered. Failure modes are also influenced by the bolt clamp-up [26]. Figure 4
illustrates the various static failure modes accompanying the type of bolt clamp-up. The
“brooming” characteristic near the hole in Figure 4a shows a typical bearing failure from a
pin bearing. Figure 4b shows the failure modes from a moderate bolt clamp-up, including a
combination of shearout under the washer and bearing failure beyond the washer. For high

bolt clamp-up, the typical shearout-tension-bearing failure mode is shown in Figure 4c.
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Figure 2: Stress concentration around a fastener hole in composites
Figure taken from Hart-Smith (1987) [47]

Appropriate choice of mechanical fastener will help prevent premature failure of com-
posite bolted joints. Alloy steel or cadmium, the common plating used on fasteners are
not compatible with carbon-fiber reinforced composites because of galvanic corrosion [74].
Therefore, titanium alloy(6AL-4V) is commonly used as a fastener material with carbon-

fiber reinforced composites.
1.2.3 Analysis of Mechanically Fastened Joints

The most common analysis method is the Empirical Correlation Factor, which is a ply-level
failure criterion at a characteristic distance away from the edge of the fastener hole. This
characteristic length is a laminate material property that accounts for two experimental ob-
servation, (i)the strength of laminates with a hole is greater than the ratio of the unnotched
strength to the theoretical stress concentration for an open hole, and (ii)this strength is a
function of the hole diameter and decreases with increasing hole diameter.

Two general approaches, Whitney and Nuismer [103] and Hart-Smith [43], form the basis
for estimation of the Empirical Correlation Factor in fiber dominated in-plane modes (e.g.
net-section failures). The difference between experimental results and analytical results is
more pronounced because of the non-linearity of composites. While neither of these theories

cover the scope of all possible cases, these two general approaches complements each other
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and have both been successfully integrated in hardware applications [47]. The characteristic
offset approach, developed by Whitney and Nuismer (1974) [103], assumed a linear elastic
region that was applicable to a characteristic softened zone adjacent to the fastener hole.
There were, however, considerable variations in results with changes in bearing stresses.
The other approach, Hart-Smith’s hypothesis (1977, 1980, 1982, 1987) [42, 43, 45, 46],
assumed that the amount of stress concentration relief was proportional to the intensity
of the original elastic stress concentration. This allowed for simple calculation of residual
stress concentration for other geometries that were not tested. Nelson et al. (1983) [67]
were able to successfully predict the strength of highly loaded multi-row bolted composite
joints from single-hole test specimens using this approach. Another common method is the
half-cosine function distribution [102, 107, 19, 20, 18], which was used to approximate the
pressure distribution around fastener holes for bearing loaded bolts. This method is limited
by the error due to the non-linear contact between the bolt and the fastener hole.

For multi-bolt joint stress analysis, the crucial load distribution among the bolts or the
most highly loaded bolt is determined first, typically with finite element analysis, before
subsequent detailed stress analysis. This approach was presented by Ramkumar et al.
(1986) [78] and was limited to specific bolt patterns that conformed to the loaded hole
element geometry and one-dimensional analysis that resulted in equal load distributions on
an entire row of bolts when the row was perpendicular to the direction of loading. This
approach also did not account for the interaction between bolts that are placed closely
together. Madenci et al. (1998) [61] developed a boundary collocation technique for single
lap joints with multi-row fasteners to overcome these limitations. The contact stresses,
contact region, and bolt load distribution were obtained as part of the solution procedure.
This method was highly sensitive to the number of bolts, their location with respect to each
other, and the free boundaries. This approach was later extended to thermal loading on
double lap joints [59] but convergence inconsistencies remained and the approach was limited
to specific configurations. A two-stage iterative analysis based on a variational formulation
with the complex potential theory was proposed by Xiong and Poon (1994) [108] on single

lap and double lap joints. This approach was later modified by Kradinov et al. (2001) [52]
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to a single step analysis without the associative iterative process. The modified approach
successfully accounted for the contact phenomenon and interaction among the bolts.

For two-dimensional stress analysis of mechanically fastened joints [75, 73, 87], the con-
tact region is confined to the area near the surfaces of the joint, as illustrated in Figure 5
but the through-the-thickness pressure distribution is not taken into consideration. Two-
dimensional analysis is limited by non-uniform contact stress distribution due to the inter-
laminar stresses at the free edges, secondary bending in single lap joints, and the bending
of the bolt. Two-dimensional finite element models are limited by the effect of stacking se-
quence [109, 33, 104, 83, 65, 62, 77] and clamp-up force. The former can have up to a 10-20%
effect on joint strength, while the latter can affect laminate failure by suppressing the delam-
ination failure mode and thus changing the fastener head restrain. Some two-dimensional
finite element models in the literature include the Lagrangian Multiplier Method [109], the
Transformation Matrix Method [33, 104, 83] and the Inverse Method [65, 62, 77]. The
Lagrangian multiplier method satisfies the contact conditions, but increases the total num-
ber of unknowns in the system of equations [100]. The Transformation Matrix Method is
limited in its applications because of the need to match contact nodes, and it also requires
costly iterative procedures, whereas the contact area has be to prescribed for the Inverse
Method.

Three-dimensional analysis addresses some of these limitations. Marshall et al. (1989)
[63] and Lee and Chen (1991) [54] investigated the contact stress on the fastener hole by
assuming a uniform through-the-thickness contact surface without the effects of friction and
clearance on the contact region. Chen and Yeh (1990), [21] implemented the Transformation
Matrix Method on three-dimensional contact problems, accounting for the more complicated
deformable surface rather than a curve in two-dimensional analysis. Ireman(1998) [51]
developed a three-dimensional finite element model to determine the non-uniform through-
the-thickness stress distribution of an isolated region on a composite joint in the vicinity of
the fastener hole. Contact, friction, pre-tension, bolt type, stacking sequence, clearance, and
lateral support were considered for a bolted composite single lap joint with experimental

validation. There were, however, various sources that could account for the differences in
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Figure 5: A two-dimensional illustration of the single shear and double shear configurations
Figure taken from Oplinger (1996) [13]

the validation because of the multiple parameters included in the model.
1.2.4 Bonded Joints

There are two different kinds of bonded joints, adhesively bonded joints and co-cured joints
(co-bond joint). The former are manufactured using a two step procedure where the com-
posite laminates are first cured and then bonded together by means of adhesive. The latter,
however, combine both the composite laminate curing and adhesive bonding in a single
step, typically in the form of a preimpregnated (or prepreg for short) which contains resin
embedded among the composite fibers. Most prepreg holds more resin than required in
the finished product, which eventually forms the layer of adhesive that bonds the two ad-
herends during the cure cycle. Excess resin will be bled off into the bleeder. An additional
layer of adhesive can also be included in the co-curing process to reinforce the joint. This
difference in manufacturing process results in a less distinct adhesive fillet at the end of the
lap adherend in the co-cured joint because of the inter-diffusion of adhesive and composite
resins, as illustrated in Figure 6 [3].

MIL-Handbook 17F [27], volume 3, Chapter 6: Structural Behavior of Joints provides a
thorough summary on the issues concerning bonded joints, particularly the various param-
eters that affect joint designs, analytical and numerical solutions for stress distribution and

structural behavior of bonded joints. Hart-Smith (1987) [47] presents an extensive review
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Figure 6: Adhesive fillets in (a)co-cured and (b)adhesively bonded joints
Figure taken from Ashcroft, Gilmore and Shaw [3] (1996)

on the fundamentals of bonded joints, the various analytical methods for stress analysis
and the elastic-plastic modeling of the adhesive layer. Williams and Scardino (1987) [105]
discuss the selection criteria for adhesive, including technical descriptions, and recommend

usage conditions for commonly used adhesives in a detailed review.

1.2.5 Selection Criteria For Bonded Joints

With the capability to manufacture complex one-piece components, bonded joints can sig-
nificantly reduce the part count and weight in structural assemblies. However, there may
be added inconvenience and excessive material waste when an entire part, instead of a
component, needs to be replaced because of the damage type and location.

Comparing bonded joints to mechanically fastened joints, stress concentration is less
severe in bonded joint because the load carrying capability of fibers is not compromised

with fastener holes. This also leaves more material available for load transfer in bonded
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joints. Tailoring joint designs, such as ply tapering, and choosing the ductility of the
adhesive layer can also reduce stress concentrations, resulting in a relatively uniform stress
distribution, which further improves the strength and fatigue life performance of bonded
composite joints. Hence, bonded joints are, theoretically, more structurally efficient than
mechanically fastened joints.

Although the adhesive layer is typically weaker in strength compared to its adjoining
composite adherend and does not have through-the-thickness reinforcing components, it is
important in determining the strength of bonded joints because load is mainly transferred
through it. The adhesive layer is ideally designed to > 50% of the adherend strength to
compensate for manufacturing imperfections. The adhesives used in bonded joints usually
have lower moduli than the matrix in the composite adherend in order to better handle
the high local load arising from joint geometry. This load transfer efficiency, along with
the likelihood of manufacturing imperfections between the adhesive-adherend interface, ac-
counts for the high amount of scatter observed in strength evaluation and are often the
limiting cause of bond strength. The ductility in adhesives will reduce the effect of shear
stresses on the joint, while the brittleness makes it more susceptible to peeling. As such,
a higher load transfer efficiency can be achieved through an increase in the overlapping
adherend-adhesive area. This increase reaches a theoretical limit when the plastic and elas-
tic zones, illustrated in Figure 7, are fully developed [50]. Figure 8 shows some commonly
used adhesively bonded joint designs. Loading between the adherend-adhesive bond peaks
at the end of the overlapped region as a result of compatibility of deformation. Figure 9
illustrates this shear loading in the adherend-adhesive interface in adhesively bonded joints
[47]. The peak stresses at the end of the overlapped region can be reduced through tapering
of plies to alleviate geometry change.

Similar to bolt material compatibility in mechanically fastened joints, the selection of a
suitable adhesive to resist corrosion, moisture, and temperature in the service environment
and ensure failure in the adherend is important in bonded joints. One of the factors to
consider in adhesive selection is the local peak load as the joint geometry changes. Williams

(1987) [105] discusses in details various resin systems and recommends adhesive selection
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criteria based on operating stresses, environmental conditions, and application practicality.
Other secondary factors for adhesive consideration are surface preparation, inadequate fit
of adherends, void formation during bonding, and possible joint distortion due to thermal
stresses.

Epoxy adhesives are good for composite structure assembling and repairing because of
their high bond strength. Their ability to withstand a hostile environment makes them
particularly good candidates for aerospace applications. However, large scale production
with epoxy adhesives are inefficient because of sensitivity to surface treatments (e.g. poor
wetting on certain surfaces) and a lengthy curing process. There are a wide range of epoxy
resin systems available through modification of select properties with additives. The more
commonly used ones in aerospace applications are the high shear strength, heat-cured,
two-part systems toughened with rubber to improve the peel strength. The pot life (period
between time of mixing the resin and curing agent to the time where the increase in viscosity
renders the adhesive useless) for mixes ranges from 2 hours to several days while the shelf life
of film adhesives is much longer [105]. The rubber-base adhesives have low shear strength
and high peel strength in comparison to glassy systems and are often used in applications
that have a large region for bonding.

Another important criterion is bond defects, which include voids, porosity, and thick-
ness variations in the resin bonding layer [27]. These pose a major problem because non-
destructive evaluation techniques do not offer reliable means of assessing interfacial strength
between the bond and the adherends. Defects can be introduced indirectly through poor
adhesion between bonding surfaces from the residue left on the bonding surface as release
film is removed from the adherend. Porosity in the bond can result in catastrophic failure
under the presence of significant peel stresses. Inappropriate surface preparation is the most
common cause of bond defects.

Types of failure observed in a fiber-reinforce composite system includes fiber fracture,
matrix cracking, matrix crazing, fiber buckling, fiber-matrix debonding, and delaminations.
Heslehurt and Hart-Smith (2002) [49] identified two major types of failure modes in ad-

hesively bonded joints: the adherend failure modes, such as adherend fracture in the far

15



Figure 7: Shear stress distribution in adhesive with fully developed plastic and elastic zones
Figure taken from Composite Materials for Aircraft Structures (1986) [50]

field and composite adherend interlaminar fracture, and the adhesive failure modes, such as
cohesive fracture under shear and under peel, adhesive bondline fracture under shear, and

under peel. These failure modes are illustrated in Figure 10.
1.2.6 Analysis of Bonded Joints

The most simple method is the load over area formulation, which only takes into account
the average shear stresses in the bond layer. Hart-Smith neglected through-the-thickness
effects and formulated one dimensional models with variations in the axial direction. Other
commonly used approaches of this method are modified from the closed form and classical
series solutions proposed by Volkersen (1938) [101] and Goland (1944) [36] and have been

successfully applied to joint designs on aircraft components [27].
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Figure 10: Failure modes for bonded composite joints
Figure taken from Heslehurst and Hart-Smith (2002) [49]

The joint can also be modeled as a rigid adherend, where neighboring points on the
upper and lower adherend align vertically and slide horizontally with respect to each other
as the joint is loaded, resulting in a linear distribution of resultant axial stresses. Two
cases of different adherend deformability have been considered [27], as shown in Figure 11.
The difference between two deformable adherends and only one deformable adherend is an
unequal shear strain increase at the tip of the rigid adherend in the latter case.

Other analytical models include the elastic-plastic adhesive shear model proposed by
Hart-Smith (1972) [39]. This method has an equivalent elastic-perfectly plastic response for
the stress-strain curve of the adhesive layer to predict the mechanical response of adhesively
bonded joints. The primary parameter in determining joint strength is the strain energy to
shear failure in the adhesive layer as long as peel stresses are kept to a minimum through
tapering [47]. Only a relatively simple one-dimensional stress analysis is required even for
complicated joint geometries [44]. A modification of the elastic-plastic adhesive shear model,
the bilinear model, was applied to double lap joints in a later paper [40]. In comparing the
bilinear model and the elastic-plastic model, the former has the advantage of representing
all load levels with a single model whereas the latter needs to be adjusted based on the

ultimate loads.
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1.3 Non-conventional Joints and Their Analysis

Non-conventional joint improvement concepts have been developed through an understand-
ing of the fundamental mechanisms responsible for composite joint failure. In a single lap
joint, where the load transfer mechanism is effected through the interlaminar peel and shear
stresses, the distributions within the overlap region follow a boundary layer form. Both the
single nested overlap joint and the wavy lap joint covered in this section are co-cure com-
posite joint improvement concepts aimed at addressing the cause of these boundary layer
type interlaminar stress distributions. The improvement is achieved through a reduction
or reversal of the peel stresses and a redistribution of the intensity of both the transverse

normal and shear stress over the entire length of the overlap.
1.3.1 Single Nested Overlap (SNO) Joint

Coates and Armanios (2000, 2001) [24, 23, 22] proposed a nested concept to provide multiple
interfaces for load transfer. The Single Nested Overlap (SNO) joint is a co-cured joint de-
rived from the single lap joint through an overlapping/interleafing of adjoining top/bottom
adherend plies. Nesting leads to a reduction and ultimately a reversal of peel stress. An
illustration of the load transfer mechanism of this SNO joint concept evolving from a single
lap joint is depicted in Figure 12. The transverse normal or peel stress distribution is a
finite element result obtained from ABAQUS and is plotted over the co-cured length of the
joint or the shaded region of the SNO joint as shown. This distribution shows a typical
boundary layer behavior. For the single lap joint referred to as Unmodified in Figure 12,
the stress is positive leading to a separation or peel of the joint. This is due to the moment
generated by the eccentric lines of action of the applied tensile loads. The transverse normal
stress in the SNO joint is negative leading to a significant improvement in static strength.
Multiple nested layers, interleaving multiple plies from each adherend, was also investigated
in Coates and Armanios (2001) [25]. It was concluded that there was minimal improvement
in quasi-static strength for multiple nested layers as compared to the single layer to justify

the increase in manufacturing effort required.
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1.3.2 SNO Joint: Strength Comparison

Coates and Armanios (2000, 2001) [24, 23, 22] reported a static strength improvement of
23% and a fatigue limit of 150% for graphite/epoxy T300/8551-7 SNO joint over the single
lap joint. Constant amplitude tension-tension fatigue was carried out under a frequency of
5 Hz and a stress ratio of 0.1.

Cao and Dancila (2005) [15, 16] verified the static ultimate failure strength improvement
of SNO joints with non-destructive evaluation techniques, such as optical microscopy, X-ray
radiography and Acoustic Emission (AE). Three joint configurations, namely the straight
laminate, the single lap joint and the SNO joint were used to ascertain the improvement of
the SNO joint over a single lap joint. They concluded that for graphite/epoxy IM7/8551-7
with quasi-isotropic lay-up, the SNO joint retained 97% of the strength of a straight lam-
inate whereas the single lap joint retained 76% under quasi-static loading. These results
were obtained from a single manufactured panel of specimens. Clustering was applied to
parametric AE histories for waveform characterization of specific failure type. Although
successful identification of failure types were limited by the complexity in failure mecha-
nisms and their interactions, AE counts and cumulative AE counts were concluded to be

representative of the elastic energy released during quasi-static loading.
1.3.3 Bonded Wavy Composite Lap Joint

A wavy lap joint design, depicted in Figure 13, was proposed by Zeng and Sun (2000)
[110, 112] to eliminate the load eccentricity in single lap joint through a reversal of the peel

stress.
1.3.4 Wavy Joint: Static Strength

The static strength of graphite/epoxy T300/E767HM single lap and wavy joint was com-
pared [113, 111]. The single lap and wavy lap joints were manufactured with an additional
layer of FM73M adhesive. The average static strength of the single lap and wavy lap joint
was 10.4 kN and 19.4 kN, respectively. Cohesive fracture was dominant in the single lap

joint whereas significant plastic deformation in the adhesive layer prior to a sudden failure
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Figure 13: Dimensions and geometry of single lap and wavy joint
figure taken from Zeng and Sun (2004) [113]

was observed in the wavy lap joint.
1.3.5 Wavy Joint: Fatigue Study

The wavy lap joint showed improvement over the single lap joint under various constant
amplitude tension-tension sinusoidal cyclic loading at a stress ratio of 0.1 and frequency
of 6 Hz. The effect of increased frequency was concluded to have a direct correlation to
the increase in fatigue life. Fatigue crack propagation dominated failure of single lap joints
whereas cyclic degradation and creep damage accumulation in the adhesive accounted for
the fatigue failure of wavy lap joints. Significant loss in stiffness was observed for single lap
and wavy lap joints, due to crack growth and adhesive layer degradation, respectively [113].

The fatigue properties of the co-cured SNO joint is extensively studied in this investiga-
tion to establish the observed failure modes and damage propagation for the graphite/epoxy
IM7/8551-7 [0/ +60/90], family. Based on those observations, the nesting concept is further

improved by reducing edge delaminations.

1.4 Non-destructive Testing

Non-destructive testing utilizes tools to evaluate the structural integrity of service compo-
nents through detection of failure without compromising the structural integrity of service

components. Of particular importance are tools that enable inspection of less accessible
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parts within a structure or within a laminate. The non-destructive techniques briefly cov-
ered here are limited to those commonly used for evaluation of composite defects. Due to
the complexity of part geometries and location of parts, inspection of composites in aircraft
relies strongly on non-destructive testing techniques such as ultrasonic, X-ray radiography,
optical interferometry, and acoustic emission. The more common methods for detection
of internal delamination and free-edge matrix cracking are ultrasonic C-scan and X-ray
radiography, respectively.

Ultrasonic technique utilizes either a pulse-echo or through-transmission mode to mea-
sure defects, such as delamination, debonding, and impact damage in the part. Micro-
processors are typically used to process these measurements and also to display a C-scan
image. This technique allows estimation of internal defect size, shape, and orientation with
higher accuracy compared to other non-destructive methods but requires sufficient scan-
ning time and presents difficulties when inspecting irregularly shaped or rough parts. Some
modifications to the conventional immersed pulse-echo ultrasonic technique include non-
contact techniques, such as laser ultrasonic and air-coupled ultrasonic, that enable quicker
inspection of curved surfaces in more hostile environments. The former uses lasers to emit
and detect ultrasonic waves while the latter depends on high voltage transmission of the
emitting transducer and high sensitivity of the receiving transducer.

X-ray radiographic images are generated on film based on the exposure of varying de-
grees of radiation that passes through the part due to material absorption. This method
allows inspection of internal defects with minimal preparation but requires strict radiation
containment measures, is slow, and does not measure the depth of the defect.

Unlike ultrasonic and X-ray radiography that detect internal defects in structures, con-
ventional optical interferometry is typically used to measure surface deformations or to
provide the shape of defects. Using the resonant vibration of the part, the shape of the
defect is determined from the interference fringe pattern between top and bottom surfaces
of the part under the same resonance mode. The depth of the defect is then located using

the resonant frequencies of the two surfaces.
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A common optical interferometry method is Moire interferometry, which measures in-
plane displacements primarily for flat surfaces to obtain the engineering strain on the spec-
imen surface. The measured data are contours of fringe patterns for the in-plane displace-
ments. This method is also widely practiced in the microelectronics industry to measure
thermally induced deformation of electronic packages. The resolution of the deformation
measurement is limited by the sensitivity of the system and the contrast of the interference
fringes.

In this study, two non-destructive testing methods, namely the acoustic emission (AE)
technique and the infrared thermoelastic stress analysis (IR-TSA) technique are used to
access the co-cured composite joint strength under quasi-static and fatigue loading. Some

background on these two techniques is discussed in the following.
1.4.1 Acoustic Emission

Acoustic Emission is the elastic energy released by materials as they undergo deformation
or fracture. Uses of AE as a nondestructive tool include monitoring structural integrity,
characterizing material behavior, and detecting leaks. The two main differences between
AE and most other nondestructive methods are: (i) AE detects the energy that is released
by the specimen rather than supplying a source of energy, and (ii) AE is capable of track-
ing dynamic processes as the structure degrades [64]. A piezoelectric transducer, typically
placed on the surface of the specimen, is used to convert stress waves into electrical sig-
nals. The convenience of AE in real-time monitoring makes it an attractive nondestructive
evaluation tool.

There are two general approaches to AE analysis. The parametric approach is a more
conventional approach which converts mechanical vibrations into analog signals. A number
of parameters, such as amplitude, counts, rise time, duration, and energy, can be extracted
from each AE event and are studied for damage correlation. The location of damage can
be identified based on the difference in time of signal arrival from multiple mounted sensors
through cluster analysis, while successful identification of failure type, such as fiber fracture

or matrix cracking, has been inferred through amplitude distribution studies. However,
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the complexity of failure mechanisms, the interaction of damage types, the wave propaga-
tion phenomena in composites, and the scatter observed in local microstructure, results in
significant overlaps of parametric AE signals, undermining the application of parametric
AE analysis in damage source identification, particularly for single parameter filtering. The
transient approach counteracts this limitation in parametric AE studies by utilizing pattern
recognition and classification methods on fully digitalized AE waveforms for specific dam-
age type identification. Apart from the need for more sophisticated equipment to handle
the increased data volume for a full waveform analysis, a significant amount of data is also

necessary for classification.
1.4.1.1 Parametric AE Analysis

Parametric AE analysis has been used for damage location under both quasi-static and
fatigue loading, based on the difference in arrival times of AE events between two sensors
on a specimen. This damage detection and location is differentiated into damage initiation
and damage progression in some studies. Identification of the major failure modes is also
commonly used. Bakuckas et al. (1994) [7] applied this to titanium matrix composite (SCS-
6/Timetal-21S TMC) under quasi-static loading. Successful correlations were established
between observed damage progression mechanisms and AE amplitude for dominant failure
mode specimens, and subsequently was used as a basis for multiple failure mode specimens.
For composite materials, Awerbuch et al. (1989) [5] applied parametric AE analysis for
identification of major failure modes and for detection and location of damage initiation
and progression of cross-ply AE4/3502 graphite/epoxy laminates under quasi-static loading.
They were able to determined the far-field stress and strain for damage initiation based on
count rate, cumulative counts or cumulative events curves but not the fracture stress or
fracture site.

Parametric AE analysis is also used as a damage parameter and failure criterion for
fatigue life prediction of composites. Bourchak et al. (2007) [11] proposed the AE energy
as a damage parameter to account for the material response in fatigue life prediction of

composites as opposed to Palmgren-Miner rule, which assumes the same fatigue effect within

26



a block of loading in a variable amplitude spectrum. Correlation was observed for stress-
strain curves, ultrasonic C-scans and microscopic analysis of specimens under both quasi-
static and fatigue loading.

Other applications of parametric AE analysis also include damage characterization of
composites. Ely and Hill (1995) [32] used source location as a filter criterion for failure type
characterization of fiber breakage and longitudinal fiber splitting, addressing the importance
of signal attenuation necessary for appropriate characterization. Signal attenuation is the
reduction in signal amplitude due to propagation from source to sensor and can be caused
by material damping due to manufacturing, environmental and loading history, structural
geometry, scattering, and diffraction. Signal attenuation was also helpful in further charac-
terizing the two failure types since fiber breakage and longitudinal fiber splitting represented
a stationary and moving source, respectively.

Some of the primary concerns with parametric AE analysis under fatigue includes dif-
ficulty in separating out noises from the elastic waves generated as a result of damage
accumulation and computational effort required for the significant amount of fatigue data.

Friction AE due to the rubbing of new fractured surfaces is a source of noises in fatigue
AE analysis. Awerbuch and Ghaffari (1988) [6] identified a FRiction Emission Threshold
(FRET) and a reliable range of loading applicable for FRET, using several AE events, such
as event amplitude, duration, energy, and counts to monitor the progession of matrix split-
ting in double edge notched unidirectional AS/3501-6 graphite/epoxy system. The FRET
threshold was restricted to higher loading and lower number of cycles to failure as friction
AE became more significant than damage accumulation AE at lower loadings, limiting the
practicality of this methodology because the higher loadings are also accompanied by a high

amount of scatter.
1.4.1.2 Transient AE Analysis

Broadband transducers are often used for transient AE analysis because they have a wider

frequency range, which allows for a more accurate transient description. Some proposed
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signal processing methods for AE signal identification include classification and multi-
parameter filtering of AE waveform, pattern recognition of AE waveform with neural net-
work, finite element modeling, and the frequency response technique.

A neural network is a good tool for pattern recognition, classification, and optimization
of transient AE analysis because of the significant amount of data involved. The application
of a neural network for AE pattern recognition of composite failure mechanism was suggested
by Fowler et al. (1989) [34]. Subsequently, Ativitavas et al. (2006) [4] achieved successful
identification of some damage types for pultruded fiber-reinforced polymer composites using
backpropagation with a two level neural network system. The verification of damage types
were conducted with scanning electron microscopy.

To further develop AE for in-flight monitoring, a neural network is also used with tran-
sient AE analysis for detection and identification of failure modes and their progression.
Bhat et al. (2003) [8] used supervised and unsupervised training of artificial neural network
to characterize AE data of carbon fiber-reinforced plastic with noise under fatigue. AE
signals for fiber failure, fiber/matrix debond and matrix cracks were successfully identified
and classified. This work was extended with significant success in characterizing AE sig-
nals under noisy environment for the detection and identification of failure modes and their
progression [9].

In addition to the neural network approach, Dzenis and Qian (2001) [29] used a combi-
nation of transient AE classification and multi-parameter filtering on the AE damage evolu-
tion histories of graphite/epoxy composites under quasi-static loading to identify and locate
damage types. Three characteristic AE waveforms were identified for two micro-damages,
matrix cracks, and fiber breakage, and a collective measurement of macro-damage, compris-
ing of delaminations or longitudinal splitting of unidirectional plies. This hybrid method
was postulated to be a viable option for fatigue damage histories where a full transient
AE analysis was impractical or prohibitive because multi-parameter filtering only required
parametric AE data.

The frequency response technique on transient AE waveform can also be used to detect

and monitor damage in composite laminates. Awerbuch et al. (1989) [5] first proposed the
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use of the following sequence. The specimen is excited to an optimal frequency range specific
to the structure and material system and a receiver records the signals prograting through
the pulser-receiver path. AE events of the transmitted signal, such as peak amplitude,
arrival time, shift in frequency components and area under the frequency response curve,
are processed and monitored for changes. They concluded that the frequency response
technique was sensitive to internal damage stage, such as amplitude attenuation, downward
shift in the resonance frequencies, and decrease in the area under the frequency response
curve. However, the preliminary results they obtained indicated that this technique was
not sufficiently sensitive to the dominant failure mode observed in cross-ply graphite/epoxy
laminates. Leone et al. (2008) [55] concluded the application of the frequency response
technique with AE waveform analysis for qualitative determination of the severity of damage
ahead of a notch tip on a full-scale honeycomb sandwich graphite/epoxy composite fuselage.

Based on previous work [95, 98] and the conclusion drawn by Cao and Dancila (2005)
[15, 16], quasi-static cumulative AE count peaks were observed to be fatigue limit predic-
tors for graphite/epoxy IM7/8551-7 [0/ 4+ 45/90], straight laminates and SNO joints. The
significance of the accumulated damage measured by quasi-static AE counts on fatigue was

further investigated.
1.4.2 Infrared Thermoelastic Stress Analysis Technique

Infrared Thermoelastic Stress Analysis Technique (IR-TSA) is a non-contact technique for
full-field mapping of surface stresses using an infrared camera that detects changes in surface
temperature of a stressed body. An infrared camera is used to measure small changes in
surface temperatures resulting from the elastic strain energy generated as the specimen
deforms. It has been successfully used as a non-destructive testing tool both qualitatively
and quantitatively. Some difficulties with thermoelastic stress analysis of fiber-reinforced
polymer composites include nonlinear effects, such as viscoelasticity and plasticity, which
may affect mean stress or test frequency. The anisotropy of composite systems may also
result in non-uniform heat conduction.

Quantitative thermoelastic stress analysis is subject to various limitations in order for
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the thermoelastic theories to apply, such as cycling orthotropic composites to achieve adia-
batic conditions. Dulieu-Barton et al. (2006) [28] studied the localized effect of heating on
surface temperature variations and proposed a correction factor to calibrate the Deltatherm
detector based on decoupling of the infrared thermoelastic response due to surface temper-
ature and stress changes. The Deltatherm detector is a thermoelastic measurement system
that counts the total number of photons per unit area and time and decoupling to ensure
that the thermoelastic signal measures only changes due to stresses. This process success-
fully eliminates the effect of localized heating for aluminum and fiber-reinforced polymer
composites, quantifying the stresses for damage progression. El-Hajjar et al. (2004) [31]
presented a solution for the sum of direct surface strain components on the surface of thick
pultruded composites by assuming the thin surface layer responsible for the thermoelastic
effect as transversely isotropic. The results were verified with finite element analysis and
applied on pultruded composites with circular cut-outs and edge cracks. This method was
extended to the calculation of mixed-mode stress intensity factors for cracked laminated
and pultruded composite specimens in Haj-Ali et al. (2008) [38], further demonstrating the
effective application of IR-TSA for generation of full-field surface strains indirectly.

IR-TSA was also successfully used to experimentally measure the onset and growth of
damage in different composite systems. Mackin and Roberts (2000) [57] presented stress
maps and damage images of several brittle constituent composites by measuring the ther-
moelastic and dissipational thermal signatures during cyclic loading, obtaining a qualitative
picture of stress distribution and a quantitative measure of the damage in terms of a modi-
fied stress concentration factor at locations of concentrated stress. This method was further
applied to model the detection of sub-surface cracks in a 3-layer system of laminated polymer
membrane [58] but limited to sub-surface layers that have different thermoelastic proper-
ties from the surface layer. Gyekenyesi and Morscher (2004) [37] applied this method to
define the stress profile of ceramic matrix composites with significant stress concentrations
in high temperature gas turbines applications and used acoustic emissions and destructive
sectioning to illustrate the extent of matrix cracking at the notch roots.

Despite the success of IR-T'SA in various composite systems, IR-TSA has not been used
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to monitor the growth of damage in composite joints. In addition to damage monitoring,
the capability of IR-TSA in identifying failure modes occurring in composite joints was also

validated in this study.

1.5 Fatigue of Composites

With the fatigue damage mechanics of composites vastly different from that of isotropic
materials, the durability and sustainable performance of composites under fatigue requires
different analytical tools as compared to metals. The fatigue behavior of metals are typically
well characterized, with a gradual growth stage, an approximately linear growth stage, and
a final stage, where small cracks coalesce to form larger cracks leading to failure. Damage in
fiber-reinforced composites under fatigue, however, starts earlier with different damage types
growing in the damage zones at various rates. As such, the loss of stiffness in fiber-reinforced
composites is gradual, accompanied by a continuous redistribution of stress and reduction
of stress concentrations. Due to the lower conductivity of composites compared to metals,
strength concerns arising from local overheating under high frequency (> 10) cyclic loading,
are more significant than metals. Tension fatigue in composites is less susceptible to damage,
whereas compression fatigue is more prone to local delaminations which compromise the
fatigue strength severely.

As with all engineering regimes, the study of fatigue of composites begins with the
physical understanding based on a fundamental characteristic property or response. Reif-
snider [79, 80] in his overview on fatigue damage of composites defined damage mechanics
to include changes in stiffness, strength, and life of composite laminates, emphasizing the
importance of a collective condition for fatigue damage in composites. He defined a “char-
acteristic damage state” that determined the state of stress and strength of an unnotched
laminate, analogous to the single crack study for a homogenous material. Various frame-
works for modeling of fatigue behavior were proposed. Among them, Talreja [88] proposed
the fatigue life diagram, which categorized fatigue of composites into three regions based on
the progressive nature of the damage mechanism. This study was then further developed

in Talreja [92, 94] and Gamstedt and Talreja [35].
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With the eventual goal of life predictive tools for fatigue of composites, analytical and
finite element models on fatigue damage mechanics and fatigue damage evolution were
developed. Two main approaches were undertaken by researchers in studying the fatigue
damage mechanics, namely micromechanics and Continuum Damage Mechanics (CDM)
based modeling, to mathematically describe the elastic coefficients of the damage state as
a function of the loading and change in damage. The micromechanics approach assumed
a Representative Volume Element (RVE) as a basis for the continuum material while the
CDM approach based its model on physical observations of damage growth and material
response, typically by assuming a nature of damage and its effect on the elastic coefficients.
Some of the researchers that contributed to the micromechanics based modeling include
Hashin [48] and Tsai et al. [99], while some of the researchers that contributed to the CDM
approach include Nairn [66], Talreja [91, 90]and Reifsnider and Stinchcomb [82]. There were
also models, such as the synergistic damage mechanics approach proposed by Talreja [93],
that combined these two approaches in order to counteract the limitations of each.

The current work focuses on the physical understanding of the damage mechanism of the
[0/£6/90]s SNO joint in comparison to the [0/ £6/90]s straight laminates and [0/ £6/90]5
single lap joints. Based on this physical understanding, a joint improvement study to
minimize free-edge delamination in quasi-isotropic straight laminates and SNO joints, was

conducted.

1.6 FEdge Delamination in Composites

Delamination between adjacent layers is a commonly observed damage type in fiber-reinforced
composite materials subjected to tension loading. Some delaminations initate along the edge
of the specimen as a result of high interlaminar stresses and between adjacent layers that
have significant mismatch in Poisson ratios, such as between angled and 90° plies. Edge
delamination was documented as a stable fracture process in laminates under tension in
1970s by Lackman and Pagano (1974) [53], Rybicki et al. (1977) [84], and Reifsnider et al.
(1977) [81].

O’Brien (1982, 1985) [68, 69] proposed a delamination prediction model using the strain
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energy release rate to characterize interlaminar fracture behavior of composites. A simple
expression was developed for the total strain energy release rate, while the strain energy
release rate components for Mode I, II, and III were estimated from finite element analysis
and crack closure techniques. Delamination initiating from edge delamination [68] and from
matrix ply cracks parallel to fibers in a ply [69] were investigated for a variety of lay-ups
and the influence of these two factors on the laminate tensile stiffness and strength were
studied. O’Brien also proposed a quasi-static tensile strength prediction tool for quasi-
isotropic graphite/epoxy T300/5208 specimens with equal percentages of 0°, 90° and +45°
plies based on delamination resistance curve and strain energy release rate [71]. Successful
prediction was obtained for laminates with different thickness and stacking sequences given
the delamination growth history of one laminate. Edge delamination was concluded to
reduce laminate stiffness and tensile strength under quasi-static loading but will not cause
premature laminate failures. The experiments were conducted in a closed-loop hydraulic
testing machine under a strain controlled mode.

These results were incorporated into a fatigue life prediction methodology for compos-
ite laminates under tension fatigue [70], but the technique was limited to one dominant
damage mechanism because of the complexity associated with the interaction of multiple
damage modes. The same problem was investigated with three dimensional finite element
analysis by Salpekar and O’Brien (1991,1993) [86, 85]. Chan et al. (1987) [17] proposed a
delamination prediction tool through computation of strain energy release rate using frac-
ture mechanics and identification of critical delamination site with sublaminate modeling
and finite element analysis. In particular, an inner layer manufacturing technique and a
special 90° hybrid technique successfully suppressed and delayed delamination, respectively.
The former technique includes an additional high strain ductile adhesive layer at the crit-
ical interface of the laminate, while the latter technique reduced the mismatch in stiffness
along the direction normal to the free edge by replacing the 90° ply in the parent laminate
with a softer glass/epoxy ply. Wisnom et al. (2008) [106] demonstrated the importance
of free edge delamination in failure criteria for reliable prediction of thickness and stacking

sequence effects.

33



Armanios and Rehfield (1989) [1] developed a simple sublaminate model based on trans-
verse shear deformation theory to analyze mixed mode edge delamination specimen and
provided closed form estimates of strain energy release rate components for Mode I, II, and
III. The simplicity of this model allows preliminary design analysis to be evaluated quickly
and economically. The characteristic roots controlling the behavior of edge delamination
specimen were also provided. Armanios et al. (1989) [1, 2] proposed that edge delamination
in symmetric laminates was determined by the resultant peel stress moment at the mid-
plane and thus, a closing mode at the midplane would suppress Mode I opening, thereby
reducing edge delamination. Li and O’Brien (1997) [56] developed a sublaminate model
including hygrothermal effects for the characterization of Mode III fracture toughness to
analyze laminates with midplane edge delamination under torsional load. The hygrother-
mal, bending-twist coupling, and extension-twist coupling effects on the strain energy release
rate were investigated for symmetric, asymmetric and antisymmetric laminates. The hy-
grothermal and Mode I effects on antisymmetric laminates [£60/(60 — 90)/6],, with varying
number of plies, n, were also concluded.

Significant contributions have been made in understanding the formation and growth of
delamination in composite laminates and its effect on the stiffness and quasi-static strength.
The current study focuses on understanding the growth of delamination in co-cured com-
posite joints under quasi-static and cyclic loading, its effect on quasi-static, fatigue strength,

and failure modes.
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CHAPTER 11

QUASI-STATIC STRENGTH CHARACTERIZATION
AND FAILURE MODES OF [0/ £60/90]s FAMILY OF
COMPOSITE JOINTS

A family of IM7/8551-7 [0/46/90] stacking sequences, including [0/+30/90]s, [0/£45/90]s,
and [0/ £ 60/90]s, were tested at a monotonic loading rate of 50 N/s. The IM7/8551-
7 [0]g was also studied for comparison. The material properties for the graphite/epoxy,

characterized based on ASTM standards, are listed in Table 2.

2.1 Three Observed Failure Modes

Three types of failure modes, depending on the difference between the fiber and matrix
strength of the material system, were observed in the [0/ +6/90]s SL, single lap, and SNO
joints. Figure 14 illustrates these three failure modes. As defined in Heslehurst and Hart-
Smith (2002) [49], adherend fracture was a dominant fiber fracture whereas cohesive fracture
was a matrix fracture either by peel or shear stresses. The third failure mode, interface
failure, was a proposed failure mode based on the physical state of observed failure and was

characterized by fiber failure initiating from the overlap joint length.

Table 2: Material properties for graphite/epoxy (Hexcel IM7/8551-7)
E11 E22 Ply Thickness G12 = G13 V192 = V13
141.2 GPa 7.2 GPa 0.16 mm 3.9 GPa 0.30

ASTM D 3089-0012 for the tensile properties
ASTM D 8518-9418 (reapproved 2001) for the shear properties
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Figure 14: Three observed failure modes in straight laminates, single lap and single nested
overlap joints
Adherend fracture and cohesive fracture sketch taken from Heslehurst and Hart-Smith [49]
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2.2 Three Categorized Failure Types

A predominant failure type was observed for the [0/ £ 6/90]s SL, single lap, and SNO
joints, ranging from the fiber-dominated failure type observed in the [0/ £60/90]s SL, to the
mixed fiber- and matrix- dominated failure type observed in the [0/ £+ 6/90]; SNO joints,
and the matrix-dominated failure type observed in the [0/ £ 6/90]; single lap joints. These
observed predominant failure types were categorized into dominant adherend failure, mixed
type failure, and dominant cohesive failure, respectively.

Mixed type failure, predominantly observed in the [0/ +6/90]s SNO joints, was charac-
terized by a mixture of adherend fracture or cohesive fracture with/without accompanying
interface fiber failure within the overlap joint length or extending into the adherend adja-
cent to the overlap length. This mixed type behavior was observed to be more sensitive to
loading conditions, exhibiting a range of failure modes (either adherend fracture or cohesive
fracture with/without interface failure) under monotonic, high cyclic, or low cyclic loading.
In contrast, the adherend fracture and cohesive fracture exhibited predominantly in the
[0/ £60/90]s SL and the [0/ £60/90]5 single lap joints, respectively, remained the same under
monotonic or cyclic loading. The terms “dominant” and “non-dominant” will be used in
the categorized failure types to differentiate between this sensitivity to loading. The ad-
herend fracture and cohesive fracture observed predominantly in the [0/ + 6/90]s SL and
the [0/ £ 60/90]5 single lap joints will be referred to as dominant adherend failure and dom-
inant cohesive failure, respectively; the adherend fracture and cohesive fracture observed
predominantly in the [0/ 4 6/90]s SNO joints will be referred to as non-dominant adherend
failure and non-dominant cohesive failure, respectively. The three categorized failure types

are illustrated in Figure 15.
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Figure 15: Three categorized failure types observed in straight laminates, single lap and single nested overlap joints
Adherend fracture and cohesive fracture sketch taken from Heslehurst and Hart-Smith [49]



2.2.1 Dominant Cohesive Failure

When the matrix strength is significantly lower than the shear and peel stresses at the onset
of joint failure, dominant cohesive fracture occurs. The overlap length either shears or peels
off cleanly along the joint interface, indicating that the overlap region is the weakest part of
the joint. The occurrence of this mode in this study was largely dependent on the strength
of the matrix system since the joints were co-cured without any additional layer of adhesive.

This mode was observed predominantly in the IM7/8551-7 [0/ £ 6/90]; single lap joints.
2.2.2 Dominant Adherend Failure

When the matrix strength is significantly higher than the shear and peel stresses at the
onset of joint failure, dominant adherend fracture occurs. Loading is “perfectly” transferred
across the joint through the matrix in the overlap length onto the fibers and the fibers were
loaded till ultimate fracture. This mode was observed predominantly in the IM7/8551-7
[0/ £6/90]5 SL.

2.2.3 Mixed Type Failure

When the matrix strength is similar to the shear and peel stresses at the onset of joint
failure, the exhibited failure type becomes more sensitive to loading conditions. This mixed
type behavior is characterized by interface fiber failure, non-dominant cohesive fracture and
non-dominant adherend fracture. When non-dominant adherend fracture is observed, there
is an increase in joint strength as the weakest part of the joint shifts from the overlap length
to the adherends immediately adjacent to the overlap length. However, when non-dominant
cohesive fracture is observed, the increase in joint strength is ambiguous as the weakest part
of the joint remains within the overlap length. The addition of interface failure along with
non-dominant cohesive fracture typically indicates some improvement in joint strength, as
part of the loading is transferred across the joint through the interfaced layers in the overlap

length. This mode was observed predominantly in the IM7/8551-7 [0/ +6/90]s SNO joints.
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2.3 Quasi-static Failure Type Comparison for [0]s and [0/ +
0/90]s Family of Joints
Figures 16, 17, and 18 show the quasi-static failure modes for the [0]s and [0/ £+ 6/90]s
SL, single lap, and SNO joints, respectively. The predominant failure features across the
SL, single lap, and SNO joints were compared but the initiators leading to ultimate failure
could not be ascertained from these figures. In particular, free-Edge Delamination (ED) in
the 90°/90° interface was observed for the [0/ & 6/90]s SL, especially the the [0/ £ 45/90]5
lay-up. Some amount of ED in the 90°/90° interface initiating from the fractured location

was also observed for some of the failed [0/ £ 45/90]; SNO joints.
2.3.1 Straight Laminates

All the SL failed under dominant adherend failure. For the [0]s SL, matrix cracking along
the fiber direction was observed all through through the thickness (Figure 16a). Apart
from the fiber fracture at the fractured location, a significant amount of ED in the 90°/90°
interface initiating from the fractured location was also observed in the [0/ £+ 6/90]5 SL.
Fiber fracture at the fractured location included tensile features along the 0° and 90° fibers
and shearing features along the 6° fibers (Figure 16b). Among the [0/ £+ 6/90]s SL family,

ED in the 90°/90° interface was particularly prominent in the [0/ &+ 45/90]s SL.
2.3.2 Single Lap Joints

The [0]g single lap joints failed under mixed type failure, exhibiting non-dominant cohesive
fracture with significant amount of interface failure and fiber splitting within the overlap
length and along the adherends of the joint, respectively (Figure 17a). The [0/ 4+ 6/90]s
family of single lap joints failed predominantly under dominant cohesive failure, exhibiting
cohesive fracture either in shearing or peeling (Figure 17b). Although the mechanism is
rather different for each, a distinction has not been made in the results because of the
possible influence of manufacturing defects. Apart from the cohesive fracture, no other
significant failure types were observed in the adherends. For a minority of the tested [0/ +
45/90]5 single lap joints (2 out of 13), adherend fracture was also observed. Unlike the

[0/ £ 6/90]s SL, ED in the 90°/90° interface was not observed in the adherends or within
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(b) IM7/8551-7 [0/ + 6/90]s straight laminates
Figure 16: Straight laminates: Quasi-static failure modes for IM7/8551-7 [0]g and [0/ £+

6/90]
Adherend fracture sketch taken from Heslehurst and Hart-Smith [49]
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the overlap length.
2.3.3 Single Nested Overlap Joints

The [0]s SNO joints failed under mixed type failure, exhibiting non-dominant cohesive
fracture with significant interface failure (Figure 18a). All the [0/ + 6/90]s SNO joints
failed under non-dominant adherend failure as compared to the dominant cohesive failure
observed in the [0/ + 6/90] single lap joints. Similar to the [0/ & 6/90]s SL, fiber fracture
at the fractured location included tensile features along the 0° and 90° fibers and shearing
features along the 6° fibers (Figure 18b). Some amount of ED in the 90°/90° interface
initiating from the fractured location was observed for some of the failed [0/ £ 45/90]s
specimens. However, unlike the SL, the delamination did not extend across the entire width
of the specimen and was observed more as delamination along the sides of the adherends.
No additional failure types or ED in the 90°/90° interface were observed in the adherends
or overlap length of [0/ 4+ 30/90]s and [0/ £ 60/90]s SNO joints due to the limited number

of specimens tested.

2.4 Quasi-static Strength Comparison for the [0]s and [0/ +
0/90]s Family of Joints

A minimum of five specimens for each stacking sequence were tested to ultimate failure.
The Average Ultimate Tensile Stress (UTS), the Maximum, the Minimum, the Standard
Deviation and the Coefficient of Variation (CV) for the SL, single lap and SNO joints of [0]g
and [0/46/90]s lay-up are provided in Appendix B. The UTS values for [0]s and [0/£6/90]s
SL, single lap, and SNO joints are provided in Table 3. A graphical representation of the
UTS values is provided in Figure 19.

Two static strength indicators, namely the stacking sequence static effectiveness factor
and the joint static effectiveness factor, were used to characterize the static behavior of
the [0]s and [0/ £ 6/90]s SL, single lap and SNO joints. Strength indicators were used to
compare and assess these joints as part of the research objective to conduct a systematic
investigation of the quasi-static and fatigue behavior of the earlier proposed SNO joint.

Similarly, ultimate fracture was defined as the desired level of strength loss.
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Figure 17: Single lap joints: Quasi-static failure modes for IM7/8551-7 [0]g and [0/ £6/90]5
Cohesive fracture sketch taken from Heslehurst and Hart-Smith [49]
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Figure 18: Single nested overlap joints: Quasi-static failure modes for IM7/8551-7 [0]g and
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Adherend fracture and cohesive fracture sketch taken from Heslehurst and Hart-Smith [49]

44



Table 3: Summary of UTS for IM7/8551-7 [0]s and [0/ £ 0/90]s with UTS of [0/ + 6/90]s
as a percentage of [0]g

[0]s [0/ £30/90], [0/+45/90], [0/ % 60/90]

SL 2108.07 805.35 718.32 698.05
Single lap joints 770.42 549.17 628.33 560.29
SNO joints 1151.72 605.70 650.95 629.21

UTS values are in MPa.
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Figure 19: UTS values for [0]g, [0/ £ 30/90]s, [0/ + 45/90]s and [0/ £ 60/90]s straight
laminates, single lap and single nested overlap joints

These indicators represent two different ways of quantifying the percentage of load car-
rying fibers and therefore, the amount of fiber-dominated failure. The stacking sequence ef-
fectiveness factor differentiates between fiber-dominated and non-fiber-dominated fracture.
In fiber-dominated adherend fracture, the stacking sequence effectiveness factor represents
a proportion of fibers aligned with the loading direction. In matrix-dominated and mixed
type failure, such as the comparison of single lap and SNO joints, both the stacking sequence
and the joint effectiveness factors measure a level of fiber contribution, which increases both
the quasi-static and fatigue strength of the joint.

While not immediately obvious from Figure 19, the mean UTS values across the [0/ +
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Table 4: p-values (1-way ANOVA): To test for significant differences in mean UTS values
between [0/ £ 30/90]s, [0/ £ 45/90]s and [0/ &+ 60/90]5

Mean UTS values for [0/ £ 60/90]s

SL 0.0365
Single lap joint 0.000025
SNO joint 0.0000015

0/90] family for the three configurations were significantly different based on a 1-way
analysis of variance (ANOVA). The p-values for the null hypothesis that the mean UTS
across the [0/ 4+ 6/90], family for each of the three configurations are indistinguishable are
summarized in Table 4. Since the p-values were smaller than the critical p-value of 0.05,
there was sufficient evidence to reject the null hypothesis. Although the mean UTS for each
configuration and each [0/ £+ 6/90]; family lay-up was different, there was no conclusive
evidence that the [0/ 4+ 45/90]s will always yield a higher UTS value than the [0/ 4 30/90]s

or [0/ £60/90]s, as observed in the trend in Table 3.

2.4.1 Static Strength Indicator I: Stacking Sequence Static Effectiveness Fac-
tor

The first static strength indicator SSr, in Eq. (1), compares the static effectiveness of
the [0/ &+ 6/90]s stacking sequence relative to the [0]g in carrying uniaxial loading. The
computed SSy for the [0/ +30/90]s, [0/ £45/90]s and [0/ £60/90]s SL, single lap, and SNO

joints are provided in Table 5.

UTS10/£6/90]s

where:

SSr denotes stacking sequence static effectiveness factor; and

UTS0/%0/%s denotes ultimate tensile strength for the [0/ & 6/90], SL, single lap or SNO

joint; and

UTSUls denotes ultimate tensile strength of the [0]g SL, single lap or SNO joint.
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Table 5: Static strength indicator I for IM7/8551-7 [0/ £ 6/90],

Stacking Sequence Static Effectiveness Factor: SS5;
[0/ £30/90], [0/+45/90], [0/ =+ 60/90],

SL 38 34 33
Single lap joints 71 82 73
SNO joints 53 57 55

Static strength improvement values are in %.

A sharp drop in UTS was observed in the SL between the [0]s and [0/ £ 6/90]s (Figure
19), with the stacking sequence static effectiveness factor for [0/ & 30/90]s, [0/ £ 45/90]s,
and [0/ £ 60/90]s at 38%, 34%, and 33% of the [0]s UTS (Table 5), respectively. The
[0/ £60/90]s SL family UTS showed a steady decrease within 30-40% of the [0]s UTS as 6
increased to reflect the percentage reduction in load carrying fibers along the axially loaded
direction. As 6 varied for SL, a minimum of 25% of the [0]s UTS, which was the percentage
of 0° fibers, should be expected. For the single lap and SNO joints, a less significant drop
in UTS strength between the [0/ £ 6/90]s and [0]s was observed. The stacking sequence
static effectiveness factor for [0/ £30/90]s, [0/ £ 45/90]s, and [0/ 4 60/90], single lap joints
were at 71%, 82%, and 73% of the [0]s UTS (Table 5), respectively while that for the SNO
joints were at 53%, 57%, and 55% of the [0]s UTS (Table 5), respectively.

The dominant adherend failure observed in SL accounted for the low stacking sequence
static effectiveness in [0/ +6/90]s SL as compared to [0]s. However, as the dominant failure
mechanism shifted from a fiber-dominated failure type in SL to a more matrix-dominated
failure type in single lap and SNO joints, the stacking sequence static effectiveness in the
[0/460/90]s family increased significantly. In the matrix-dominated failure observed in single
lap joints, the stacking sequence static effectiveness factor was the highest. In the SNO
joints, where a mix of fiber- and matrix- dominated failure, the non-dominant adherend
failure was observed, the stacking sequence static effectiveness factor was approximately
50%, halfway between the SL and the single lap joints.

A steadily decreasing mean UTS with increasing € in the [0/ £6/90]s family should only

be inferred for fiber-dominated failure type, such as [0/ &+ 6/90]s SL, whereas a projected
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Table 6: Static strength indicator II for IM7/8551-7 [0]s and [0/ £ 6/90]5

Joint Static Effectiveness Factor: SS;;
[0]s [0/ £30/90], [0/=+45/90], [0/ % 60/90],
Single lap joints 37 68 87 80
SNO joints 55 75 91 90

Static strength improvement values are in %.

range of mean UTS could be inferred for matrix-dominated and mixed type failure, such as

[0/ 4+ 6/90]; family of single lap and SNO joints.
2.4.2 Static Strength Indicator II: Joint Static Effectiveness Factor

The second static strength indicator SSyy, in Eq. (2), compares the static effectiveness of
the single lap or SNO joint relative to the SL or “perfect joint”. The computed SSy; for
the [0]g, [0/ +30/90]s, [0/ & 45/90]s and [0/ 4+ 60/90]s SL, single lap and SNO joints are
provided in Table 6.

UTsJO]NT

SS[[ = W X 100% (2)

where:

S St denotes joint static effectiveness factor; and

UTS7OINT {denotes ultimate tensile strength for the single lap or SNO joint; and

UTSPERFECT denotes ultimate tensile strength of the SL.

The SNO joints showed an increase in joint static effectiveness over the single lap joints
for both the [0]s and [0/ £ 0/90], family, due to an increased in fiber-dominated failure.
Although both the [0]g single lap and [0]s SNO joints failed under non-dominant cohesive
failure with interface failure, the more significant interface failure observed in [0]s SNO joints
resulted in an increase of approximately 18% in joint static effectiveness (Table 6: Single lap
joints 37% and SNO joints 55%). The increase in fiber-dominated failure from the dominant

cohesive failure observed in the [0/ 4 6/90]; single lap joints to the non-dominant adherend
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failure observed in the [0/ 4+ 6/90]s SNO joints accounted for an increase of approximately
5-10% in joint static effectiveness (Table 6). The more significant improvement in joint
static effectiveness factor in the [0]s SNO joints as compared to the [0/ +6/90]s SNO joints

could be attributed to an increase in the amount of load carrying fibers in the [0]s.

2.5 Statistical Inference of Single Panel vs. Multiple Pan-
els

The results presented in this study were based on specimens taken from multiple panels
[98]. Table 7 summarizes a comparison for the [0/ £45/90]s SL, single lap, and SNO joints
made against the results from Cao and Dancila [13, 12], which were taken from a single
panel. The multiple panels result was a representation of a mean of four specimens from
each tested under monotonic loading while the single panel results was for five specimens
from one panel.

For the SL and the single lap joints, there was only a 5% variation in mean UTS for the
multiple panels results due to the consistency observed in the failure mode. A higher 13%
variation was noted in the SNO joints as a result of the added complexity due to multiple
overlapped interfaces and manufacturing variability.

With respect to the UTS of a “perfect” joint, Cao and Dancila [13, 12] concluded that
single lap and SNO joints retain 76% and 97% of the UTS of a perfect joint, respectively.
Taking into consideration the variation in manufacturing and failure types (such as delami-
nation, matrix cracking, and fiber fracture) across multiple panels, the corresponding results
from the current investigation shows 87% and 91% of the UTS of a prefect joint for single
lap joints and SNO joints, respectively. Based on a 1-way ANOVA, there was no significant
difference in the mean UTS of test specimens from single panel and from multiple panels

for IM7/8551-7 [0/ £+ 45/90]s SL, single lap and SNO joints [95].

2.6 Chapter Summary

Three failure types were observed for the [0/ +60/90]s family, ranging from fiber-dominated
adherend fracture in the SL, to matrix-dominated cohesive fracture in the single lap joints,

to a mix of both fiber-dominated and matrix-dominated fracture in the SNO joints. The
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Table 7: Comparison of Single Panel (Cao and Dancila [13, 12]) and Multiple Panels
Monotonic Loading Results

Straight Laminate Single Lap Joint SNO Joint

Multiple Single Multiple Single Multiple Single

Average (MPa) 718.32 762.50  628.33 582.60  650.95  743.00
Standard Deviation (MPa) 32.489 37.063  39.421 30.022 84.816  51.976
Coefficient of Variation (%) 4.52 4.85 6.27 5.15  13.03 7.00
Strength w.r.t. Perfect Joint (%) - 87.4 76.4 90.6 97.4

nesting concept resulted in an increase in fiber-dominated behavior for the SNO joints
compared to the single lap joints, which led to a more effective joint, illustrated by the joint
static effectiveness factor. Both the stacking sequence static effectiveness factor and the
joint static effectiveness factor are a measure of level of fiber activity in the failure mode.
The former also approximates the proportion of fibers aligned along the loading direction.
The fracture state illustrated in the failure mode figures only captured the predominant
failure features under monotonic loading, but the initiators leading to ultimate fracture
could not be ascertained from these figures. In comparing the UTS, the multiple panel
results showed negligible difference of 1% in standard deviation for single lap joints and a
6% difference in standard deviation for the SNO joints. The former was attributed to the
consistency of the observed dominant cohesive fracture, while the increase in scatter for the
latter was attributed to the increase in complexity for the fiber-dominated non-dominant
adherend fracture. Based on a 1-way ANOVA, there was no significant difference in the
mean UTS of test specimens from single panel and from multiple panels under monotonic

loading.
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CHAPTER II1

FATIGUE STRENGTH CHARACTERIZATION AND
FAILURE MODES OF [0/ + 6/90)s FAMILY OF
COMPOSITE JOINTS

Constant amplitude tension-tension S-N curves at a frequency of 5 Hz and a stress ratio
(R) of 0.1 were generated for the IM7/8551-7 [0/ £ 6/90]s family, including [0/ & 30/90]5,
[0/ £45/90]s, and [0/ £ 60/90]s. The S-N curve for IM7/8551-7 [0]s was also studied for
comparison. Fatigue run-out was defined at 1 x 10° cycles. The fatigue strength charac-
terization of the IM7/8551-7 [0/ £ 60/90], family were then assessed through three different,
but not independent, indicators [95, 97, 98] to illustrate the improvement of the SNO joint

in comparison to the single lap joint.

3.1 Power Fitted S-N Curves: Frequency = 5 Hz, R = 0.1
and Fatigue run-out = 1 x 10° cycles

The constant amplitude tension-tension S-N curves were generated with a minimum of
eight data points at a frequency of 5 Hz, a R of 0.1, and a fatigue run-out of 1 x 10° cycles.
The Maximum cyclic Load level (L,qz), the Maximum cyclic Stress level (Sy,qz), and the
Number of cycles to Failure (INy) for each individual fatigued specimen are provided in
Appendix D. Weighted non-linear least square based power curve fits and the coefficient of
determination (r2) obtained from the Matlab curve fitting toolbox for the IM7/8551-7 [0]s,
[0/ £30/90]s, [0/ £ 45/90]s and [0/ £ 60/90]s SL, single lap, and SNO joints are given in
Eqgs. 3-6a, b, and c, respectively.
IM7/8551-7 [0]s

SL : Smag = 1852.0 N, 0920 12 = 0.9227 (3a)

Lap : Spaz = 975.3 Ny 00999 42 = 0.9768 (3b)
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SNO : Spag = 1498.0 N 019% % = 0.9908 (3c)

IM7/8551-7 [0/ + 30/90],

SL : Spax = 674.3 N 00 2 = 0.8795 (4a)
Lap : Smaz = 568.8 Ny 00927 1% = 0.9368 (4b)
SNO : Spae = 1393.0 Nf—0~1230, r? =0.7023 (4c)

IM7/8551-7 [0/ + 45/90],

SL : Smax = T45.4 N7O0%%0 2 = 0.3364 (5a)
Lap : Spaz = 719.7 N %198 42 = 0.9775 (5b)
SNO : Spag = 1057.0 N O10% 2 = 0.9773 (5¢)

IM7/8551-7 [0/ + 60,/90],

SL : Smaz = 610.6 N7O%7 1 = 0.3850 (6a)
Lap : Spmax = 1136.0 N7 1540 42 = 0.9936 (6b)
SNO : Spag = 1193.0 N 010 2 = 0.9756 (6¢)

The S-N curve for the [0/ £ 45/90]s SL, single lap, and SNO joints were generated with
at least twenty four data points each in order to obtain a reliable S-IN curve. Subsequent S-N
curves for the [0/ +30/90]s and [0/ £ 60/90]s SL, single lap and SNO joints were generated
with a minimum of eight data points. For the curve fitting methods used, there was no
significant loss in the r2 of the fitted curve as long as the smaller set of data points were
taken over a wide range of loading. The 2 for the [0/ & 45/90]5 and [0/ & 60/90] SL were
particularly low because the fitted curve was forced to correctly account for the specimens
that did not fracture. Although there was insufficient evidence to conclude that the mean
UTS from single panel and from multiple panels under monotonic loading were different, a
significant amount of scatter near the FL. was observed under cyclic loading, indicating the

extent of scatter under fatigue for the IM7/8551-7 material system.
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3.2 Fatigue Failure Type Comparison for the [0]s and [0/ +
0/90]s Family of Joints

Figures 20, 21, and 22 show the fatigue failure modes for the [0]s and [0/+6/90]s SL, single

lap, and SNO joints, respectively. As with the quasi-static failure types, predominant failure

features across the SL, single lap, and SNO joints were compared but damage initiators and

critical damage mechanisms could not be ascertained from these post fracture figures. ED

in the 90°/90° interface was also more prominent in [0/ £ 45/90]s SL and some of the

[0/ +45/90]s SNO joints that failed under non-dominant adherend failure.
3.2.1 Straight Laminates

All the SL failed under dominant adherend failure. A significant amount of fiber splitting
along the fiber direction was observed all through the thickness of the [0]g SL, particularly
at higher loading (Figure 20a). In the [0/ +6/90]s SL, similar failure type under monotonic
loading was observed, including tensile features along the 0° and 90° fibers and shearing
features along the 0° fibers at the fractured location (Figure 20b). More significant ED
in the 90°/90° interface was observed for [0/ + 45/90]s at lower loading than at higher
loading. Some amount of ED in the 90°/90° interface initiating from the fractured location
was also observed for the [0/ £ 30/90]s and [0/ = 60/90]s SL, but the minimal number of
tested specimens limits the conclusion of a more predominant behavior at lower and higher

loadings.
3.2.2 Single Lap Joints

The [0]g single lap joints failed under mixed type failure, with non-dominant cohesive failure
at lower loadings and increased interface failure at higher loadings (Figure 21a) . All the
[0/4+6/90]5 single lap joints failed cleanly under dominant cohesive failure within the overlap
length with no discernable differences under both high and low loadings (Figure 21b). ED in
the 90°/90° interface was not observed in the adherend or overlap length from post-mortem

examination of the single lap specimens.
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Figure 20: Straight laminates: Fatigue failure modes for IM7/8551-7 [0]g and [0/ £ 6/90]

(frequency = 5 Hz, R = 0.1 and fatigue run-out = 1 x 10° cycles)
Adherend fracture sketch taken from Heslehurst and Hart-Smith [{9]
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Figure 21: Single lap joints: Fatigue failure modes for IM7/8551-7 [0]s and [0/ £ 6/90]s
(frequency = 5 Hz, R = 0.1 and fatigue runut = 1 x 10° cycles)
Cohesive fracture sketch taken from Heslehurst and Hart-Smith [49]



3.2.3 Single Nested Overlap Joints

The [0]s SNO joints failed under mixed type failure with non-dominant cohesive failure
and increasing amount of interface failure under increasing cyclic load (Figure 22a). The
[0/ £ 6/90]s SNO joints failed predominantly under mixed type failure with non-dominant
cohesive failure and interface failure. For the [0/ £ 45/90]; SNO joints, this non-dominant
cohesive failure with interface failure was observed mostly at lower loadings with the failure
type shifting to non-dominant adherend failure at higher loadings. Similar to the SL, the
minimal number of tested specimens for the [0/ £ 30/90]s and [0/ £ 60/90]s SNO joints
limited discernable predominant behavior observed at lower and higher loadings. Some
amount of ED in the 90°/90° interface initiating from the fractured location was observed
for some of the [0/ £ 45/90]s SNO joints that failed under non-dominant adherend failure.
Similar to the quasi-static case, this delamination did not extend across the entire width of
the specimen and was observed as delamination along the sides of the adherends. However,
no additional failure types or ED in the 90°/90° interface were observed in the adherends
or overlap length of [0/ +30/90]s and [0/ £ 60/90]s SNO joints due to a limited number of

specimens tested.

3.3 Fatigue Strength Comparison for the [0]s and [0/+60/90];
Family of Joints

Fatigue Limit (FL) is defined as the lowest stress level within fatigue run-out, where the SL,
single lap, or SNO joint does not fracture. It is analogous to the endurance limit defined
for metals. The S-N curve for IM7/8551-7 SL, single lap, and SNO joints with the [0]s,
[0/ £30/90]s, [0/ +45/90]s, and [0/ +60/90]s lay-up, along with their power curve fits, are
illustrated on a linear and a semi-logarithmic scale in Figures 23a, b, ¢ and d, respectively.
The FL is better illustrated on the linear scale S-N curves.

These S-N curves showed that for the same Ny, SL can withstand the highest maximum
stress, followed by the SNO, and then the single lap joints. In the [0/ + 30/90]s and
[0/ £60/90]s (Figure 23b and d), the fitted S-N curve for SNO joints indicated improved

stress endurance at low Ny compared to the SL. This was a curve fitting error due to a
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[0/ £6/90]5 (frequency = 5 Hz, R = 0.1 and fatigue run-out = 1 x 10® cycles)
Adherend fracture and cohesive fracture sketch taken from Heslehurst and Hart-Smith [49]
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Table 8: Summary of fatigue limit for IM7/8551-7 [0]g and [0/ £ 6/90] with fatigue limit
of [0/ £ 60/90]s as a percentage of [0]g
0]s [0/ £30/90], [0/ +45/90], [0/ = 60/90],

SL 1300 450 475 420
Single lap joints 250 160 150 140
SNO joints 350 250 250 240

Fatigue limit values are in MPa.

smaller set of data points used.

The FL values estimated from the S-N curve fits for the [0]g and [0/£6/90]s are provided
in Table 8, and a graphical representation of this FL trend is provided in Figure 24. The
FL for the SL, representing the “perfect” joint, was the highest in all the stacking sequences
tested, with a more distinct peak in the [0]s SL as all the fibers were utilized for loading
(Figure 24). Additionally, the FL of the SNO joint was also observed to be consistently
higher than the FL of the single lap joint in all the stacking sequences, similar to the UTS
trend. This was because both UTS and FL were characterization of strength based on

failure modes.

3.3.1 Fatigue Strength Indicator I: Stacking Sequence Fatigue Effectiveness
Factor

The first fatigue strength indicator F'St, in Eq. (7), compares the fatigue effectiveness of
the [0/ £ 6/90];s stacking sequence relative to the [0]g in carrying uniaxial loading under
cyclic loading. The computed F'Sy for the [0/ £30/90]s, [0/ £45/90]s and [0/ +60/90], SL,
single lap, and SNO joints are provided in Table 9.

FL[0/£6/90]

where:

F'St denotes stacking sequence static effectiveness factor; and

FLI0/%0/9%s denotes fatigue limit for the [0/ & 6/90], SL, single lap or SNO joint; and

FLOs denotes fatigue limit of the [0]g SL, single lap or SNO joint.
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Table 9: Fatigue strength indicator I for IM7/8551-7 [0/ £ 0/90]s

Stacking Sequence Fatigue Effectiveness Factor: FS;
[0/ +30/90], [0/+45/90], [0/ =+ 60/90],

SL 35 37 32
Single lap joints 64 60 56
SNO joints 71 71 69

Fatigue strength improvement values are in %.

The stacking sequence fatigue effectiveness of [0/ +6/90]s family with respect to the [0]g
SL, single lap, and SNO joints was approximately 30-40%, 55-65%, and 70-80%, respectively
(Table 9). Unlike the empirical data obtained for the UTS values, the FL values were
approximations obtained from curve fits.

Similar to the UTS trend, when fiber-dominated failure, such as dominant adherend
failure, was observed in the SL, the stacking sequence effectiveness factor was dependent on
the proportion of fibers aligned along the loading direction. In the case of fiber-dominated

failure observed in the [0/ + 6/90]s SL, the stacking sequence effectiveness factor under
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static and fatigue was consistently lowest, between 30-40% (Static: Table 5 and Fatigue:
Table 9). However, when matrix-dominated or mixed type failure resulted, the stacking
sequence effectiveness factor was no longer a proportion of the fiber aligned along the
loading direction. In the case of the single lap and SNO joints, the stacking sequence
effectiveness order of these two joint configurations were reversed under static and under
fatigue. The static effectiveness factor indicated that dominant cohesive failure exhibited
by the [0/ £6/90]5 single lap joints was higher in effectiveness than non-dominant adherend
failure exhibited by the [0/ £ 6/90]s SNO joints, whereas the fatigue effectiveness factor
indicated that dominant cohesive failure exhibited by the [0/ & 6/90]s single lap joints was
lower in effectiveness than non-dominant cohesive failure and interface failure exhibited by
the [0/ £ 6/90]s SNO joints.

This observation suggests that among non-fiber-dominated failure (i.e. matrix-dominated
or mixed type failure) mixed type failure, such as that exhibited in SNO joints, tends to

outperform the matrix-dominated failure in single lap joints.
3.3.2 Fatigue Strength Indicator II: Joint Fatigue Effectiveness Factor

The second fatigue strength indicator F'Str, in Eq. (8), compares the fatigue effectiveness
of the single lap or SNO joint relative to the SL or “perfect joint”. The computed FSpr
for the [0/ +30/90]s, [0/ £45/90]s, [0/ £ 60/90]s, and [0]s, single lap, and SNO joints are

provided in Table 10.

FLJOINT

FS[[:WX100% (8)

where:

F'S;r denotes joint fatigue effectiveness factor; and

FL/OINT fatigue limit for either the SNO or single lap joint; and

FLPERFECT (enotes fatigue limit for the SL.
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Table 10: Fatigue strength indicator II for IM7/8551-7 [0]g and [0/ £ 6/90]5

Joint Fatigue Effectiveness Factor: F'S;;
[0]s [0/ £30/90], [0/=+45/90], [0/ % 60/90],
Single lap joints 19 36 32 33
SNO joints 27 56 53 o7

Fatigue strength improvement values are in %.

Improvement in joint effectiveness is significantly affected by the amount of fiber-dominated
activity observed in the failure modes. As with the joint static effectiveness, fiber-dominated
failure resulted in increased joint effectiveness over matrix-dominated failure, with the SNO
joints showing an increase in joint fatigue effectiveness over the single lap joints for both
the [0]s and [0/ £ 6/90]s family (Static: Table 6 and Fatigue: Table 10). An increase
of approximately 10% was observed for the [0]s SNO joints, whereas a higher increase of
approximately 20-25% was observed for the [0/ £ 6/90]s SNO joints.

In comparing the improvement in joint effectiveness of the [0]s SNO joints over the
[0]s single lap under static and fatigue, a higher improvement of 18% observed in the static
effectiveness was due to a comparison between the non-dominant adherend failure exhibited
in SNO joints and the dominant cohesive failure exhibited in single lap joints. The more
moderate improvement of 8% observed in the fatigue effectiveness was due to a difference
in intensity of fiber-dominated failure since both the SNO and single lap joints exhibited
non-dominant cohesive failure and interface failure.

Unlike in the [0]s SNO joints, where the static improvement in joint effectiveness was
higher than the fatigue improvement in joint effectiveness, the [0/ + 6/90]s SNO joints
indicated a higher improvement of 15-20% in joint fatigue effectiveness compared to the
5-10% improvement in joint static effectiveness over the single lap joints. This was a result
of the increase in fiber-dominated failure in the [0/ & 6/90]; SNO joints failing under non-
dominant cohesive failure with interface failure compared to the [0/46/90]s single lap joints

failing under dominant cohesive failure.
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Table 11: Quasi-static and fatigue failure type comparison for IM7/8551-7 [0]s and [0/ £

0/90]
Straight Laminates
[0]s [0/ +6/90]
Quasi-static  Dominant adherend failure Dominant adherend failure
Fatigue Dominant adherend failure Dominant adherend failure

Single Lap Joints
[0]s [0/ £6/90]s

Quasi-static Non-dominant cohesive failure Dominant cohesive failure
with interface failure

Fatigue Non-dominant cohesive failure Dominant cohesive failure
with interface failure

Single Nested Overlap Joints
[0s [0/ £ 6/90],

Quasi-static Non-dominant cohesive failure Non-dominant adherend failure
with interface failure

Fatigue Non-dominant cohesive failure Non-dominant cohesive failure
with interface failure with interface failure

([0/ £45/90]s at high loadings:
Non-dominant adherend failure)

3.4 Quasi-static and Fatigue Strength Comparison for the
[0]s and [0/ £60/90]; Family of Joints

A summary of the categorized failure type for the [0]s and [0/ £ 6/90]s SL, single lap, and

SNO joints under monotonic and cyclic loading is provided in Table 11. With the exception

of the [0/ £60/90]; SNO joints, whose failure type was non-dominant adherend failure under

monotonic loading but shifted to non-dominant cohesive failure with interface failure under

cyclic loading, all the [0]s and [0/ 4 6/90], SL, single lap joints, and the [0]s SNO joints

failed similarly under quasi-static and fatigue.

3.4.1 Fatigue Strength Indicator III: Fatigue-to-static Joint Effectiveness Fac-
tor

The third fatigue strength indicator F'Sysr, in Eq. (9), measures the fatigue endurance of

the joint compared to its static ultimate strength. The computed F' Sy for the [0/+30/90],,

63



Table 12: Fatigue strength indicator III for IM7/8551-7 [0]s and [0/ £ 6/90]s

Fatigue-to-Static Joint Effectiveness Factor: FS;;;
[0]s [0/ £30/90], [0/=+45/90], [0/ % 60/90],

SL 67 56 66 60
Single lap joints 32 29 23 25
SNO joints 30 41 38 38

Fatigue strength improvement values are in %.

[0/ £45/90],, [0/ £ 60/90]s, and [0]g, SL, single lap, and SNO joints are provided in Table
12.

F JOINT

FS_[]] - W X 100% (9)

where:

F'Sytrr denotes fatigue-to-static joint effectiveness factor; and

FL7OINT denotes fatigue limit for the SL, SNO or single lap joint; and

UTS7OINT denotes static ultimate tensile strength of the SL, SNO or single lap joint.

The SL, representing “perfect” joints, was the most effective in converting its static
strength to fatigue endurance for the [0]g and [0/ +6/90]s, at approximately 50-60% (Table
12), implying that 50-60% of the static strength can be utilized under low cycle fatigue
for specimens exhibiting dominant adherend failure (Quasi-static failure modes: Figure 16
and Fatigue failure modes: Figure 20) regardless of differences in the stacking sequence
effectiveness. The [0]s single lap and SNO joints have similar fatigue-to-static effectiveness
(Table 12) since non-dominant cohesive fracture with interface failure was predominant for
both under monotonic and cyclic loading (Quasi-static failure modes: Figures 17 and 18.
Fatigue failure modes: Figures 21 and 22).

For the [0/ &+ 6/90], family, the SL was most effective in converting static ultimate

strength to fatigue endurance, followed by the SNO, and then the single lap joints. The [0/+
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0/90]s SNO joints consistently showed an improvement in performance of approximately
10-15% when converting static ultimate strength to fatigue endurance as compared to the
[0/ £60/90]5 single lap joints (Table 12). This improvement in performance was due largely
to the increase in amount of fiber-dominated failure from the SNO joints that failed under
mixed type failure to the single lap joints that failed under dominant cohesive failure.

An approximate range between 20-30% to 50-60% in fatigue endurance could be con-
verted from the static ultimate strength when failure types range between matrix-dominated
failure, such as dominant cohesive failure, to fiber-dominated failure, such as dominant ad-
herend failure. The fatigue-to-static effectiveness factor did not appear sensitive to the shift
in failure type from non-dominant cohesive failure to non-dominant adherend failure as in
the case of [0/ +6/90]s SNO joints, rather mixed type failure tend to yield at approximately
35-45% of the static ultimate strength. The fatigue-to-static effectiveness factor was also

insensitive to stacking sequence effectiveness between [0]g and [0/ £ 6/90].

3.5 Chapter Summary

The strength indicators were limited by parameters, such as stacking sequences, cyclic
frequency, and loading direction, although a reliable trend was established for a family of
lay-ups. The fatigue-to-static effectiveness indicator showed a consistent 50-60% for both
the [0]s and [0/ & 6/90]s SL but its validity in other family of stacking sequences was not
investigated. Similar to the quasi-static failure modes, the fracture state illustrated in the
failure mode figures only captured predominant failure features across the SL, single lap, and
SNO joints but damage initiators and critical damage mechanisms could not be ascertained
from these post fracture figures. Although there was insufficient evidence to conclude that
the mean UTS from single panel and from multiple panels under monotonic loading were
different, a significant amount of scatter near the FL was observed under cyclic loading,

indicating the extent of scatter under fatigue for the IM7/8551-7 material system.
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CHAPTER IV

QUASI-STATIC ACOUSTIC EMISSION COUNT PEAKS
OBSERVED AS FATIGUE LIMIT INDICATOR

Quasi-static Acoustic Emission (AE) counts measures the elastic energy emitted by the
specimen as it deforms during monotonic loading. A quasi-static cumulative AE count at
each loading is taken as the sum of all the acoustic events (counts) up to that quasi-static
load, while a quasi-static cumulative AE count peak, or AE count peak for short, refers to
a sudden increase in the AE counts due to significant damage emitted at that particular
stress level. Three distinct count peaks were identified for the IM7/8551-7 [0/ £ 6/90]5 SL,
single lap, and SNO joints. With a sufficient number of specimens, these AE count peaks
were found to occur repetitively at similar stress levels, suggesting the significance of these
damage mechanisms. An onset of AE events refers to a computed average loading where
AE events was first measured by the sensor.

The parametric AE study presented represents data collected from a single transducer.
Due to limitations in processing and successful utilization of fatigue AE data, particularly
for composite materials, analysis of fatigue AE data was not conducted in this study. Instead
the significance of the quasi-static damage mechanisms, represented by the AE count peaks,
were explored under fatigue.

When the AE count peaks were correlated to fatigue performance on the S-N curve,
either the onset of AE events (indicating damage) or the first AE count peak was observed
to be FL indicators for the IM7/8551-7 [0/ + 6/90]5 family of SL and SNO joints cycled
at a frequency of 5 Hz, R of 0.1 and fatigue run-out defined at 1 x 10 cycles. For the

IM7/8551-7 [0]s, the onset of AE events was observed to be a FL indicator for the SL.
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Table 13: Straight laminates: Quasi-static cumulative AE count peaks for IM7/8551-7 [0]g
and [0/ £ 6/90],
0]s [0/ £30/90]; [0/=+45/90] [0/ % 60/90]

Onset of AE events 1544 424 260 288

First AE Peak — 530 480 400
Second AE Peak — 630 560 450 — 510
Third AE Peak — 680 — 770 620 — 740 545 — 645

AE count values are in MPa.
Onset of AFE events is a computed average based on all accepted test specimens.

4.1 Quasi-static Cumulative AE Count Peaks

The experimental setup for the AE data acquisition system is detailed in Appendix A. An
onset of AE events, computed as an average across all tested specimens, as well as three
distinct AE count peaks were identified for the [0/ £ 6/90]s SL, single lap, and SNO joints.
However, significantly fewer count peaks were identified for the [0]g due to more abrupt
quasi-static fracture as a result of lack of 6° plies in the stacking sequence. For the [0]g SL,
only an onset of AE events was identified; for the [0]g single lap and SNO joints, an onset
of AE events and one AE count peak were identified. The stress values for the onset of
AE events and first, second, and third quasi-static cumulative AE count peaks for the IM7-
8551/7 [0]s and [0/ £60/90], SL, single lap, and SNO joints were obtained from a minimum
of five tested specimens and summarized in Tables 13, 14 and 15, respectively. Dashes in
Tables 13-15 denote the lack of an observed AE count peak. A scatter plot of all the AE
count peaks, including onset of AE events and first, second, and third AE count peak, for
[0]s and [0/ + 6/90]s SL, single lap, and SNO joints is provided in Figure 25. Summary
plots of quasi-static cumulative AE counts and quasi-static AE counts versus stresses for
individual specimens are provided in Appendix C.

The AE count peak was also observed to occur over a range of stress values rather than
at a single specific loading for some stacking sequences and configurations, particularly for
the third AE count peak (Tables 13-15). This scatter was largely attributed to increase in
complexity of the failure mechanisms or the joint design of fiber-dominated adherend frac-

ture for the [0/+45/90]; SL and SNO joints [95]. However, a similar scatter observed in the
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Table 14: Single lap joints: Quasi-static cumulative AE count peaks for IM7/8551-7 [0]g
and [0/ £ 6/90],

[0]g [0/ +£30/90]s [0/ +45/90]s [0/ 60/90]s
Onset of AE events 742 346 354 259
First AE Peak 750 — 810 380 350 350
Second AE Peak — 440 480 380 — 420
Third AE Peak - 480 — 550 580 440 — 475

AE count values are in MPa.
Onset of AFE events is a computed average based on all accepted test specimens.

Table 15: Single nested overlap joints: Quasi-static cumulative AE count peaks for
IM7/8551-7 [0]g and [0/ & 6/90],

[0]g [0/ +£30/90]s [0/ +45/90]s [0/ =4 60/90]s
Onset of AE events 916 223 301 313
First AE Peak 1100 — 1220 400 375 380
Second AE Peak — 480 400 400 — 440
Third AE Peak - 525 — 590 520 — 620 480 — 600

AE count values are in MPa.
Onset of AFE events is a computed average based on all accepted test specimens.
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Figure 25: Scatter plot of quasi-static AE count peaks (onset of AE events, first AE count
peak, second AE count peak and third AE count peak) for IM7/8551-7 [0]g and [0/ £6/90]5

68



[0]s, [0/ £30/90]s and [0/ £60/90]s configurations was more likely a result of manufacturing
variation because a limited number of specimens were used.

In Figure 25, the onset of AE events and first, second, and third AE count peaks for
the [0]s and [0/ £ 0/90], SL, single lap, and SNO joints were plotted against the stacking
sequences. Each AE count peak was observed to occur within distinct ranges of stresses for
the [0/ £ 60/90]s SL, single lap, and SNO joints. Assuming a similar failure mechanism for
the [0/£6/90], family, the occurrence of distinct ranges of AE count peaks suggested similar
damage type recurring at these loadings. This will be further investigated in Chapter 5.

Neither the AE counts, the cumulative AE counts, nor the AE count peaks were suc-
cessful in differentiating between fiber-dominated and matrix-dominated failure observed in
monotonic loading of the [0/ £ 6/90]s; SL and single lap joints, respectively. The cumula-
tive AE counts, however, did indicate a significant increase in counts for S2-glass/E773FR
[0/ £ 45/90]s where extensive fiber splitting was observed throughout the joints [97]. The
current AE data acquisition technique requires a significant amount of fiber activity and
hence, a significant amount of elastic energy for successful quantification with the cumula-

tive AE counts.

4.2 Observed Fatigue Limit Indicators for the [0/ + 6/90];
Famaly

AE count peaks were observed to be FL indicators when the quasi-static damage mecha-
nisms represented by AE count peaks were correlated to fatigue performance. The merit in
using AE count peaks as quick estimates of FL is the significant reduction in extensive effort
required for both fatigue AE data collection and analysis and to reliably characterize a S-N
curve. However, due to the difference in rate of damage accumulation between monotonic
and cyclic loading, the conditions under which adequate FL indicators could be expected
will be further explored in the Chapter 5. Talreja (1985) [89] concluded that the FL for
any laminate could be determined by the first cracking mechanism and thus, for a laminate
with 90° plies, the FL. would be governed by the strain at which transverse cracking first

occurred. While the onset of AE events and/or first AE count peak likely determined the
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first cracking mechanism, a definite correlation between the first cracking mechanism and
the AE count peaks was not extensively investigated in this work.

For fatigue at frequency of 5 Hz, R of 0.1, and fatigue run-out of 1 x 10% cycles, the
failure type observed under low cyclic loading has a dominant effect on the observation of
AE count peaks as FL indicators. Specifically, some amount of fiber-dominated activity
under low cyclic loading was necessary for observed FL indicators while matrix-dominated

failure under low cyclic loading resulted in no observed FL indicators.
4.2.1 Straight Laminates

The [0]s and [0/ £ 6/90]5 SL failed under fiber-dominated adherend fracture under cyclic
loading at a frequency of 5 Hz, R of 0.1, and fatigue run-out of 1 x 10° cycles (Figure 20).
This resulted in observed FL indicators for the [0]g and [0/ 4+ 6/90]s SL. Figure 26a and
Figure 26b illustrate the FL indicators for the IM7/8551-7 [0]s and [0/ £ 6/90]s SL on a
constant amplitude tension-tension linear scale S-N curve, respectively. The onset of AE
events was observed to be FL indicators for the [0/ & 30/90]s and [0]s SL whereas the first

AE count peak was observed to be FL indicators for the [0/ £45/90]5 and [0/ £60/90]5 SL.
4.2.2 Single Lap Joints

The [0]g single lap joints failed under cohesive fracture with increased amount of interface
failure observed at high loadings (Figure 21a). The [0/£6/90]; single lap joints failed under
cohesive fracture regardless of high or low loadings (Figure 21b). The matrix-dominated
failure observed at low loadings resulted in no observed FL indicators for the [0]g or the
[0/ +6/90]5 single lap joints. Figure 27a and Figure 27b illustrate this lack of observed FL
indicators with any of the AE count peaks for the [0]s and [0/ £ 6/90];s single lap joints,

respectively, on a constant amplitude tension-tension linear scale S-N curve.
4.2.3 Single Nested Overlap Joints

The [0]s SNO joints failed under cohesive fracture with increased amount of interface failure
at high loadings (Figure 22a), similar to the [0]s single lap joints. The [0/ £ 30/90]s and

[0/ £60/90]s SNO joints failed under non-dominant cohesive failure with interface failure
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Table 16: Quasi-static cumulative AE count peaks for IM7/8551-7 [45/0/ —45/90], straight
laminates, single lap and single nested overlap joints

Straight Laminates Single Lap Joints SNO Joints

Onset 463 328 366
First AE Peak 520 360 460
Second AE Peak 570 420 550
Third AE Peak 610 515 630

at all loadings (Figure 22b), while the [0/ + 45/90]s SNO joints only failed under non-
dominant cohesive failure with interface failure at low loadings. Similar to the [0]s single
lap joints, the matrix-dominated cohesive fracture at low loadings resulted in no observed
FL indicators. However, with the increase in fiber-dominated failure for the [0/ &+ 6/90]5
SNO joints, FL indicators were observed. Figure 28a illustrates the lack of a FL indicator
for the [0]s SNO joints while Figure 28b illustrates the FL indicators for the [0/ + 6/90]5
SNO joints on a constant amplitude tension-tension linear scale S-N curve. The onset of AE
events was observed to be FL indicators for the [0/ + 6/90]; SNO joints exhibiting similar

failure modes at low loadings.

4.3 Difference in Rate of Damage Accumulation under Quasi-
static and Fatigue with Increased Frequency

The validity of AE count peaks as FL indicators for fiber-dominated failure type observed
under low cyclic loading was further investigated at a different cycling frequency. The
frequency was increased from 5 Hz to 10 Hz for the [45/0/ — 45/90]s SL, single lap, and
SNO joints, while fatigue run-out was increased from 1 x 10® cycles to 1 x 107 cycles. This
lay-up was chosen to isolate ED in the 90°/90° interface and will be discussed in Chapter
6.

The AE count peaks for the [45/0/—45/90], SL, single lap, and SNO joints are provided
in Table 16. These AE count peaks also fall within the ranges of stress values for the
[0/ +6/90]s SL, single lap, and SNO joints illustrated in Figure 25. The semi-logarithmic

S-N curve for the [45/0/ — 45/90], SL, single lap, and SNO joints is provided in Figure 29.
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1 x 107 cycles)

While FL indicators were observed for the SL (Figure 26) and SNO joints (Figure 28b)
cycled at 5 Hz, more deviation was observed for the [45/0/ — 45/90]s lay-up cycled at 10
Hz. For fiber-dominated failure exhibited by both the [45/0/ — 45/90]s SL and SNO joints,
an approximate FL indicator was observed for the SL but not the SNO joints. For matrix-
dominated failure similar to the [0/460/90]; single lap joints, no FL indicators were observed,
as expected. The linear S-N curve and the corresponding AE count peaks, illustrating
the approximate FL indicator for [45/0/ — 45/90]s SL and the lack of FL indicators for
[45/0/ — 45/90]5 single lap and SNO joints, are provided in Figure 30a, 30b, and 30c,

respectively.

4.4 Conditions for Quasi-static Cumulative AE Count Peaks
as Fatigue Limat Indicators

The observation of quasi-static AE count peaks as FL indicators correlated with the amount
of fiber activity observed at low cyclic loadings and matrix-dominated failure would not yield
any FL indicators regardless of loading frequency or stacking sequence. This implied some
amount of similarity in the elastic energy measured by the AE transducer at the onset of
AE events or the first AE count peak and that near the fatigue limit, whereas the brittle

matrix failure was totally independent of the AE count peaks. In this study, fiber-dominated
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failure included failure modes such as adherend fracture and interface failure while matrix-
dominated failure included cohesive fracture. Although no FL indicators were observed for
the IM7/8551-7 [0]s and [0/ &+ 6/90]; single lap joints, a FL indicator was observed for the
S2/ET73FR [0/ £ 6/90], single lap joints, which failed under non-dominant cohesive failure
with interface failure at low cyclic loading. The FL indicator was observed to be between
the onset of AE event and the first AE count peak [97].

Either the onset of AE events or the first AE count peak was observed to be FL indicators
for the [0]g and [0/ £ 6/90]s SL, whereas the onset of AE events was observed to be FL
indicators for the [0/ = 6/90]s SNO joints. The significance of the onset of AE events and
the first AE count peak will be investigated in Chapter 5. Although the failure types at
low cyclic loadings were sufficient to determine possible FL indicators at frequency of 5
Hz, R of 0.1, and fatigue run-out of 1 x 10% cycles, the failure types were insufficient in
determining whether the onset of AE events or the first AE count peak would be a more
likely FL indicator. In S2/E773FR SL and SNO joints, where a significant amount of fiber
splitting occurred throughout the specimen, the FL indicator was observed to be between
the onset of AE event and the first AE count peak [97].

The cyclic frequency was also an important factor in determining whether AE count
peaks could be used as FL indicators. When the difference in rate of damage accumulation
between quasi-static and fatigue was increased from 5 Hz to 10 Hz, the fiber activity observed
for both the [45/0/ — 45/90]s SL and SNO joints resulted in only an approximate FL
indicator for the [45/0/ — 45/90]s; SL and no FL indicator for the [45/0/ — 45/90]s SNO
joints. Therefore, quasi-static cumulative AE count peaks could be used as quick estimates
for fiber-dominated failure types at FL only under low frequency, noting that increasing
deviation occurs with increasing cyclic frequency. Although this conclusion is limited in
scope, the difficulties in processing and utilizing fatigue acoustic emission data and possible
savings in time and effort still give merit to exploring the conditions where quasi-static

cumulative AE count peaks are valid as FL indicators.

77



4.5 Chapter Summary

Quasi-static AE count peaks were observed to be FL indicators for fiber-dominated failure
observed near the FL. Quasi-static AE count peaks measure the energy release in fiber frac-
ture and interactions, and hence, were applicable in correlating adherend fracture but not
cohesive fracture. Additionally, quasi-static fatigue limit predictors could only be observed
under lower cyclic frequency because damage propagation differed significantly from the

quasi-static case when the frequency was increased.
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CHAPTER V

FATIGUE DAMAGE INITIATION AND PROPAGATION
OF THE [0/ + 45/90]s AND [45/0/ — 45/90]5

The quasi-static and fatigue strength characterization of the [0]s and [0/ £ 6/90]5 family
were assessed based on post-mortem examination of fracture modes in Chapters 2 and 3,
respectively. The damage initiation and propagation of composite joints under fatigue will
be discussed in this chapter. Due to the failure nature of composite joints and defined fatigue
run-out, the damage initiation and propagation will be investigated under low Maximum
cyclic Load (Lyae) and high Number of cycles to Failure (INy) and high L;,q, and low Ny,
instead of monitoring the damage all through fatigue run-out. Two approaches were used
to investigate the fatigue damage initiation and propagation of IM7/8551-7 SL, single lap,
and SNO joints. The first approach explored the fatigue damage initiation and propagation
under low L4, and high Ny near the fatigue limit, whereas the second approach explored
the fatigue damage initiation and propagation under high L,,,; and low Ny.

In the first damage monitoring approach, the IM7/8551-7 [0/ £ 45/90]s and [45/0/ —
45/90] specimens were used to correlate damage types under distinctive monotonic loading
defined by significant AE count peaks with damage types at the FL. This approach also
further explored the validity of AE count peaks observed as FL indicators for the IM7/8551-
7 [0/ £6/90]s family of SL and SNO joints cycled at a frequency of 5 Hz, R of 0.1, and
fatigue run-out defined at 1 x 10% cycles, as discussed in Chapter 4. The [0/ & 45/90],
and [45/0/ — 45/90]s lay-ups were chosen to isolate ED in the 90°/90° interface, further
discussed in Chapter 6.

The second fatigue damage monitoring approach employed an Infrared Thermoelastic
Stress Analysis (IR-TSA) technique, which detects temperature changes emitted from the
surface of a cyclically loaded specimen to characterize the fatigue damage propagation in

terms of colored stress contour plots. This approach also explored the extent of ED in the
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90°/90° interface observed in the [0/ 4+ 6/90]s SL and [0/ +45/90]s SNO joints (Chapter 3)
through a visualization of the stress contour during fatigue. The IM7/8551-7 [0/ £ 45/90]

SL, single lap and SNO joints were tested at a frequency of 5 Hz and a R of 0.2.

5.1 First Approach: Damage Type Comparison with Quasi-
static Cumulative AE Count Peaks

This approach examined the fatigue damage initiation and propagation at low L,,q, and
high Ny defined at the FL. Based on the observed FL indicators, the type of damage
accumulated at these AE count peaks were investigated and compared against the type
of damage accumulated at the FL. These AE count peaks represent significant AE events,
including the onset of AE and the first, second, and third AE count peaks. The [0/445/90],
was compared against FL at a frequency of 5 Hz, R of 0.1, and fatigue run-out of 1 x 10°
cycles, while the [45/0/ — 45/90]s was compared against FL at a frequency of 10 Hz, R
of 0.1, and fatigue run-out of 1 x 107 cycles. The occurrence of these AE count peaks at
distinct ranges of stresses (Figure 25) could imply specific load dependent damage types,
such as matrix cracking, delamination, fiber breakage, and fiber pullout.

Each specimen was loaded quasi-statically until each AE count peak and then examined
under a digital microscope. As there was no significant damage observed on the surfaces of
the specimens prior to ultimate failure, the longitudinal cross-sectional area was examined
to identify the accumulated damage types . Each specimen was also cut along the mid-
width plane to examine the consistency of the identified damage types on the longitudinal

cross-sectional area across the width of the specimen.
5.1.1 Damage Type Comparison at 5 Hz: [0/ £ 45/90],

In order to validate if the observation of quasi-static AE count peaks as FL indicators were
due to similarity of damage types, the damage types at the AE count peaks were compared
against damage types at the FL for the [0/ + 45/90]5 SL, single lap, and SNO joints cycled
at a frequency of 5 Hz. The identified damage types for the [0/ +45/90], SL, single lap, and
SNO joints are summarized and illustrated in Tables 17-19, and, Figures 31-33, respectively.

The horizontal arrow line in Tables 17-19, denotes the prevalence of a given damage type
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Table 17: Straight laminates: Damage type comparison at fatigue frequency of 5 Hz for
IM7/8551-7 [0/ £+ 45/90]s at AE count peaks and fatigue limit

Fatigue Damage First Second Third
Limit Onset AE Peak AE Peak AE Peak
(475 MPa) (260 MPa) (480 MPa) (560 MPa) (620-740 MPa)

Delamination
e 0°/45° interface X .
e +45°/-45° interface X .
e -45°/90° interface X .

Fiber Breakage
e +45° layer

e 90° layer

Matrix Cracking
e 90° layer X

observed across the AE count peaks within the pertinent range, while the “x” denotes that
a particular damage type was observed.

For the SL, fiber breakage in the +45° layer and delamination at the 0°/45° and +45°/—
45° interfaces were observed upon onset of AE events (Table 13: onset 260 MPa). As loading
increased to the first AE count peak (Table 13: first 480 MPa), the damage propagated to
fiber breakage in the 90° layer and delaminated at the —45°/90° interface. These damage
types continued to accumulate through the second and third AE counts peaks (Table 13:
second 560 MPa; third 620-740 MPa) until ultimate failure. At the fatigue limit (Figure
23c: Specimens that did not fail indicated with blue triangles), delamination across the
same three interfaces (0°/45°, +45°/ —45°, and —45°/90°) was observed. However, instead
of fiber breakage, matrix cracking was observed in the 90 layer.

For the single lap joints, delamination was observed at the 0°/45° and +45°/ — 45°
interfaces upon onset of AE events (Table 14: onset 354 MPa). Damage propagated to
fiber breakage in the —45° layer and 90° layer as loading approached the first and second

AE count peaks, respectively (Table 14: first 350 MPa; second 480 MPa). These damage
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Figure 31: Damage types at AE count peaks and at fatigue limit (frequency = 5 Hz, R =
0.1, fatigue run-out = 1 x 10%) for IM7/8551-7 [0/ + 45/90] straight laminates
The damage types illustrated have been highlighted to enhance clarity.
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Table 18: Single lap joints: Damage type comparison at fatigue frequency of 5 Hz for
IM7/8551-7 [0/ £+ 45/90]s at AE count peaks and fatigue limit
Fatigue Damage First Second Third
Limit Omnset AE Peak AE Peak AE Peak
(150 MPa) (354 MPa) (350 MPa) (480 MPa) (580 MPa)

Delamination

e (0°/45° interface X .

o +45°/-45° interface X .

Fiber Breakage
e -45° layer

e 90° layer

types continued to accumulate through the third AE count peak (Table 14: third 580 MPa)
until ultimate failure. At the fatigue limit (Figure 23c: Specimens that did not fail indicated
with red triangles), delamination was also observed across the two interfaces (0°/45° and
+45°/ — 45°). However, since the single lap joints failed under cohesive fracture within the
overlap length, failure was sudden due to the brittle nature of the matrix. Therefore, no
matrix cracking or fiber breakage was observed.

Damage was more extensive in the SNO joints with delamination at all interfaces
(0°/45°, +45°/ — 45°, —45°/90°, and 90°/90°) and fiber breakage in the —45° layer upon
onset of AE events (Table 15: onset 301 MPa). Fiber breakage in the 90° layer was observed
close to the second AE count peak (Table 15: second 400 MPa) while delamination at the
fifth interface, the 0°/0° overlap joint region, was observed close to the third AE count peak
(Table 15: third 520-620 MPa). At the fatigue limit (Figure 23c: Specimens that did not
fail indicated with green triangles), delamination was observed in three of the five interfaces
under monotonic loading (0°/45°, +45°/ — 45°, and —45°/90°). Since damage was more
distributed throughout the SNO joints compared to the single lap joint, fatigue failure was
not limited to only cohesive fracture within the overlap joint region, and matrix cracking,

instead of fiber breakage, was observed in the 90° layer.
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Figure 32: Damage types at AE count peaks and at fatigue limit (frequency = 5 Hz, R =
0.1, fatigue run-out = 1 x 10°) for IM7/8551-7 [0/ 4= 45/90]s single lap joints
The damage types illustrated have been highlighted to enhance clarity.

Table 19: Single nested overlap joints: Damage type comparison at fatigue frequency of 5
Hz for IM7/8551-7 [0/ +45/90]s at AE count peaks and fatigue limit
Fatigue Damage First Second Third
Limit Onset AE Peak AE Peak AE Peak
(250 MPa) (301 MPa) (375 MPa) (400 MPa) (520-620 MPa)

Delamination
e 0°/45° interface X
o +45°/-45° interface X
e -45°/90° interface X

¢ 90°/90° interface

e 0°/0° interface
(overlap joint region)

Fiber Breakage
e -45° layer

e 90° layer

Matrix Cracking
e 90° layer X
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Figure 33: Damage types at AE count peaks and at fatigue limit (frequency = 5 Hz, R =
0.1, fatigue run-out = 1 x 10°%) for IM7/8551-7 [0/ & 45/90]; single nested overlap joints
The damage types illustrated have been highlighted to enhance clarity.

5.1.2 Damage Type Comparison at 10 Hz: [45/0/ — 45/90]

In Chapter 4, only an approximate FL indicator was observed for [45/0/ — 45/90], SL
when the rate of damage accumulation between quasi-static and fatigue was enhanced by
increasing the cyclic frequency from 5 Hz to 10 Hz. A comparison of damage types at the
distinctive loading defined by AE count peaks and at the FL for [45/0/ —45/90]s SL, single
lap, and SNO joints cycled at a frequency of 10 Hz was conducted as the AE count peaks
still lay within similar range of stress values as that illustrated in Figure 25.

However, since the initiation of most damage types occurred between the onset and the
first AE count peak, only the damage types accumulated at these two AE count peaks were
examined for the [45/0/ —45/90]s SL, single lap, and SNO joints. The damage types for the
[45/0/ — 45/90]5 SL, single lap, and SNO joints are summarized and illustrated in Tables
20-22 and Figures 34-36, respectively.

For the SL, delamination in the 45°/0° and 0°/ — 45° interfaces accompanied by matrix

cracking in the 90° layer was observed upon onset of AE events (Table 16: onset 463 MPa).
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Table 20: Straight laminates: Damage type comparison at fatigue frequency of 10 Hz for
IM7/8551-7 [45/0/ — 45/90]s at AE count peaks and fatigue limit
Fatigue Damage First
Limit Omnset AE Peak
(370 MPa) (463 MPa) (520 MPa)

Delamination
e +45°/0° interface X .
e (0°/-45° interface X .
Fiber Breakage
e +90° layer X

Matrix Cracking
e +90° layer X .

These damage types continued with no additional damage as loading increased to the first
AE count peak (Table 16: first 520 MPa). At the fatigue limit (Figure 29: Specimens that
did not fail indicated with blue triangles), delamination across two interfaces (45°/0° and
0°/ — 45°) and matrix cracking in the 90° layer were observed. In addition to the matrix
cracking in the 90° layer, fiber breakage in the 90° layer was also observed.

For the single lap joints, delamination across all the four interfaces (45°/0°, 0°/ — 45°,
—45°/90°, and 90°/90°) and fiber breakage in the 90° layer were observed upon the onset
of AE events (Table 16: onset 328 MPa). These damage types continued as the loading
approached the first AE count peak (Table 16: first 360 MPa). At the fatigue limit (Figure
29: Specimens that did not fail indicated with red triangles), delamination was also observed
across the same four interfaces (45°/0°, 0°/—45°, —45°/90°, and 90°/90°). However, no fiber
breakage or matrix cracking was observed at the fatigue limit, similar to the [0/ £ 45/90]5
single lap joints.

For the SNO joints, only delamination across all the four interfaces (45°/0°, 0°/ — 45°,
—45°/90°, and 90°/90°) was observed at onset of AE events (Table 16: onset 366 MPa) and
continued through the first AE count peak (Table 16: first 460 MPa). At the fatigue limit

(Figure 29: Specimens that did not fail indicated with green triangles), delamination was
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Figure 34: Damage types at AE count peaks and at fatigue limit (frequency = 10 Hz, R =
0.1, fatigue run-out = 1 x 107) for IM7/8551-7 [45/0/ — 45/90], straight laminates
The damage types illustrated have been highlighted to enhance clarity.

Table 21: Single lap joints: Damage type comparison at fatigue frequency of 10 Hz for
IM7/8551-7 [45/0/ — 45/90], at AE count peaks and fatigue limit
Fatigue Damage First
Limit Onset AE Peak
(110 MPa) (328 MPa) (360 MPa)

Delamination
e +45°/0° interface X .
e 0°/-45° interface X .
e -45°/90° interface X .
® 90°/90° interface X .
Fiber Breakage
e +90° layer -
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Figure 35: Damage types at AE count peaks and at fatigue limit (frequency = 10 Hz, R =
0.1, fatigue run-out = 1 x 107

The damage types illustrated have been highlighted to enhance clarity.) for IM7/8551-7
[45/0/ — 45/90] single lap joints

Table 22: Single nested overlap joints: Damage type comparison at fatigue frequency of 10
Hz for IM7/8551-7 [45/0/ — 45/90]s at AE count peaks and fatigue limit
Fatigue Damage First
Limit Onset AE Peak
(125 MPa) (366 MPa) (460 MPa)

Delamination
e +45°/0° interface X .
e (0°/-45° interface X .
e -45°/90° interface X -
¢ 90°/90° interface X .

also observed in all four interfaces identified under monotonic loading (45°/0°, 0°/ — 45°,

—45°/90°, and 90°/90°). No additional matrix cracking or fiber breakage was observed.

5.2 Damage Types Correlated to Fatigue Limait Indicators

From the damage type assessment of the [0/ 4+ 45/90]; SL, single lap and SNO joints,
the initiation of most damage types (delamination between interfaces, fiber breakages and
matrix cracking) tended to occur during the onset of AE events or the first AE count peak,
whereas the interaction of these damage types accounting for the more critical damages
that eventually contributed to ultimate failure tended to occur during the second and third

AE count peaks.
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Figure 36: Damage types at AE count peaks and at fatigue limit (frequency = 10 Hz, R =
0.1, fatigue run-out = 1 x 107) for IM7/8551-7 [45/0/ — 45/90]s single nested overlap joints
The damage types illustrated have been highlighted to enhance clarity.

As FL indicators were observed either at the onset of AE events or the first AE count
peak (Chapter 4), the FL indicators were concluded to have a stronger dependence on
quasi-static damage type initiation than on quasi-static damage interaction and propaga-
tion. When the cyclic frequency increased to 10 Hz, the intensified difference in damage
propagation at the FL resulted in a lesser dependence on either the quasi-static damage
type initiation or the quasi-static damage interaction and propagation; hence, more devi-
ation was observed in the FL prediction for similar fiber-dominated failure modes at the
FL.

Delamination was observed in the outer two interfaces ([0/ £+ 45/90]s: 0°/ + 45° and
+45°/ — 45°, [45/0/ — 45/90]s: +45°/0° and 0°/ — 45°) for all the SL, single lap and SNO
joints, whereas delamination in subsequent interfaces depended on the specific joint configu-
rations. Both the [0/ +45/90]; and [45/0/ —45/90]s SNO joints were prone to delamination
across all the interfaces. As opposed to fiber breakage observed under monotonic loading,
matrix cracking in the corresponding layers were more commonly observed at the FL, with
the exception of the [45/0/ — 45/90]s SL and single lap joints.

In both the 5 Hz and 10 Hz results, the quasi-static cumulative AE count peaks appeared
to be possible FL indicators when the matrix cracking in the 90° plies was observed in
the FL specimens. The [0/ + 45/90], and [45/0/ — 45/90]s single lap joints that failed
under matrix-dominated cohesive fracture under low cyclic loadings did not exhibit matrix

cracking. The significance of matrix cracking observed at FL as a necessary condition for
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FL estimation with quasi-static cumulative AE count peak was not further validated with

multiple specimens.

5.3 Second Approach: Damage propagation with Infrared
Thermoelastic Stress Analysis Techniques

This approach examined the fatigue damage initiation and propagation at higher cyclic
stress and at lower number of cycles to failure to visualize the damage mechanism in a
local region, using Infrared Thermoelastic Stress Analysis Techniques (IR-TSA) to monitor
the damage during fatigue testing. This technique has been used in studies [30, 31, 38|
to generate a quantitative IR-TSA correlation between the TSA signal and the sum of in-
plane strains on cyclically loaded composite specimens, although in this approach only a
qualitatively representation of the fatigue damage propagation was sought.

The IR-TSA technique was used to monitor the full-field fatigue damage propagation
at select stress levels of the [0/ £ 45/90]s SL, single lap, and SNO joints, to qualitatively
ascertain the extent of ED in the 90°/90° interface observed based on earlier fatigue studies.
The constant amplitude tension-tension fatigue was cycled at a frequency of 5 Hz and a R
of 0.2, with the maximum stress for each joint configuration set at approximately 80% of
its UTS to allow the IR-TSA to record an adequate number of frames within a reasonable
time. The fatigue failure modes under high and low loadings were examined through post

mortem of the failed specimens. The IR-TSA setup and details is included in Appendix A.

5.3.1 Damage propagation at Frequency = 5 Hz and R = 0.2: Graphite/epoxy
[0/ 4+ 45/90],

The fatigue damage propagation of the [0/ £ 45/90]; SL, single lap, and SNO joints are

shown in Figures 37a, 37b, and 37c, respectively.

The SL (Figure 20) failed under dominant adherend fracture with an increase in 90°/90°
interface delamination and matrix cracking observed as loading was increased. This was
also observed in the fatigue damage propagation shown in Figure 37a. The amount of ED
in the 90°/90° interface increased significantly, indicated by a reduction in stress (Figure

37a: Blue region), as the number of cycles increases until ultimate failure under adherend
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fracture.

All the single lap joints (Figure 21) failed under dominant cohesive fracture. As loading
increases, more irregular fracture lines were observed width-wise along the tapered end. In
observing the propagation of fatigue damage, delamination initiated from the tapered end
of the overlap joint region and propagated inwards across the 0°/0° overlap joint interface
(Figure 37b): Blue region) until ultimate failure under cohesive fracture.

The SNO joints (Figure 22) failed under non-dominant cohesive failure with interface
failure at lower loadings and non-dominant adherend failure at higher loadings. Similar
to the observed failure modes, a mix of both effects from SL and single lap joints were
observed in the fatigue damage propagation of SNO joints. An increasing amount of ED in
the 90°/90° interface (Figure 37c: Blue region) and an increasing amount of 0°/0° interface
delamination (Figure 37c: Green region) was observed at higher number of cycles. The
specimen eventually failed under non-dominant cohesive fracture within the overlap length.
This was also in agreement with the fatigue failure modes (Figure 22) and the S-N curve
(Figure 23c) comparison of the SL, single lap, and SNO joints. The SNO joints exhibited
both adherend fracture similar to the SL and cohesive fracture similar to the single lap
joints. The fatigue strength was compared with the SL and single lap joints as the upper
and lower bounds, respectively.

The IR-TSA technique was able to qualitatively differentiate the fatigue damage propa-
gation and their failure modes in terms of the stress distribution, including cohesive fracture
and free-edge delamination. However, due to the failure nature of co-cured composite joints
and the limited region of focus for the IR-TSA technique, the exact fracture mechanism

was not captured.

5.4 Chapter Summary

Based on the damage type correlation study, the onset of AE events and the first AE count
peak represented the initiation of most damage types, whereas the second and third AE
count peaks represented the interaction of damage types. As FL indicators were observed

either at the onset of AE events or the first AE count peak, the FL indicators were concluded
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Figure 37: Infrared TSA images showing fatigue damage propagation for IM7/8551-7
straight laminates, single lap and single nested overlap joint (frequency = 5 Hz, R = 0.2)

92



to have a stronger dependence on quasi-static damage type initiation than on quasi-static
damage interaction and propagation. IR-TSA was successful in qualitative assessment of
composite joints, identifying joint failure modes such as cohesive fracture and extent of

free-edge delamination.
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CHAPTER VI

STRENGTH STUDY OF QUASI-ISOTROPIC LAY-UP
WITH REDUCED EDGE DELAMINATION

In Chapters 2 and 3, free-Edge Delamination (ED) in the 90°/90° interface was observed
in the IM7/8551-7 [0/ £ 6/90]; SL under both monotonic (Figure 16) and cyclic (Figure
20) loading and the extent of delamination for fatigued IM7/8551-7 [0/ £+ 45/90]s SL was
monitored with IR-TSA in Figure 37a. The IM7/8551-7 [0/ £45/90], lay-up was also prone
to ED in the 90°/90° interface for T300/5208 under monotonic loading [1, 2]. Based on
these observations and the earlier damage assessment study, a joint strength study was
proposed by minimizing the effect of ED under monotonic and cyclic loading. The location
of the 90° ply from the midplane has a significant effect in generating an opening/closing
mode [1, 2] and on the quasi-static tensile strength [71]. ED in the midplane was minimized
through reordering of the plies in the IM7/8551-7 [0/ £45/90]s quasi-isotropic lay-up, based
on Armanios et al. (1989) [1, 2]. In considering only practical lay-ups with 45° plies on
the surface for impact protection, two lay-ups were used in this chapter, the IM7/8551-7
[45/0/ —45/90] and [45/90/ — 45/0]5, which optimizes and minimizes ED in the midplane,
respectively. The IM7/8551-7 [45/0/ — 45/90], lay-up was also used in the damage type
assessment in Chapter 5, while the IM7/8551-7 [45/90/ — 45/0]5s lay-up was only proposed
in this chapter. The extent of minimized ED in the midplane between the IM7/8551-7
[45/90/ — 45/0]s and [0/ £ 45/90]s SL was also illustrated with S2/E773FR using IR-TSA
technique. The effect of minimized ED on failure modes and specimen width was also

investigated.

6.1 Effect of Stacking Sequence on Free-edge Delamination

The plies in the symmetric eight-ply quasi-isotropic lay-up were reordered to minimize the

ED observed in the midplane of [0/ + 45/90]s; SL. In reordering the stacking sequence,
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the 45° plies were moved to the outer surfaces for impact loading, while the 90° plies,
which had higher stresses in the y-direction, were moved further away from the midplane to
generate a larger moment arm for a resultant closing peel stress moment in the y-direction.
Hence, [45/90/ — 45/0], resulted in a closing mode that minimizes edge delamination while
[45/0/ — 45/90]s resulted in an opening mode that optimizes edge delamination. Figure
38 illustrates this opening and closing midplane modes for the optimized and minimized
edge delamination stacking sequence based on the conclusion drawn from the sublaminate
analysis in Armanios et al. (1989) [1, 2]. This resulting opening/closing midplane mode for

any lamin