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ABSTRACT

Fiber reinforced composites used in pressure containment structures (e.g. piping
and downhole tubing) are seen as an attractive alternative to conventional materi-
als due to their corrosion resistance and light weight. The reluctance in adopting
composite materials, however, is due to a limited understanding of their long-term
behaviour and failure characteristics.

The purpose of this study is to investigate the leakage behaviour of glass fiber
reinforced epoxy tubes under monotonic and cyclic biaxial loading. A unique biaxial
testing apparatus and specimen fabrication methodology was developed. Specimens
were fabricated from pre-impregnated composite tapes using a tube rolling method,
in conjunction with an inflatable mandrel molding process.

By using Darcy’s Law for flow throug,.. a permeable medium, a relation which de-
fines the fluid flow characteristics in a damaged composite tube was developed. The
resulting permeability characteristics are calculated using the experimentally deter-
mined fluid volume loss measurements. The relation is useful in explaining observed
leakage behaviour since it takes into account fluid and geometrical considerations.

Biaxial monotonic and cyclic tests were performed on [£71°]s and [+45°]s tubu-
lar specimen geometries in the tensile-tensile biaxial regime. Leakage failure stress,
failure locations, and macroscopic failure modes were found to be dependent upon
the lay-up geometry, applied biaxial loading ratio and loading type (monotonic ver-
sus cyclic). While monotonic tests were seen to fail by abrupt leakage (burst), all
cyclic tests failed by weepage. For the [£45°]s specimens, matrix damage accumula-
tion (as measured by cyclic creep strain and elastic stiffness reduction) was compared
to leakage initiation life. Although leakage was seen to occur after the initial crack

saturation, no distinct correlation was found between leakage initiation life and the



measured damage parameters.

A finite element analysis of the tubular specimens was conducted to verify the ob-
served failures. By invoking the maximum strain failure criteria and using a through
wall failure definition, the leakage failure mode and location under cyclic loading con-
ditions were accurately predicted. The prediction of applied failure stresses, however,
was inconsistent. The predicted long-term failure envelope based on the monotonic

linear elastic limit was also determined, but was found to be very conservative.
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CHAPTER 1

Introduction to Composite Materials

1.1 BACKGROUND
1.1.1 Introduction

Composite materials are material forms which consist of two or more distinct
constituents which are combined macroscopically to obtain specific properties or per-
formance characteristics. By combining material types, advantageous properties from
each constituent can be exploited to create properties unique to the composite form.
Composite materials are defined by their constituent material type and form. Bi-
nary (or two-phase) composite forms are the most common, and typically consist of
a discontinous phase (reinforcement) embedded in a continuous one (matrix). Com-
monly available reinforcement types include continuous and short fibers (glass, car-
bon, graphite, aramid, boron), and particles (SiC, Al,03). Common matrix materials
include thermosetting (epoxies, vinylesters, polyesters) and thermoplastic (PEEK,
Nylons, Polyethelynes) polymers, metals (aluminium, titanium) and ceramics (SiC,
carbon). The use of a particular reinforcement/matrix combination ultimately de-
pends upon the intended application. In most cases, the reinforcement phase is used
to provide structural integrity to the composite structure (especially under tensile
type loading conditions).

Fiber reinforced polymeric composites are probably the most predominant form
of structural composite material in use today. Applications are found in many ar-
eas including aerospace, transportation, oil and gas production, chemical processing,
consumer goods and infrastructure rehabilitation. Polymeric composites are displac-

ing metals in a number of applications because of two primary advantages: a) a
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high strength (and stiffness) to weight ratio, and b) corrosion resistance in common
environments.

Because of their high strength to weight ratio, fiber reinforced polymeric compos-
ites have been extensively investigated and used in the aerospace industry over the
last four decades. Their use as a primary structural material in industrial applica-
tions, however, has been limited. When compared to conventional metals, the use of
composites in structural design is restrictive due to: a) higher material and processing
costs, b) limited manufacturing options, c) difficulty in joining, d) lack of available
infrastructure (manufacturing and servicing) and e) lack of validated design method-
ologies. Although the breadth of potential material combinations is overwhelming
from a research point of view, only limited material types and forms are readily avail-
able in the marketplace. The use of composite materials in a particular application
is usually justified by long-term or value added economic savings.

In fiber reinforced composites, continuous fibers, made of glass, carbon and graphite,
have exceptionally high strength compared to their material in bulk form. This ap-
parent strengthening is attributed to the atomic composition of these materials (high
molecular or atomic bonding strengths), and to the reduction of debilitating mi-
crostructural defects in the (small diameter) fiber form. When these fibers are bound
together by a matrix substrate in a parallel orientation, very high strength and stiff-
nesses in the unified composite structure can be achieved in the fiber direction. When
fabricated in a planar form, the resulting composite structure is refered to as a lamina.
This material form has orthotropic properties (stiffness and strength) with respect to
the fiber direction. In most practical applications, the lamina form is rarely used by
itself since the transverse strength and stiffness (perpendicular to the fiber direction)
is typically orders of magnitude smaller than that in the fiber direction. By combining
(stacking) many lamina at various orientations (as shown in figure 1.1), a laminate
with improved multi-directional strength properties can be produced.

Referring to figure 1.1, the laminate geometry is defined by the fiber angle orien-
tations of each layer with respect to a global structural or loading reference frame.
Laminate geometries are coded by a sequence representing the layer order from top
to bottom (for example [+61, —01, +62, —6]r is a four layer laminate with +6; at
the top and —6, at the bottom). If the laminate is symmetric with respect to its
midplane, only one half of the sequence is coded with symmetry being distingushed
by the subscript ‘s’ (see figure 1.1).
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Figure 1.1: Definitions for fiber reinforced laminated composites (where 8 is the fiber
angle orientation with respect to the structural or loading azis).

1.1.2 Manufacturing Methods

Selection and useage of a composite material in a particular application will ul-
timately depend upon its cost effectiveness and its ability to be fabricated. Various
methods have been developed to manufacture fiber reinforced composite structures
(see review in reference [1]). The most common methods for fabricating tubular
structures are a) hand lay-up, b) filament winding, c) braiding, and d) tape laying.

The oldest and simplest manufacturing method is the hand lay-up method. With
this method, flat, contoured or cylindrical shapes are created by placing layers of
resin soaked mat reinforcement (chopped strand or woven fabric) onto a mold surface.
Multiple layers are placed on top of one another with joints typically staggered in order
to reduce stress concentrations. Excess resin is removed from the system by manual
“squeegee” operations. This method is popular due to its low cost and infrastructure
requirements, and is commonly used to manufacture fluid containment structures.
Since the paths of fibers are not continuous through the circumference, however,
vessels made by hand lay-up are typically restricted to low pressure service.

The most common method of fabricating shells of revolution is filament winding.

The method consists of winding continuous fiber rovings (glass or carbon fibers)
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onto a solid rotating mandrel. As the mandrel is rotated, the fiber delivery system
traverses along the axis of the mandrel and dispenses the fiber/resin combination.
The relationship between the mandrel rotation and traversing speeds determine the
angle at which fibers are placed with respect to the rotating axis. In wet filament
winding, fiber rovings are run through a bath of liquid resin before being deposited
on the surface of the mandrel. Tensioning of the fibers is required to ensure proper
fiber/resin ratios and consolidation of the layers. In dry filament winding, fiber rovings
are pre-impregnated with solidified resins (i.e. tow-pregs) which allows for better
control of constituent distribution and a much cleaner process. For both methods,
heat and pressure are often applied after the winding operation in order to fully
consolidate the layers. The precise placement of fibers, regulation of resin wetting, and
fiber tensioning are critical factors in ensuring high quality, filament wound parts [2].
Precision filament winding infrastructure, however, is expensive.

Braiding is a relatively new but promising technology where the fiber/resin sys-
tem is applied to a mandrel by an intricate inter-weaving process using dry or pre-
impregnated (tow-preg) fibers. If dry reinforcement is used, low viscocity resin must
be injected into the preformed fiber network using a technique known as resin transfer
molding. Although somewhat similar to filament winding, the braiding process pro-
duces much more inter-weaving in the structure. Braiding has a greater advantage in
that it can apply reinforcement in three-dimensions, and can produce very intricate
“near net” shapes. Due to this 3D inter-weaving, braided structures have been shown
to be extremely damage tolerant (i.e. impact resistant) [3].

The final fabrication process reviewed is the tape laying method. In this method,
the basic material system consists of pre-impregnated (continuous) fiber reinforced
polymer sheets (also refered to as prepreg). Similar to the hand lay-up method, flat,
contoured or cylindrical shapes are created by laying patterns of prepreg onto a mold
surface. The laying process can be performed manually or by automated methods {4].
Since the resin system is typically in a “B-stage” form (i.e. solidified but only partly
cross-linked), heat and pressure are required to properly consolidate the layers. This
is most commonly accomplished using vacuum bagging techniques in conjunction with
autoclave curing systems. The main advantage of this method is that parts can be
fabricated with exceptionally high quality (i.e. highly uniform fiber distributions and
low void content). The main disadvantage, however, with prepreg based techniques

is the high material and large scale production costs.
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1.2 DAMAGE DEVELOPMENT IN COMPOSITE MATERIALS

Damage development in composite materials is characterized by the initiation
and accumulation of multiple, interacting damage events over a number of geometric
length scales. This complex damage progression is attributed to the heterogeneous
and anisotropic nature of the composite material at the micro- and macro-structural
scale. This multiplicity of interacting and competing failure modes is in contrast to
the initiation and self-similar propagation of a singular damage event typically found
in isotropic, homogeneous materials (e.g. metals).

Damage begins (initiates) at the micro-scale in the form of inter-fiber matrix crack-
ing, fiber/matrix debonding, fiber breakage and fiber buckling. These events often
occur simultaneously at multiple initiation sites, and coalesce to form macroscopic
failure modes such as intralaminar cracking (transverse matrix cracking), interlami-
nar cracking (delamination), continuous fiber failure, and global instability (buckling).
Although the number of failure modes is small, their multiplicity and interaction can
result in highly complex failures. Over the past four decades, these individual fail-
ure modes have been well documented and modeled individually, but their combined
effects and interaction are still not fully understood.

Because of the progessive nature of damage, the definition of failure in composites
is not straightforward, and is often based on functional aspects of the intended ap-
plication. Common definitions include point of damage initiation (first ply failure),
ultimate failure (complete fracture and separation), loss of required stiffness, loss of
residual strength or leakage of fluid (for fluid containment applications). Hence, de-
pending upon its definition, the failure of a composite structure can be quite unique.

In general, the highest strength and stiffness of a lamina is achieved when the
fibers are oriented in the direction of the applied load. Unfortunately, most real
loading conditions are multiaxial in nature, and, as such, laminates must be designed
with multi-directional fiber orientations. The main consequence of lamination is the
resultant structural depedence on the material response. As opposed to isotropic or
orthotropic material forms (e.g. metals, uni-directional lamina), the stress state of
a material element within a laminate is inherently multiaxial. If the contribution
of matrix dominated layers to the global response is significant, the stress-strain

behaviour of a laminate is typically non-linear as a result of progressive damage and
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matrix visco-elasticity.

The linear elastic response of general laminate geometries can be successfully pre-
dicted using properties of the individual laminae in conjunction with homogenization
techniques such as classical laminate theory [5,6]. In these macro-mechanical models,
the composite is treated as a continuum with effective material properties being deter-
mined through macroscopic characterization tests, or predicted from the constituent
material proeprties using micro-mechanical models.

Prediction of non-linear response and ultimate laminate failure, on the other hand,
has proven to be difficult due to the complex nature of progressive damage found in
laminates. Although there has been significant research in this area, there still is no
universal methodology which can accurately predict failure (functional or structural)
in laminated structures (see reviews in references [7-9]). The generally disappoint-
ing correlation between experiments and predictions using the multitude of failure
criteria available (see for example [10-12]), has been attributed to two key factors:
1) the inability to properly model the stress-strain behaviour, and 2) the inappropriate
characterization of some failure properties. Recent attempts, however, to create pro-
gressive damage models, which include the prediction and accumulation of individual
failure modes, have shown some promise in a limited number of cases [13-15].

In general, the initiation and accumulation of the aforementioned damage modes
in composites is influenced by a number of factors: 1) constituent material types and
properties (matrix, fiber and interface), 2) manufacturing method (micro- and macro-
defects, and residual stresses), 3) lay-up geometry (fiber angle orientation, stacking
sequence, number of layers, ply thicknesses, and free edge conditions), 4) loading
conditions (monotonic, cyclic, time dependent and multiaxial), and 5) environment.

These effects are briefly examined in the following sections.

1.2.1 Microstructural Damage and Effect of Constituents

The global failure of composite materials is initiated at the micro-scale in the
form of fiber fracture, inter-fiber matrix cracking, and fiber/matrix debonding. The
distributed nature of damage at this scale is due to the statistical strength and non-

homogeneous variation of the constituent fiber phase and inherent defects.
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The progression of damage at this scale has been well documented experimentally.
When tensile loads are applied parallel to the fibers (fiber dominated), the first ob-
servable sign of damage is the development of distributed fiber fractures and short
matrix cracks perpendicular to the fiber direction [16]. Growth of these short matrix
cracks is arrested by the constraint effect of the fiber phase. After further loading,
the short perpendicular cracks transform into macrocracks along the fiber direction
(splitting behaviour) which ultimately leads to massive fiber failure.

Under compression loading, fiber and matrix shearing, and fiber microbuckling
are the most common microstructural failure modés observed [17,18]. Fiber mi-
crobuckling occurs as a result of the loss of matrix constraint and stiffness due to the
formation of small-scale matrix damage (brittle mode), or due to non-linear shear
deformation (ductile behaviour). Compared to the tensile loading case, the failure
of unidirectional fiber composites under compression is highly dependent upon the
properties of the supporting matrix system.

Under matrix dominated loading conditions (i.e. loads transverse to the fiber
direction), the initiation and development of microcracks is seen to occur at both
inter-fiber and interface locations, typically at sites where local fiber non-homogeneity
occurs (either as fiber clustering or matrix rich areas) [19,20]. Crack propagation is
again restricted due to variations in local stress fields caused by the random distri-
bution of the fiber phase. As load is increased, these micro-crack features coalesce
around fibers to form a dominant intra-laminar or inter-laminar macro-crack.

In the development of transverse macro-cracks, the relative dominance of inter-
fiber cracking or debonding is dependent upon the multiaxial characteristics of the
matrix and the strength of the fiber/matrix interface. The local stress conditions in
the matrix phase is highly multiaxial due to the presence and constraint of the non-
homogeneous fiber phase [21,22]. The global behaviour of the composite is reflected
by these multiaxial properties of the matrix. Under multiaxial loading, thermoset
polymers have been shown to exhibit a combination of brittle behaviour under nor-
mal tensile loading, and ductile behaviour under shear and compressive loads {23].
When thermoset polymers are reinforced with fibers, the brittle behaviour is enhanced
by the local stress concentration effect of the fiber phase. This is ultimately respon-
sible for the lower matrix strains observed in composites as compared to neat resins.

The matrix response under shear loading is responsible for the observed macroscopic



1.2 INTRODUCTION TO COMPOSITE MATERIALS 8

non-linear, large deformation, and time dependent behaviour of shear dominated lam-
inates [24-26] (for example, [+45°] laminates under uniaxial loading).

In general, the failure of both fiber and matrix dominated lay-ups has been shown
to be affected by matrix toughness [27-29], interface strength [30-32], fiber/matrix
distribution [33] and fiber volume fraction {34,35]. Because the transverse cracking
mode can occur early in the loading of a general laminate, the use of toughened
resin sytems to increase composite strength has been explored. Experimental results,
however, have shown mixed results in terms of the benefits of toughened resin sys-
tems. Increasing matrix toughness has been shown to provide little improvement in
transverse tensile strength when the interface failure mode is dominant [21,30]. Con-
versely, by using toughened matrices, improvements in compressive properties and
impact resistance of laminates have been shown due to the increased resistance to
shear and delamination failures [36].

The prediction of global failure events (e.g. macro-crack formation) based on
micro-mechanics is an extremely difficult problem. This is primarily due to the var-
ious length-scales encountered in laminated composites [37], and the intractability
of defining and modeling true representative material elements. Micro-mechanical
models are further hampered by the statistical variation of the constituent phases
(i.e. fibers and micro-defects), and by the inability to properly characterize all failure
properties at the micro-scale. Percolation type models, using simple spring elements,
have been developed to study the effect of non-homogeneous phase distribution on
macro-crack formation [33]. Due to the discrete nature of these models, however,

direct correlation with experiments is not possible.

1.2.2 Manufacturing Induced Effects

Manufacturing induced effects such as non-homogeneous phase distributions, de-
fects, and residual stresses can substantially reduce material strength. The presence
of microstructural anomalies such as fiber clustering, matrix rich areas, voids, fiber
waviness, and fiber crossover (inter-weaving) is highly dependent upon the manu-
facturing method used. These inherent flaws are assumed to be responsible for the
observed scaling effects found in composite materials (i.e. macroscopic strength is

seen to decrease as the bulk volume of material tested is increased) [38-41]. In gen-
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eral, the basic objective during manufacturing is to create a uniform microstructural
distribution and reduce the presence of associated defects.

Voids are formed in composite laminates as a result of physical air entrapment
during the lamination process (tape placement or filament winding), or due to the
evolution of volatile gases as the matrix phase is cured [42.43]. Due to stress concen-
tration effects, voids have been observed to be crack initiation sites for both intra-
laminar and inter-laminar matrix cracking [44,45]. Many studies have correlated an
increase in void content with reduced macroscopic strength under both monotonic
and cyclic loadings [42,46]. The effect of void content, however. has been shown to
be critical only if large quantities are present (i.e. > 5%) [35,47]. Furthermore, the
impact of voids is dependent upon their size and distribution within the laminate [48].

Fiber waviness can occur locally or globally in composite layers as a result of man-
ufacturing processes or material handling. The effect of fiber and layer waviness on
the mechanical behaviour of laminates has been studied extensively. In-plane fiber
waviness has been shown to have a detrimental effect on the compressive strength
of laminates [49-51], but tends to increase in-plane shear strength and delamination
resistance [52]. The effect of out-of-plane (radial) layer waviness, common in many
tubular manufacturing processes, was found to be dependent upon the severity and
location in the tube wall [53,54]. Mild waviness was shown to have no substan-
tial global effect. Localized fiber undulations due to fiber crossover or interweaving
(which occurs in filament wound structures) has also been shown to be detrimental
to monotonic failure strength in tubular specimens [55,56].

A common result of elevated temperature curing processes, found in most com-
posite fabrication methods, is the creation of thermal residual stress states within the
composite laminate at the micro- and macro-scales. The formation of residual stresses
at the micro-scale is due to the mismatch between the coefficients of thermal expan-
sion of the constituent phases. At the macro-scale, global residual stresses form in
each layer as a result of ply anisotropy (i.e. coefficient of thermal expansion and stiff-
ness). Since the polymer phase is consolidated at elevated temperatures, shrinkage
and constraint by neighbouring phases or plies results in the development of residual
stresses as the laminate is cooled to room temperature. Residual stress gradients can
also occur within a ply as a result of processing induced variations in the fiber/resin

ratio [57,58], or non-uniform temperature distributions during cure [59,60].
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The state of residual thermal stress in a composite part is a function of a) the
material system (resin cure temperature, coefficients of thermal expansion, and rela-
tive stiffnesses), b) laminate geometry (fiber angle orientation and stacking sequence),
and c) uniformity of heat application. The presence of thermal residual stress gradi-
ents during and after curing has been linked to the formation of defects such as fiber
waviness (due to compressive residual stresses in the fiber direction) [61] and matrix

cracking (due to tensile residual stresses in the transverse direction) [62].

1.2.3 Macrostructural Damage Modes

A consequence of the lamination process is the observed development of two unique
macroscopic failure modes: a) transverse matrix cracking (intralaminar) and b) de-
lamination (interlaminar). Although these failure modes may not be catastrohpic,
their presence plays a significant role in the functional behaviour of composite struc-
tures (e.g. stiffness reduction and leakage), and can affect the ultimate strength of a
laminate due to local load redistribution and stress concentration effects.

Transverse matriz cracking in a laminated ply is characterized by planar cracks
running parallel to the fiber direction and through the ply thickness. In unidirectional
lamina, the first occurrence of a dominant macro-crack will ultimately result in spec-
imen separation. In multidirectional laminates, however, the development of trans-
verse cracks is not catastrophic due to the load carrying capacity of the neighbouring
constraining plies. This results in the unique formation of an evenly distributed crack
field throughout the laminate.

Since transverse cracking is often the first visible sign of observable macro-damage,
it has been extensively studied for monotonic [29,63-66], cyclic fatigue (64,67, 68],
and static fatigue loading conditions [66,69]. Although extensive experimental and
analytical work has been directed towards this mode of failure, studies have been
restricted to that of mode I cracking in cross-ply ([0°,902];) coupon specimens under
uniaxial loading.

In these studies, the initiation of transverse cracking has been shown to be re-
sponsible for the initial change in global stiffness and observed non-linearity in the
stress-strain curve. The distributed nature of the transverse crack field is due to

a combination of the statistical variation of material strength, and to the changing
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stress field within the ply as a result of the formation of cracks. Load redistribu-
tion and stress concentration effects at the tips of these transverse cracks have also
been shown to cause localized failure in the neighbouring constraining plies {70]. The
initiation of transverse cracking within a laminate is significantly affected by the
ply thickness [71-73]. Due to the enhanced effect of layer constraint, the transverse
(in-situ) strength of a ply can be effectively increased by reducing its thickness.

Another common macrostructural failure mode observed in laminated structures
is delamination. Delamination is characterized by the two-dimensional separation
of layers along an inter-ply boundary within a laminated structure. Delamination
failure has been observed to initiate: a) at geometric boundaries (edge effect) [74-76],
b) from transverse cracks [77-79], c) due to lateral impact loading [80-82] and d) due
to in-plane compressive loading [36,80]. In all these cases, delamination occurs as
a result of generated interlaminar tensile and shear stresses (which form due to the
anisotropic mismatch in neighbouring ply properties), and to the general weakness of
the interlaminar interface.

The most common example of this failure mode is as a result of the free edge
effect found in multi-directional laminated coupon specimens. This phenomenon
has been extensively studied due to the use of coupon type specimens in materials
characterization. The dominance of free-edge failure is a function of the laminate
stacking sequence, fiber angle orientation, and specimen width [74,75,83].

Lateral impact damage is characterized by the localized formation of concentric
delaminations through the thickness of the laminate at the point of impact. These
stratified delaminations are coupled together by transverse matrix cracks, and are
formed due to localized out-of-plane shear stresses imposed by the lateral impact
forces.

The presence of delaminations has been shown to reduce global stiffness [76] and
in-plane compressive strength due to buckling behaviour [80]. Effect and growth
of imposed delaminations have been studied under monotonic and fatigue loading
conditions [84,85]. Whereas fracture mechanics has been unsuccessful in predicting
crack growth in notched laminates due to the lack of a singular, self-similar fracture
event, it has been successfully applied in characterizing delamination propagation [86-
89].
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1.2.4 Effect of Cyclic Loading

The behaviour of fiber reinforced composites under cyclic loading conditions has
been studied extensively for a wide range of material systems and geometries (see
reviews in references [90-92]).

In general, the micro- and macro-structural damage events observed during cyclic
loading are the same as those observed under monotonic loading [93]. The sequence
and dominance of particular failure modes, however, can be substantially different
depending upon their unique fatigue characteristics. Fiber dominated lay-ups tend
to exhibit better fatigue resistance due to the inherent strength of the constituent
fiber phase [94,95]. By comparison, the fatigue strength of off-axis plies are typically
more than an order of magnitude less with a much steeper slope in their fatigue-life
curves [35, 96].

In multi-directional laminates, the failure progression under tensile fatigue loading
occurs in three distinct phases [67,97-100]. The first phase is characterized by a rapid
increase in matrix damage accumulation, in particular, the formation of transverse
matrix cracks in the off-axis plies. The crack formation is seen to initiate and saturate
quite early in the life of the laminate, and is marked by a significant drop in global
stiffness.

The second phase begins at the point of transverse crack saturation, and is char-
acterized by a slower rate of damage accumulation. During this phase, the initiation
of other damage modes begins to occur (i.e. matrix splitting in the fiber dominated
plies, delamination and local fiber failure). The reduction in damage accumulation
rate is reflected by a much slower reduction in global stiffness. It is also during this
stage that the residual strength of the laminate begins to decrease. This phase often
represents a significant portion of the specimen life.

In the last stage, damage in the fiber dominated layers (due to extensive fiber
fracture and delamination) is seen to dominate, resulting in a high rate of damage
accurnulation (and a large drop in global stiffness) leading up to ultimate failure.

Under compressive cyclic loading, initiation and propagation of delamination dam-
age is dominant due to development of high interlaminar stresses and the resulting
propensity for ply buckling [36,99,101,102]. Delamination first occurs at the outer

layers due to lack of lateral constraint, followed by the inner plies. The compressive
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fatigue strength is highly dependent upon the laminate geometry (stacking sequence)
and fracture properties of the matrix [36].

Due to its time dependent effects, the cyclic shear behaviour of unidirectional
laminae and matrix dominated laminates has received considerable attention [83,103-
105). The cyclic response for shear dominated loading is characterized by extensive
ratcheting behaviour (cyclic creep) and large strains at failure. The [+45°] angle-
ply laminate, commonly used as a sub-laminate group, is seen to possess this shear
dominated behaviour under uniaxial loading.

Similar to that observed in metals, the effect of cyclic loading ratio (or mean
stress effect) has been shown to significantly affect the fatigue life of unidirectional
laminae [96] and multidirectional laminates [106-109]. However, this effect in com-
posites is not straightforward due to the multiplicity, interaction and competition
between failure modes. In general, fully reversed tension-compression loading (R =
Omin/Omazr = —1) has been shown to be the worst case due to the combined in-
teraction of tensile and compressive failure modes [96,110]. For matrix dominated
tension-tension cyclic loading, a tensile mean stress is seen to reduce fatigue lives due
to the acceleration of cyclic creep [103].

The effect of frequency on the fatigue behaviour of composite materials has been
also shown to be quite contradictory and not well understood. Increases [103,111,112],
decreases [113,114] and plateaus [115] in fatigue life with increasing frequency have
been observed. This indicates that the effect of frequency is rather complex and
depends upon the material system, laminate geometry, and loading conditions. It
has been observed, however, that matrix dominated lay-ups tend to be more sensitive

to changes in frequency [116].

1.2.5 Effect of Environment

Although polymeric composites are resistant to corrosion in the traditional sense
(i.e. degradation by oxidation), they are not immune to environmental effects. Ab-
sorption of water in polymeric composites and its effect on mechanical behaviour has
been studied extensively in the literature (see review in [117]). While in some studies,
water absorption has been shown to have a detrimental effect on composite strength
and stiffness [118-120], other studies have demonstrated no effect at all [121,122]. This
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implies that the effect of environment is critically dependent upon the specific chem-
istry of the material system. Although all microstructural phases have been shown
to be affected by water absorption including the matrix [123], glass fibers [124-126]
and interface [126-128], the mechanisms behind these effects are not clear.

In the matrix phase, changes in material response have been attributed to two dif-
ferent phenomena: a) moisture induced expansion (swelling) and b) matrix plastici-
sation. Swelling occurs due to the expansion caused by the ingress of water molecules
into the cross-linked polymer microstructure. This results in an alteration in the
internal residual stress state in the laminate, countering the previously mentioned
thermal residual stresses. As such, for matrix cracking modes, expansion due to
moisture absorption has been observed to increase the stress at crack initiation [62].

The plasticisation phenomenon, however, is much more complicated. It is seen to
affect the crack-tip characteristics in fractured polymer matrices resulting in reduced
long-term resistance to crack growth {20, 129]. Plasticisation is inherently affected by
the properties of the polymer (in particular, toughness) and the hygrothermal aging
period (amount of water intake).

In order to predict long-term environmental effects, the diffusion characteristics of
water in thermoset composites have been extensively studied [119,121,130]. Diffusion
characteristics are seen to depend upon the material system and laminate geometry.
Cyclic loading has been observed to accelerate transport as a result of fatigue induced
matrix cracking [127,131-133].

1.3 BIAXIAL CHARACTERIZATION OF COMPOSITE MATERIALS

Applied biaxial loading plays a significant role in the behaviour and failure of lam-
inated composite structures. Due to the biaxiality of most real loading conditions and
the material anisotropy in composites (i.e. directional dependence}, characterization
under biaxial loading is enormously important.

Biaxial tests on composites are not commonly performed due to their difficultly,
expense (in specimen fabrication and testing), and requirement for complex and costly
infrastructure. Of the biaxial studies cited in the literature, only a limited number of
tests are usually performed due to the time consuming nature of these experiments.

As such, the vast majority of studies on composites have been performed on laminated
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coupon specimens under uniaxial loading conditions.

Biaxial tests have been performed on composite laminates in order to determine
material properties (elastic, inelastic, and failure), and to study structural effects
(laminate geometry, imposed cracks and notches) under complex loading conditions.
Biaxial testing, however, is most commonly used to generate biaxial failure envelopes
for use in design or verification of available failure models. Depending upon the
specimen geometry, the envelopes can be defined with respect to a number of applied
or material (in-situ) coordinates, and by various failure criteria. The failure points
are generated by specialized tests which provide the required state of biaxiality in
applied stress or strain space.

Biaxial testing machines are inherently designed around the geometry and load-
ing requirements of the test specimen. The majority and most successful of these
testing facilities can be classified by one of two main test specimen geometries. a) the
cruciform (planar) specimen, and b) the thin-walled tubular specimen.

Cruciform testing machines typically consist of two sets of orthogonal actuating
mechanisms which apply biaxial loads directly to a flat cruciform specimen in a sin-
gle plane. The cruciform specimen is the preferred choice for crack growth studies as
1) the surface is accessible and visible, 2) long crack formation can be accomplished,
and 3) there are no curvature effects. The disadvantage with cruciform testing tech-
niques is the difficulty in accurately determining the distribution of stresses in the
specimen. This stress distribution is often determined using empirical or numerical
methods, and is largely dependent upon the specimen design, configuration of the
loading frame, specimen attachment, and actuation method. This accounts for the
large number of variations in the reported specimen designs [134,135] and testing
apparatus [136,137]. For composite materials, grip attachment and free edge effects
further tend to limit the testing to specific laminate geometries and loading condi-
tions [138]. Cruciform type specimens have been used to characterize biaxial failure
of notched [138-140] and unnotched [102,141-143] laminates under monotonic and
cyclic loading.

The thin-walled tubular specimen has been shown to be the most versatile geome-
try available for characterizing biaxial properties in materials. As shown in figure 1.2,
an applied biaxial stress or strain field can be introduced into the specimen through

the application of a pressure differential (internal and external pressure), axial force
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Figure 1.2: Applied loading conditions and definition of fiber angle orientation (8) in
a fiber reinforced laminated tubular specimen.

and torsion (for further discussion of loading configurations, see chapter 2). Lay-up
geometry, applied loading, and failure envelopes are usually defined with respect to
the cylindrical coordinates of the tube (i.e. axial, hoop and radial directions). The
fiber angle orientation within each layer is defined with respect to the axial direction.

Unidirectional tubular geometries ([0°] or {90°]) are often used to determine lamina
material properties under applied axial and shear loading [144-149]. When compared
to isotropic materials, the stress distribution in unidirectional laminae are found to
be less uniform through the wall thickness and, as such, higher diameter to thickness
ratios are typically required [150]. Early attempts were made to use helically wound
unidirectional tubes [6], in an effort to test theoretical transformation laws [151,152].
These specimens, however, were found to be very susceptible to end buckling effects
as a result of the lamina shear-extension-bending coupling.

Un-notched multidirectional tubular geometries have been extensively tested with
a wide range of material systems, geometries, and loading configurations. A summary
of studies is provided in table 1.1. While a vast majority of these tests have been
concerned with characterizing the ultimate failure strength under monotonic load-
ing, relatively few biaxial fatigue studies have been conducted [10,153-157]. Of the

monotonic studies, generation of failure envelopes has typically been restricted to the
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tension-tension biaxial regime. Only a few have been able to generate the complete
biaxial failure envelope in all hoop/axial loading quandrants [12,145,158].

In addition to its predominant use in determining the failure properties of un-
notched geometries, composite tubular specimens have also been used to characterize
failure under lateral impact loading [215-220] and axial impact loading [221-225], and

in studies involving damage tolerance (i.e. notched specimens) [226-232].

1.4 FUNCTIONAL FAILURE IN COMPOSITE TUBULARS

For pressurized containment structures (i.e. piping, down-hole tubulars and pres-
sure vessels), failure is defined as the inability of the structure to contain its fluid
(leakage). The ability to predict and understand leakage failure is, therefore, a
necessary requirement for a successful design. For metallic structures, there ex-
ists a well established background and understanding of their behaviour under a
wide range of applied conditions. This understanding is translated into the wealth
of available codes and standards of practise which enable engineers to design safe
and reliable structures. For fiber reinforced composites, however, there is a gen-
eral lack of knowledge and understanding of these materials, particularly, in terms
of their long term behaviour. To date, there exists a limited body of published
work on leakage failure characterization of fiber reinforced composite pipe and tub-
ing. Most have dealt with characterizing leakage failure under monotonic load-
ing [159, 160, 165-167, 178, 182,198, 204, 214] but few have dealt, explicitly, with the
long-term cyclic performance [160,170,198,205]. Of the studies conducted under cyclic
loading conditions, only the pure hoop (1H:0A) [205] and (2H:1A) [160,170,198, 199]
biaxial loading ratios were investigated.

Hull and co-workers studied the monotonic behaviour of angle-ply (&6) filament
wound glass-fiber polyester pipe for pure hoop (1H:0A), pure axial (0H:1A) and
(2H:1A) loading ratios [165-167]. In general, fiber dominated loading cases exhibited
much stiffer responses with higher applied stresses at failure (leakage and ultimate
failure). Based on microscopic examination of tested specimens, it was noted that
the relationship between winding angle and loading ratio had a significant effect on
the crack distribution in the tubes. It was also observed that the preferred site of

transverse crack initiation were regions of high fiber volume fraction.
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Soden and co-workers performed a much more extensive series of monontonic
biaxial tests on filament wound glass-fiber composite pipe with epoxy [182] and
polyester [168,169] matrices. Both leakage and ultimate failure envelopes were de-
termined in the entire tension-tension biaxial regime for [£45°], [£55°] and [£75°]
angle-ply geometries. In general, the relationship between leakage and ultimate fail-
ure stresses was seen to depend upon laminate geometry and applied biaxial loading
ratio.

Carroll et al. [204] investigated the effect of loading rate on the leakage failure
characteristics of [+55°] filament wound, glass-fiber epoxy pipes. It was demonstrated
that under the matrix dominated loading ratios, a prevalent rate effect-was observed.
The failure mode and damage accumulation exhibited by short and long-term tests
were also found to be different.

In predicting the long-term performance of tubular products, it has been suggested
by a number of authors [144,159,160,166,198,233] that the monotonic stress or strain
at the limit of linear elastic response may be used as a conservative estimate for the
onset of leakage in composite tubulars both under monotonic and cyclic loading. In
these studies, leakage was seen to occur after the observed kneepoint in the monotonic
stress-strain curve. The exact relation between the leakage failure (monotonic and
cyclic) and the departure from linearity, however, is not fully understood.

Mieras [160] found that the applied stress at the linear elastic limit was approx-
imately 70 to 80% of the applied stress at weepage under monotonic loading for a
variety of [£55°] filament wound glass-fiber/epoxy pipes with different resin formu-
lations. Using the same pipes, Mieras also showed that the linear elastic limit point
corresponded to failure lives of 10* for tests conducted under cyclic loading. Spencer
and Hull [166] found that the applied stress at the linear elastic limit was approxi-
mately 40% of the applied stress at weepage under monotonic loading for a number
of angle-ply glass-fiber polyester resin pipes with different winding angles. Frost and
Cervenka [198] showed that the linear elastic limit corresponded to a failure life in

excess of 108 for cyclic tests on [£55°] filament wound, glass-fiber epoxy pipes.
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1.5 OVERVIEW OF THE CURRENT STUDY

It can be seen from the previous section, that investigations of biaxial leakage
characterics of composite tubular specimens under cyclic loading are virtually non-
existent. This is surprising since the long-term cyclic behaviour represents the pre-
dominant loading case in actual tubular applications, and is important in determining
long-term economic viability. Furthermore, actual loading conditions in pressurized
fluid containment applications are typically multiaxial in nature.

The purpose of the current study, therefore, is to investigate the leakage behaviour
of glass-fiber reinforced epoxy tubular specimens under biaxial monotonic and cyclic
loading conditions. Two symmetric angle-ply geometries® were tested: a) [£45°]s
and b) [71°]s. These lay-up geometries were selected since they are representative
of sub-laminate groups currently found in commercial composite tubulars products.
The [£71°]s geometry is representative of high angle groups used to sustain hoop dom-
inated loads. The [£45°]s geometry, on the other hand, is used to provide strength
under biaxial loading conditions. The [£45°]s lay-up is also unique since it has been
shown to exhibit highly ductile behaviour [103,178,182,234,235].

The material system used in this study is 3M-1003 Szotchply E-glass fiber rein-
forced epoxy. This general purpose prepreg system has a long service history in a
number of applications, and has been extensively investigated in a variety of stud-
ies [24,25,64,66,96,236-242]. Elastic and failure properties for this material system
are provided in chapter 7.

Since leakage failure only occurs under pressurized environments, tests were re-
stricted to the tensile-tensile biaxial regime (see figure 2.1). Monotonic and cyclic
tests were conducted for three biaxial loading ratios: a) pure hoop (1H:0A), b) pure
axial (OH:1A), and c) the biaxial ratio determined by “netting analysis”. For angle-ply
laminates (+6), the shape of the biaxial failure envelope in the tensile-tensile regime
has been shown to be adequately represented by these three biaxial ratios [182]. Net-
ting analysis assumes that the strength of the laminate is governed solely by the fibers

(i.e. the contribution of the matrix is negligible), and, as such, the maximum load

*The actual designations for these 8 ply geometries are [£453]s and {+715]s. For convenience,
these will be written as [+45°]s and [£71°]s.
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carrying efficiency is assumed to occur for the biaxial stress ratio (i.e. 04:0,) defined

by [19],

Oh
Oa

= tan’ 4

where, o is the applied hoop stress, o, is the applied axial stress, and § is the fiber
angle orientation with respect to the axial direction (see figure 1.2). Although this is
an enormous over-simplification, it is particularly useful for reducing the total number
of tests required to define the trends in the failure envelopes. For the [£45°]s and
[£71°]s geometries, the loading ratios based on netting analysis are (1H:1A) and
(17H:2A), respectively.

In the following chapters, details of the experimental apparatus, results and anal-
ysis are provided. General testing methodologies used for tubular specimens are
summarized in chapter 2, along with details of the specialized biaxial testing appa-
ratus developed for this study. This biaxial testing machine, developed for use with
tubular specimens, can impose a complex biaxial state of stress (or strain) through the
application of internal pressure, external pressure, axial force, and torsion. Unique
features for testing composite materials and leakage behaviour are discussed.

In chapter 3, the design and development of the tubular composite specimens are
examined. Specimens are fabricated from prepreg tapes using a tube rolling method,
in conjunction with an inflatable mandrel molding process. Design and fabrication
aspects, including effects of processing variables and end connections, are reviewed.
An unabridged description of the manufacturing method is provided in Appendix C.

Methods used to characterize leakage failure in composite tubular structures are
examined in chapter 4. By using Darcy’s Law for flow through a permeable medium,
a relation which defines the fluid flow characteristics in a damaged composite tube
is developed. Based on this relation, 2 new damage parameter (permeability) can be
specified which defines functional failure for weepage type behaviour. The permeabil-
ity can be calculated from the experimentally determined fluid loss (leakage) profiles.
The utility of this parameter is that it is inherently independent of fluid type and
specimen size.

In chapters 5 and 6, monotonic and cyclic test results are presented for the [£71°]s
and [+45°]s tubular specimens. The experimental behaviour is compared to the linear

elastic response predicted by classical laminate theory. Macroscopic failure modes,
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leakage profiles and fatigue-life curves are given for each biaxial stress ratio tested.
For the [+45°]s tubular specimens, damage accumulation is quantified by measuring
the elastic stiffness reduction and cyclic creep strains. The monotonic failure stresses
and the fatigue-life curves are used to generate biaxial failure envelopes. A predicted
long-term failure envelope based on the monotonic stresses at the linear elastic limit is
compared to the experimental results. A discussion regarding the observed behaviour
is provided.

Finally, in chapter 7, failure analysis of the tubular specimens is performed using
the finite element method in conjunction with the maximum strain failure criteria.
For each test geometry and loading ratio, the failure mode, failure location and the
applied stress at failure are predicted for initiation and through wall failure conditions.

Comparisons are made to the experimental results from the previous chapters.



CHAPTER 2

Development of the Multiaxial Testing Facility

2.1 REVIEW OF TUBULAR TESTING APPARATUS

The general requirement of a biaxial testing apparatus is to impose a controlled
biaxial stress or strain state in a material by applying boundary tractions and/or
displacements to the test specimen. For tubular specimens, this can be achieved
through the simultaneous application of axial force, differential pressure and/or tor-
sion (see figure 1.2). Of these actuation methods, three main loading combinations
are commonly found in the literature: a) axial force (tension-compression) and tor-
sion, b) axial force and differential pressure (internal-external), and ¢) axial force,

differential pressure, and torsion.

Axial-Torsion

Testing facilities which provide axial-torsion capabilities are most common, due to
their relatively low cost and availability from commercial vendors. A biaxial state
of stress or strain is generated by the simultaneous application of shear (torsion)
and normal stresses (axial force) in the material element. Since the biaxial state is
created by a superposition of shear and normal loading components, the direction
of the principal stresses and strains will change as the biaxiality ratio changes. This
may be insignificant for tests on isotropic materials, but may be limiting for materials
with directional properties (anisotropic). The tube surface is readily accessible during
testing which is extremely beneficial for investigating crack growth phenomena [243,

244] and high temperature material response under fatigue loading [245-247].

[SV]
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Figure 2.1: In-plane Liaziality regimes in terms of the principal stress and strain for
various applied loading configurations: (a) azial-torsion, and (b) azial-pressure, where
v is the Potsson ratio.

The major disadvantage of axial-torsion testing is its limited range of attainable
principal stress and strain ratios (see figure 2.1a). A thorough review of fatigue life

investigations using axial-torsion fatigue is given by Kalluri and Bonacuse [248].

Axial-Differential Pressure

Differential pressurization of a thin-walled tubular specimen induces a circumferential
and radial stress component in the test material. Because of the thin-walled geometry,
the radial component is typically much smaller than the in-plane components and
can be ignored. By independently varying the applied axial load and differential
pressure, a biaxial state of stress or strain with any biaxiality ratio can be attained (see
figure 2.1b). Since the applied loading is parallel and perpendicular to the specimen

axis, the principal loading direction is fixed for all biaxiality ratios.
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Axial-differential pressure testing apparatus are not common since they are typ-
ically more expensive to implement and require a controlled (safe) pressurized envi-
ronment. Access to the specimen surface is not available during the test, and due to
the pressurizing media, high temperature testing is difficult.

The use of thick-walled tubular specimens provides the ability to perform limited
triaxial testing. The radial stress component is dependent on the specimen geometry
and the applied pressure. The radial-to-circumferential loading ratios are fixed by
the specimen wall thickness and diameter with the resulting states of stress being
non-uniform.

Crack studies using internally pressurized tubular specimens can only be accom-
plished with the use of liners or pressure containment sleeves to bridge crack forma-
tion. The use of liners is a common practice in the testing of tubular specimens made
of fiber-reinforced polymeric composites [182,249]. These materials often possess
brittle matrices which experience extensive cracking under multiaxial loading.

In biaxial testing machines with pressure capabilities, dependent and indepen-
dent load control capabilities have been reported. Testing apparatus with dependent
loading schemes have been built in which the axial force applied to the specimen is
serviced by the same pressure source supplied internally or externally to the speci-
men {161, 182]. Though these systems are relatively simple to develop and require
only one control system, the applied biaxiality ratio is fixed by the relation between
specimen diameters and axial actuating piston sizes. Furthermore, high pressures,
resulting in a significant out-of-plane stress component, may be required to achieve
adequate axial forces.

Investigations using testing machines with strictly independent axial and differ-

ential pressure capabilites can be found in the literature [250-252].

Axial-Differential Pressure-Torsion

The combination of axial load, differential pressure, and torsion results in the most
versatile testing apparatus for tubular specimens. This combination offers the advan-
tages of the two previous loading schemes described. Due to the axial load and dif-
ferential pressure, all principal stress or strain ratios are attainable (see figure 2.1b).
Due to the addition of an applied shear component (torsion), the direction of the

applied principal stresses and strains can now be varied. This is extremely advanta-
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Figure 2.2: View of the multiazial testing machine.

geous for testing of anisotropic materials where material properties are directionally
dependent.

A large number of testing machines capable of axial, torsion and pressure loading
have been reported in the literature [145.148.174,226.253-258]. These have been used
to conduct studies on a wide range of metallic [253,256,257] and non-metallic [145,148,
174,226,254,255,258] materials. Even though most testing machines reported have
extended loading capabilities, very limited loading schemes have been implemented
to date.

The development of a multiaxial testing machine with the capability of apply-
ing monotonic and cyclic axial load, differential pressure, and torsion to a tubular

specimen under independent control is described in the remainder of this chapter.

2.2 APPARATUS DESCRIPTION

The rationale for developing the testing machine is to provide a precise, yet flex-
ible environment to conduct complex multiaxial tests on tubular specimens. A pho-
tograph of the servo-hydraulic multiaxial testing machine, described herein, is shown

in figure 2.2.
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Figure 2.3: Description of the multiazial testing machine components.

The main elements in the testing machine design are: 1) the structural compo-
nents, 2) the servo-hydraulic system, 3) the feedback and control system, and 4) com-
puter data acquisition and control. These elements will be described in the following

sections.

2.2.1 Structural Components

Referring to figure 2.3, the testing machine structure is comprised of three sub-
systems: 1) the load train, 2) external pressure containment, and 3) the support

structure.

Load Train

The load train consists of a linear series of components whose purpose is to provide
axial force and torque to the specimen while maintaining transverse constraint. It

consists of the rotary and linear hydraulic actuators in series with the grips, the
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specimen, and the load cell. The rotary actuator is connected to the linear actuator
rod with a keyed compression coupling.

The actuated portion of the load train assembly is supported at two locations
by separate bearing systems. At the entrance to the chamber, a bronze bushing
bearing located in the mounting plate supports the actuator rod. At the other end,
a pair of linear track bearings supports the rotary actuator assembly. Linear track
bearings provide excellent lateral stiffness, good maintainability, easy installation and
relatively low friction.

The grip assembly transfers axial and in-plane shear forces to the specimen with-
out slippage, and supplies pressure to the interior of the specimen. The gripping
system consists of two independent gripping units, one for each opposite end of the
specimen. The units are identical except for the addition of a check valve mechanism
in the grip attached to the load cell. This mechanism is required to facilitate internal
pressurization of the specimen. Referring to figure 2.4, the gripping units consist of
three parts: 1) the tapered collet, 2) the flanged hub, and 3) the pre-loading plug.

The purpose of the tapered collet is to provide the necessary clamping force to
the specimen during testing. The flanged conical hub provides the restraining force
necessary to activate the collet, and is used to locate and attach the grips to the
testing machine. Matching pairs of the tapered collets and hubs were machined with
the same tool set-up to ensure compatibility between the mating parts. The hubs can
accommodate specimen end sizes up to 64 mm (2.5 in.) in diameter.

The purpose of the pre-load plug is to apply the necessary force to activate the
collet, and to lock the collet into place. The pre-load plug consists of a cylindrical plug
integrated onto a flat plate with extending teeth. These extending sections are used
to bolt the plug to the flange hub. Torsional forces are transferred to the specimen
by collet friction and by a key located in the plug.

Internal pressure is supplied to the specimen through a specially designed tube
assembly. The tube assembly is inserted into the grip assembly through the center
of the load cell, and is sealed and threaded externally to the vessel service manifold.
Insertion of the tube into the grip cavity forces the check valve to open, resulting in
direct and sealed pressurization of the inside of the specimen (see figure 2.4).

The test specimen is installed into the grips using a separate loading frame which

provides for secure installation and removal without extraneous loading or damage.
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Figure 2.5: Schematic of the bladder system for use in environmental studies.

The grip collet is pre-loaded in order to prevent any slippage during the test. This is
particularly important for fully reversed loading conditions (i.e. tension-compression).
Since the specimen is mounted horizontally, the specimen-grip assembly must be filled
with fluid and bled prior to mounting in the testing machine. Once the specimen and
grips have been assembled and pre-loaded, the unit is mounted on locators in the
testing machine and bolted into place.

For conducting experiments with various fluid environments, an expendable elas-
tomeric bladder can be installed as shown in figure 2.5 (also see figure 3.3). The
internal bladder acts to separate the hydraulic system (primary fluid system) from
the testing fluid environment (secondary fluid). In addition to environmental test-
ing, the bladder system can be used to investigate both leakage and ultimate failure

characteristics using a single specimen.

External Pressure Containment

The pressure vessel provides three functions: 1) to contain the pressure applied ex-
ternally to the specimen, 2) to provide a safety barrier for internal pressure tests,
and 3) to provide stiffness for torsional loading. This thick-walled vessel is made

from low-temperature A350-LF3 pressure vessel steel and was machined from a solid
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forged piece so as to eliminate any welded joints in the vessel structure. The vessel
has an inside diameter of 242 mm (9.5 in.) and a wall thickness of 57 mm (2.25 in.).
Filling, bleeding, and draining of the approximately 13.0 L (790 in3) of fluid is done
by manipulating two valves located at the top and bottom of the vessel.

The vessel is supported on a cradle to facilitate its opening and closing, providing
access to the test area for installation, inspection. or removal of the specimen (see
figure 2.3). The cradle houses two roller bearings and is mounted on two parallel
guide rods. The vessel is sealed by two o-rings at both ends of the chamber and by
a dynamic rod seal at the actuator rod opening. Rods extending from the pressure
vessel flange provide support to the load cell when the vessel is opened. When closed,
the vessel is attached to the main structure with two series of bolt circles at each end
respectively. Pressure and transducer wiring is introduced into the system through

specially sealed ports in the pressure vessel service manifold.

Support Structure

The purpose of the support structure is 1) to provide stiffness for all loading condi-
tions, 2) to provide a location to house the actuator elements and support the con-
tainment chamber, and 3) to allow for alignment capabilities. As shown in figure 2.3,
the testing machine is comprised of two structural systems a) the super-structure and
b) the sub-structural frame.

The purpose of the super-structure is to provide a mounting frame, and a closed
loop loading path for the linear and rotary actuators. The super-structure consists
of a series of thick plates pinned and bolted together to form an extremely rigid box
structure. Pinning and bolting was a necessary precaution to ensure that any future
dis-assembly due to maintenance or modifications would not alter the alignment of
the plates. The carbon-steel base plate and mounting plate were surface ground to
a flatness of 0.05 mm over 2.0 m. They provide the necessary surfaces for proper
mounting and alignment of subsequent components.

To ensure the linear bearing tracks run parallel to the load train, adjustment
is provided by the alignment table unit. The alignment table consists of two plates
separated by 8 standing bolt assemblies (see figure 2.3). The standing bolt assemblies
each consist of two concentric bolt elements. The outer bolts are threaded through

the top plate and sit atop the bottom plate inside a countersunk hole. These outer
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Figure 2.6: Block diagram of the servo-hydraulic system.

bolts are used to adjust the relative spacing between the plates. The inner bolts
are threaded into the bottom plate and are used to rigidly clamp the outer bolts
into place once final alignment has been achieved. By adjusting the standing bolts,
vertical translation and small rotations in three planes can be achieved. The final
alignment of the load train was verified using a flanged strain gaged specimen in a
procedure outlined by Baten, et al. [259]. From this procedure, it was determined
that the calculated bending strains in the specimen due to misalignment of the load

train were small and can be neglected.

2.2.2 Servo-hydraulic System

A block diagram of the servo-hydraulic system is shown in figure 2.6. Loads
to the specimen are provided by four independent hydraulic components: 1) linear

actuator (axial force), 2) rotary actuator (torsion), 3) internal pressure intensifier and
4) external pressure intensifier.
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The axial force is provided by a double rod, double acting linear actuator with
a rated static capacity of £267 kN (£60000 lbf) and stroke of 165 mm (6.5 in.).
Torsion is provided by a double vane rotary actuator with a rated static capacity of
£2780 N.m (324700 lbf.in.) and a rotational capability of +55°.

Internal and external pressure is provided by a 4:1 and 2:1 double acting pres-
sure intensifier with a rated output pressure of 82.7 MPa (12000 psi) and 41.4 MPa
(6000 psi), respectively. The secondary fluid volume of both intensifiers is 170 mL
(10.2 in®). Fluid is ported from both units to the pressure vessel manifold through
high pressure flexible hoses. This allows for easy connection and disconnection of the
pressure systems when the chamber is being opened and closed. Each line contains
a shut-off valve to isolate the specimen during charging of the intensifiers, prevent-
ing inadvertent damage to the specimen. The secondaries of both intensifiers have
valved send and return lines which allow for manual charging. Both intensifiers were
constructed with a rod extending from the primary cylinder in order to measure
intensifier stroke (i.e. volume).

The hydraulic system is serviced by an MTS 506.02 power supply unit. This
skid mounted unit contains a fixed displacement pump with constant pressure and
flow control components. The hydraulic power unit supplies a constant flow rate of
22.7 L/min (6 gal/min) at a pressure of 20.7 MPa (3000 psi).

Fluid is ported from the power unit through a shut-off manifold to the service
manifolds of each independent servo-hydraulic system. The purpose of the service
manifolds is to provide controlled pressure application upon start-up, independent
low-high pressure switching, and independent on-off flow switching. Controlled pres-
sure application upon start-up ensures that the actuators are under control during
initialization and prevents inadvertent damage to the specimen from instantaneous
pressure overloading.

The service manifolds supply fluid to the actuating components via four electro-
hydraulic servo-valves. The servo-valves have a full-flow rating of 9.5 L/min (2.5 gal/min)
at a pressure drop of 6.9 MPa (1000 psi). The servo-valves regulate flow to the ac-
tuating components, and are controlled by command signal inputs from the control

system.
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Figure 2.7: Block diagram of the feedback and control system.

2.2.3 Feedback and Control System -

A block diagram of the feedback and control system is shown in figure 2.7. Control
of the hydraulic systems is provided by seven P.I.D. analog controller modules and
their associated hardware. The control modules are responsible for providing stable
response based on the given feedback signal (transducer measurement) and required
command signal (function generator or computer). Two control modes (stress and
strain control) are available for each of the axial, torsion and internal pressure systems.
Cyclic tests requiring negative hoop stresses or strains are achieved by superimposing
a static external pressure with a cyclic internal pressure. All controller modules are
housed in the MTS 458.10 control console which provides interlock and emergency
on/off switching for all controller modules, and low/high pressure switching for the
linear actuator.

A switching circuit was developed to prevent uncontrolled switching between stress
and strain control modes. The circuit will only allow mode switching when the

command and feedback signals from the stress and strain controllers are within a
finite bandwidth.
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For tests with internal or external pressurization and under axial stress control,
an active compensation circuit provides real-time axial load compensation based on
the applied pressure feedback signals. Compensation factors are determined by the
specimen inside and outside diameters, and are set on the circuit control panel. Pas-
sive compensation methods, whereby an in-line actuator with interchangeable pis-
tons of fixed diameters is used to produce a counteracting axial force, have been
reported [258]. The major disadvantage of this method is the uncertainty in the
resulting frictional force in the compensating piston.

The average applied stresses can be determined from the measured pressure, axial

force, or torque, as follows:

P;dn
for hoop stress, on = R (2.1)
4F ™ P,' d2
ial st = : 2.
for axial stress, Ta = — (&~ &) + y (2.2)
and
16T d,

(2.3)

for shear stress, The = m
where, P; is the internal pressure, F' is the axial force, T is the torque, dr, is the mean
specimen diameter, d, is the outside specimen diameter, and d; is the inside specimen
diameter. The far right term in equation 2.2 represents the axial force resultant due
to internal pressure which is not directly measured by the load cell.

Feedback is provided by an extensive array of displacement and force measuring
transducers. Low frequency operational characteristics of these transducers are shown
in table 2.1.

As shown in figure 2.8, separate clip gage extensometers are used for the mea-
surement of diametral and axial strains. The light-weight extensometers are attached
directly to the specimen with knife edges (axial) or pins (diametral), and are held
on the specimen with a set of springs. Mounting of the extensometers is coordinated
by the computer data acquisition and control software, which ensures accurate de-
termination of the mounted gage lengths after extensometer initialization with gage
blocks. The knife edges are typically bonded to the surface of the specimen to prevent

slippage at the point of attachment. Torsional strains are currently being measured
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Table 2.1: Operational characteristics of feedback transducers.

Operating Calibration  Linearity Hysteresis Precision
Transducer Range Constant (%)” (%)" (%)
Axial Extensometer +10% 1.00% ¢/ V 0.15 0.18 0.29
(25 mm GL?)
Diametral Extensometer +10% 1.00% ¢/V 0.21 0.16 0.22
(41 mm GL?*)
Load Cell (Axial) +267 kN 26.6 kN/V 0.10 0.08 0.18
Load Cell (Torsional) +1125 N.m  112.5 N.m/V 0.13 0.14 0.21
Int. Pressure Transducer 0-68.9 MPa 6889 kPa/V 0.10 0.13 0.20
Ext. Pressure Transducer 0-34.5 MPa 3442 kPa/V 0.07 0.06 0.09
Axial Stroke (LDVTS) 0-101.6 mm  5.06 mm/V 0.18 0.18 6.22
Intensifier Stroke (LDVT$) 0-152.4 mm  7.46 mm/V 0.10 0.12 0.14
Torsional Rotation (RVITY) +50° 5.00°/V 0.12 0.13 0.15

“Based on percent of full scale output.

tBased on percent of full scale output at 99.7% confidence.
*Gage Length.

SLinear variable differential transformer.

1Rotary variable induction transformer.

using either strain gages mounted to the specimen, or are derived from the actua-
tor rotation (i.e. RVIT). Fabrication drawings of the extensometers are provided in
Appendix A.

The use of independent extensometers has two distinct advantages: 1) independent
extensometers in various combinations can be used to achieve maximum resolution
in each particular loading direction, and 2) independent extensometers can be easily
designed to eliminate cross-talk response due to loads in opposite directions. These
features are particularly useful for testing fiber reinforced composite materials where
the strain response of the material is directionally dependent. For these materials, the
strain difference between loading axes can often be an order of magnitude or greater.

The output from strain gages bonded to the specimen and extensometers are

affected by external pressurization. Since the differential pressure on the specimen
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Figure 2.8: Mounted clip gage extensometers. (a) arial and (b) diametral.

wall is typically generated by fluctuating the internal pressure while maintaining a
constant external pressure, the resulting strain gage error due to external hydrostatic
pressure can be compensated through calibration or empirical relations provided by
the strain gage manufacturer.

Displacement limit detect circuits are available for the axial stroke linear variable
differential transformer (LVDT) and the internal pressure intensifier LVDT. These
can be set to generate an interlock (manual) or to generate a signal for use by the
computer control system. Limit detection of the pressure intensifiers is critical for
long-term tests where leakage or weapage of hydraulic fluid may fully discharge the
intensifier secondary.

The testing machine can be operated manually, or with the assistance of the
computer data acquisition and control system (described in the next section). For
manual operation, external function generators are used to generate a cyclic or mono-
tonic command signal. The front control panel allows the setting of command mean,
span, and error detect levels for each system independently. Auxiliary requirements
such as axial load compensation, control mode switching, and error/limit detect are

available to the user.
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2.2.4 Computer Data Acquisition and Control

The enhanced testing capabilities of the testing machine are primarily due to
the computer control hardware and software. For biaxial testing, computer assisted
operation provides extensive supervisory control, complex function generation and
enhanced data acquisition capabilities. Due to the extensive amount of data sampled
and the complexity of control requirements, coordination of activities can only be
performed in this manner.

The computer hardware consists of a 80486/33 PC with two peripheral cards for
analog-to-digital (A/D) data acquisition (16 channels), and digital-to-analog (D/A)
command signal generation (4 channels). The A/D and D/A cards are interfaced to
the transducer conditioning circuits and analog controllers, as shown in figure 2.7.
In order to efficiently sample all transducer channels, an A/D card with burst mode
acquisition and Direct Memory Access (DMA) capabilities was chosen. This provides
for high speed acquisition rates of up to 100 kHz.

The data acquisition and control software (MTM30.EXE) is used to initiate and ex-
ecute cyclic/monotonic, in-phase/out-of-phase, proportional/non-proportional tests
for fixed biaxiality ratios or for independent control of each hydraulic system. A wide
range of flexibility is provided to the user in terms of test set-up, data sampling, .
control features, and test monitoring. The software provides seven main services:
1) function generation (command signals), 2) data acquisition (feedback signals),
3) system failure detection (limit error or interlock), 4) controlled system start-up
and shut-down, 5) input data validation and conversion, 6) an interactive user inter-
face for command specifications (start, stop, initialization, etc.), and 7) output data
management (on-line graphics and output data storage).

Referring to figure 2.9, operation of the data acquistion and control software is
quite complex. The software was programmed in 'C’ in order to improve execution
speed and provide low-level programming functions. Test and system control param-

eters are input as a set of ASCII textfiles, which are described as follows:

1. test datafile - This file specifies all the required parameters for monotonic and
cyclic testing, including: a) specimen information and dimensions, b) general
test parameters (initialization ramp rates, hold period status and sample trig-
ger levels), c) controller status (load/displacement and span setting), d) cyclic
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test data (cyclic frequency, waveform type, samples per cycle, data buffer sizes
and automatic set-point adjustment), e) monotonic test data (step frequency,
sampling frequency and data buffer sizes), f) sequence filenames, and g) loading
parameters for pressure, axial and torsion controllers (mean, amplitude. phase
angle, and/or ramp rates).

2. sequence files - These files are responsible for triggering various events during a
test at user defined cycle numbers (cyclic tests) or times (monotonic tests). The
following events can be instigated using these files: a) test stoppage. b) write
current cycle to buffer, c) purge buffers to disk, d) external hardware triggering
(8 bit word), e) automatic waveform (set-point) adjustment, and f) initiate
monotonic ramps (for stiffness measurements).

3. calibration datafile - This file provides the software with transducer calibration
constants, fluid system parameters and load train compliances (for deriving
specimen displacements from load train stroke or rotation).

4. graphics datafile - This file controls the screen graph parameters including axis
data type, axis limits and update status.

Test execution is handled by a set of interrupt based routines which provide precise
timing for output waveform generation and data-acquisition- The interrupt routine
is triggered by a variable frequency timer circuit located on the A/D card. When a
trigger is given, program execution in the foreground loop is temporarily halted and
handed over to the interrupt routine. At these regular intervals, the interrupt routine
is called into service in order to provide error and interlock checking, command signal
output and data acquisition. In the foreground loop, functions which are less timing
critical are performed.

Two output data buffering schemes are used: a) a sequential buffer, and b) a
circular buffer. The sequential buffer provides storage space for transducer data at
pre-determined intervals. Data from this buffer is regularly written to disk, minimiz-
ing the chance of lost data due to power failure. Since the exact point of failure is
not known, a priori, data just prior to stoppage of the test can be saved using the
circular buffer. This buffer continually stores data from the latest available cycles or
steps, and its size (i.e. number of cycles or steps) is defined by the user.

The output files contain all relavent input data and transducer output from a
given test. Transducer data is stored in its native hexidecimal format to increase

writing speed and save file memory. Since massive output files are often generated
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Figure 2.9: Simplified flowchart of the multiazial testing machine acquisition and
control software_operation.
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during testing, an extraction utility program (EXTRA30.EXE) was developed to man-
age and selectively extract limited data sets for further analysis. In this program, the
user can selectively choose the appropriate data type, output columns required, cycle
numbers, and output units using an input configuration datafile. Elementary statis-
tical functions (e.g. mean, maximum, mininimum, linear regression), hystersis loop
generation, units conversion, and calculation of permeability profiles are available. A
sample of all datafiles and associated indexes are provided in Appendix B.

The data-acquisition and control software has two specific features for composite
materials testing: a) elastic stiffness measurement capabilities during cyclic tests, and
b) automatic adjustment of command signal waveforms (automatic set-point adjust).
The elastic stiffness reduction is an important parameter for characterizing damage
in composite materials. The testing machine software provides the ability to measure
this parameter by performing a series of monotonic ramps at regular intervals during
cyclic tests. Hold periods can be specified before the execution of each ramp in order
to eliminate visco-elastic relaxation effects. Independeant biaxial loading ratios, ramp
rates and maximum load limits can be specified for each series of monotonic ramps.

Automatic waveform adjustment is necessary for performing biaxial cyclic tests
on composite specimens using analog control systems. Composites often exhibit a
significant decrease in elastic modulus during cyclic testing, resulting in increased
actutor displacements. This can result in command signal phase shifts and loss of
amplitude as the test progresses. Phase shift between loading axis is particularly
troublesome due to the general path dependency of anisotropic materials. In order
to alleviate this problem, the software is equipped with an algorithm which monitors
the feedback signals, and makes the necessary phase and amplitude adjustments to

the output waveform.



CHAPTER 3

Tubular Specimen Design and Manufacturing
Methodology

3.1 DESIGN OBJECTIVES

Proper design and repeatable manufacturing techniques for composite test spec-
imens are important to ensure valid results with reduced experimental scatter. A
specimen fabrication method suitable for laboratory use should encompass the fol-
lowing requirements: 1) the specimen should be relatively easy and inexpensive to
manufacture, 2) the method should allow for a wide variation in specimen geometries
(lay-up sequence, fiber orientations, and end grip transitions) and material systems,
and 3) the specimen should provide a representative material/structural unit based
on the test objectives. For a particular application, the specimen should be fabri-
cated so that it represents the inherent material quality with all salient features of
the in-situ material system (including representative defects).

The influence of manufacturing anomalies on the resulting mechanical properties
was examined in chapter 1. Based on these effects, the following general objectives

for achieving quality specimens made from composite materials can be summarized:

e reduction of microstructural anomalies (fiber clustering/bridging, matrix rich
areas, and voids)

e reduction of macrostructural anomalies (fiber waviness, surface crevasses and
dimensional inaccuracies)

e proper matrix consolidation and degree of cure

46
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e reduction of thermal residual stress gradients

e repeatable fiber/resin ratio and part dimensions

The curing process governs the thermal and consolidation aspects of specimen
quality including degree of cure, fiber/resin ratio, void content and thermal residual
stresses. The overall degree of cure in the part (i.e. the amount of fully cross-
linked polymer) is dictated by the time and temperature to which the part is subject.
Full cure is typically assured by following the manufacturers’ recommended post-cure
procedures. The reduction of thermal residual stress gradients can be accomplished by
ensuring a uniform temperature distribution during the cure process. Repeatable part
sizes and fiber /resin ratios can be achieved by using automated processing techniques,
precision tooling components (templates, mandrels and molds), and proper secondary
tooling materials (release films, peel plies and bleeder cloth).

Part consolidation, fiber/resin ratio, and void content are governed by a) the mag-
nitude and distribution of applied pressure during the cure cycle, b) the permeability
of the mold system and consumables (bleeders and cloth layers), and c) the flow char-
acteristics of the resin system. Insufficient pressure during the cure cycle can result
in poor matrix consolidation (particularly poor interlaminar adhesion) and high void
content. Voids are formed in the resin by physical trapping of air during fabrication,
and by the evolution of resin volatiles during cure. Applied pressure acts to collapse
voids (in the case of physically trapped species), or prevent their formation (in the

case of those formed by resin reactions).

3.2 SPECIMEN LOADING CONSIDERATIONS

An important consideration in the design of any tubular specimen is the effect of
end connéections. The end connections are responsible for transmitting the applied
tractions or displacements from the testing machine to the gage section of the spec-
imen. Due to the radially clamped end conditions imposed by most grip systems,
significant bending stresses can be introduced into the specimen under applied pres-
sure or axial loading. In most specimen designs, geometrical transitions are used to
reduce the cross-sectional area from the grips to the gage section in order to: a) re-

duce the effect of end constraint on the measured response (St. Venant’s effects), and
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b) increase the probability of failure in the gage section.

In most metallic tubular specimens, precise geometries with complex profiles can
be incorporated directly by machining operations [251,260]. For continuous fiber
reinforced composites, however, fabrication of a specimen profile by machining is
prohibitive due to the potential for fiber damage. As such, alternative methods have
been used to create successful composite tubular designs. The most common method
of creating a profile is by applying tapered reinforcement at the specimen ends. For
filament wound specimens, tapered conical sections (in the form of steps) can be
directly wound onto the ends during the fabrication process [261,262]. For straight
tubular forms fabricated using other methods, profiles have been created by bonding
or potting tapered conical joints to the ends of the specimen (200,249, 262-264].

The main disadvantages with adding end reinforcement, however, are the in-
creased fabrication costs and time. In addition, the inability to machine the profile
directly, severely limits the ability to create complex transitional shapes. Fortu-
nately, end reinforcement may not be necessary for the leakage testing of certain
laminate geometries. Uniformly distributed leakage patterns have been observed for
composite tubular specimens with unreinforced ends under a variety of loading con-
ditions [160,166,167,198,204]. The effect of geometry and loading conditions on the
leakage behaviour in tubular specimens without reinforced ends, however, has not
been fully studied.

Methods of attaching the specimen to the testing machine must be also considered.
Due to the variety of testing apparatus, a large number of unique specimen and grip
designs have been reported in the literature. In all cases, axial loads are transfered
to the specimen via shear, either through cylindrical clamps (friction), adhesively
bonded tabs, integral conical wedges or collet gripping systems. Gripping methods
using only friction [155] or adhesive bonding [249,263,265,266] have been found to be
insufficient for applying large axial loads due to fiber pull-out from the ends. Using
conical wedge [182,200,262,264] or collet [153,204] type gripping systems, axial load
capabilities are increased since fiber pull-out is suppressed by large radial clamping
forces.

In addition to restrictions imposed by the fabrication methods, the actual design
of end geometries in fiber reinforced specimens is extremely difficult due to the ef-

fects of material anisotropy, multiplicity of failure modes, and the progressive nature
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of damage. Most tubular specimen designs cited in the literature have been devel-
oped by iterative experimental testing due to a general lack of validated predictive

methodologies.

3.3 SPECIMEN DESIGN AND ASSEMBLY

In the following sections, specimen designs and manufacturing methodologies de-
veloped during the course of this study are documented. The general method used to
fabricate the specimens was the tape rolling method. In this method, prepreg tape is
wrapped onto a cylindrical mandrel at specific fiber orientations to create a laminated
tubular structure. Since the polymer phase in the prepreg material is only partially
cross-linked, heat and pressure are required to consolidate and cure the part. In this
study, all specimens were manufactured using the 3M type 1003 (Scotchply) E-glass
fiber/epoxy unidirectional prepreg system.

The use of prepreg materials, in conjunction with the tape rolling method, have

a number of advantages for small scale laboratory testing:

1. structures manufactured using prepreg based systems typically possess less mi-
crostructural variability throughout the part (i.e. fiber/resin ratio and void
content),

2. specimens with a wide range of laminate geometries (fiber angle orienations and
stacking sequences) and material systems can be manufactured in small runs
without requiring costly filament winding facilities,

3. the manufacturing process is much cleaner and is relatively easy to master, and

4. prepreg systems can be used in fabrication of a wide range of specimen types
(e.g. coupon, losepescu, cruciform) which allows for full property characteriza-
tion of the material system, and comparative studies between specimen types.

As alluded to in the previous section, current fiber reinforced tubular specimen
designs are developed, primarily, by experimental iteration. In this study, three gen-
erations of specimen/grip combinations were developed and tested: 1) specimens
with integrated connections (threaded ends and conical wedges), 2) specimens with
threaded bonded tabs (with internal potted wedges), and 3) specimens with bonded
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tabs used in conjunction with a collet type gripping system. The last option was the
one chosen for use in the testing phase of this study. In the following section, the first
two specimen/grip designs are briefly outlined along with the problems encountered
in their implementation. A detailed description of the manufacturing procedure, qual-
ity determination and experimental validation of the final design is provided in the

remaining sections.

3.3.1 Initial Specimen Designs

The objective of the initial specimen design trials was to develop a specimen
capable of resisting fiber pull-out in the grips under axial loading. This mode of
failure severely limits the range of possible lay-up geometries which can be successfully
tested, and has been a source of difficulty for a number of specimen designs cited in the
literature [263,265]. This mode of failure is particularly troublesome for axial “fiber
dominated” geometries (i.e. low fiber angles with respect to the axial direction).
As such, a [0°] unidirectional tubular geometry was used in the trials since this was
deemed to represent the worst case condition.

The first series of specimens investigated were ones in which end conrections were
directly integrated into the specimen geometry (i.e. all composite design). These
specimens were manufactured by simply rolling prepreg material onto a 31.8 mm
(1.25 in.) diameter split steel mandrel. The lay-up consisted of 4 layers of [0°]
unidirectional prepreg for the main tube body followed by a build up of 20 layers of
[0°] or [90°] prepreg strips at the ends. In order to provide a molded exterior surface,
three sets of sectioned aluminum shells were placed on the outside of the specimen at
the reduced gage section and at the built-up ends. To prevent mold seams along the
length of the specimen, shim stock material was used to bridge the gap formed by
the external shells. Hose clamps were used to hold the shells in place, and to provide
some initial consolidating pressure. The specimens were then cured in an oven at
300°F for 12 hours. After removal of the exterior shells and mandrel, the built-up
specimen ends were machined to the required form.

Threaded and conical wedge end connections were both tested as shown in fig-
ure 3.1. Threaded ends were initially tested due to the availability of threaded mounts.

Machining of the threads was found to be successful only for the [90°] built-up ends.
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125" 1.95°

Figure 3.1: Specimens with integrated connections; (left) (a) threaded end connections.
(b) conical wedge end connections, (c) failure at conical wedge, (right) specimen di-
mensions.

Due to the low transverse strength of the [90°] lay-up. however, failure occurred at
the root of the threads when the specimen was placed under axial load. For the [0°]
ends, the machining operation resulted in excessive fiber pull-out and surface damage
(see figure 3.1a).

Due to the problems associated with integral threads, a conical wedge end connec-
tion based on the grip design by Highton and Soden [261] was investigated (refer to
figure 3.1). Compared to the threaded design, a longer grip section was used in order
to provide more shear transfer area at the ends. A matching flanged conical hub was
used to attach the specimen to the testing machine. Although the tapered sections
were easy to machine, it was difficult to prevent undercutting at the start of the gage
section. As such, the entire surface of the gage section had to be machined to ensure
a smooth geometrical transition. Under applied axial loading, these specimens failed
by fiber pull-out in the taper as shown in figure 3.1c.

In order to eliminate the machining problems associated with the first series of

specimens, a bonded aluminum connection was developed as shown in figure 3.2.
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Figure 3.2: Specimens with bonded aluminum threaded connections: (a) inner and
outer tabs prior to assembly, (b) specimen failure by fiber pull-out, and (c) assembled
spectmen prior to testing.

Combinations of the first two designs were subsequently incorporated. Internal wedges
formed by the potting adhesive was intended to provide some radial clamping force on
the tube during axial extension, while the threaded tabs allowed for easy specimen
installation. This second generation of specimens proved to be much simpler to
fabricate for two reasons: a) a straight tubular form was easier to mold than one
with built-up ends, and b) the end connections could be manufactured using a CNC
lathe. By using a “near-net” tubular shape, the possibility of fiber damage in the
gage section due to machining was eliminated. Since this design was the prototype for
the current specimen used in the testing phase of this study, details of the specimen
assembly procedure are similar to that given in section 3.3.2.

Similar to the previous specimens tested, pull-out failure was seen to occur for
all tests under axial loading. Tests were conducted for a number of epoxy adhesive
systems and internal wedge profiles. Depending upon the surface preparation and
adhesive system used, bond line failure was seen to occur either between the adhesive
and tab, or between the adhesive and specimen.

The general problem with all the initial prototypes was the weakness of the various

shear transfer mechanisms. Although successful application of similar designs have
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been cited in the literature, most tests have been limited to laminates with matrix
dominated or quasi-isotropic lay-ups (in the axial direction) [262,264,266]. For these
laminates, judicious selection of an appropriate adhesive system and end geometry
may be required for each laminate geometry tested.

In summary, a number of deficiencies with the initial prototypes were identified:

e Fiber pull-out (in various forms) was seen to occur for all prototypes tested.
This is due to the general lack of radial (compressive) clamping force on the
specimen.

e The void content in the gage section of all specimens was found to be quite high
(~ 5—10%) (as determined by micrographic examination). This was attributed
to insufficient consolidation pressure applied during the cure process.

e Dimensional inconsistencies and surface anomalies were also noted for most
specimens due to the nature of the molding method.

o The inability to properly align the prepreg sheets during tube rolling operation
resulted in observed gaps and overlaps at the termination points.

e While the specimens were relatively easy to install into the testing machine,
they were difficult to remove after failure.

3.3.2 Current Specimen Design

The current tubular specimen design consists of a straight fiber reinforced com-
posite tube with adhesively bonded aluminum end tabs, as shown in figure 3.3. This
is a variation of the tabbed specimen described earlier. Instead of relying on adhe-
sive bonding only, improved fiber constraint and axial load transfer at the ends is
achieved by mechanical clamping using the collet type gripping system described in
section 2.2.1.

Referring to the outline in figure 3.4, the specimen manufacturing procedure con-
sists of three phases: a) composite tube fabrication, b) aluminum tab fabrication
and assembly, and c) integration of the tube and tab components (an unabridged

description of the procedure is provided in Appendix C).
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Figure 3.3: Current specimen design; (top) [£45°]s glass-fiber reinforced epozy tubular
specimen with optional internal bladder, (bottom) tubular specimen dimensions.
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Figure 3.4: Summary of tubular specimen manufacturing procedure.

The composite tubular part is manufactured by rolling uni-directional prepreg
tapes onto an inflatable mandrel using a specially designed rolling table. Varying lay-
up angles for each successive layer are achieved by precise orientiation of the prepreg
tape pattern with respect to the mandrel rolling direction (see figure 3.5). Prepreg
patterns are cut by hand from stock rolls using precision machined templates. Upon
completion of the rolling procedure, the lay-up is placed in a two-part cylindrical
(female) mold, and is consolidated and cured by computer controlled application of
heat and pressure. Auxiliary release layers are used in the lay-up to ensure a good
surface finish, and to facilitate easy part removal.

The aluminum tabs are manufactured in two annular sections on a CNC lathe
which provides for precise and inexpensive production. After proper surface prepa-
ration, the inner and outer tab parts are press-fit together using a precision spacer

to form an annular cavity for the encapsulation of the tube. For this specimen/grip
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design, the aluminum tabs provide a number of important functions:

1. The tabs provide for a consistently precise and smooth internal and external
surface for improved specimen alignment, accurate locating in the grips, and
high pressure sealing. Seals mounted directly on composite surfaces have been
found to be problematic due to inherent dimensional variability and surface
irregularities.

2. By altering the tab diametral dimensions, a large range of tubular specimen
diameters and wall thickness can be tested with the current system (for the
given collet sizes avaliable). This provides the flexibilty to test or evaluate many
specimen transition geometries without a complete re-design of the gripping
system. Tubes manufactured by any method (e.g. filament winding or hand
lay-up) can be tested with little modification.

3. The tabs provide an efficient and easy means of anchoring an internal specimen
bladder used for testing ultimate failure properties under pressure loading, and
for testing specimens under environmental conditions (see section 2.2.1).

4. Deformation in the tabs prevents damage to the specimen when the collet is
contracted. For composite specimens mounted directly into collet type grips,
extensive grip damage in the form of localized transverse cracking and delami-
nation has been observed [267].

5. Keyways (or any other geometrical feature) can be machined into the tabs to
improve the transfer of shear loads under applied torsion. Due to the poor ma-
chining characteristics of fiber reinforced composites, adding keyways directly
to composite tubes is difficult.

For final specimen assembly, potting adhesive is injected into the tab cavity, and
the fiber reinforced composite tube is forced into the tab annulus, fully displacing
the potting material. Excess adhesive is removed, and the tab/tube configuration
is placed in a concentric alignment stand until the potting adhesive is fully cured
(see figure 3.6). When bonding is complete, keyways and longitudinal slits can be
machined into the tabs to improve load transfer capabilities.

In order to test the effectiveness in preventing fiber pull-out, [0°] unidirectional
specimens were tested under montonic and cyclic loading. Referring to figure 3.7, it
can be seen that the failure mode is uniformly distributed fiber fracture, and exten-

sive matrix cracking along the fiber direction (brush type failure). In all tests, fiber
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Figure 3.6: Assembled specimen alignment stands; (left) first tab bonded, and (right)
second tab bonded.
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pull-out was effectively suppressed. Compared to equivalent tests on coupon spec-
imens [268], the resulting monotonic and low cycle failure strength for the tubular

specimens is seen to be higher, most likely, due to improved quality control.

3.3.3 Aspects of the Tube Rolling Procedure

The tube rolling procedure represents the most critical step in the tube manufac-
turing process. This procedure is used to apply the required number of prepreg layers
on to the mandrel, and apply compaction to the lay-up in order to eliminate trapped
voids. The prepreg pattern is cut and oriented in such a way that, as it is wrapped
around the mandrel, it forms a continuous surface of a particular fiber angle without
gaps or over-laps (butt joined). Free fiber ends are located only at the specimen ends
which are subsequently encapsulated by the end tab.

Since the outer diameter of the lay-up increases as successive layers are applied,
each layer must be cut from templates of different sizes. Referring to figure 3.8, the
geometry of each template is determined from the required fiber angle orientation,

the current diameter of the lay-up, and the length of the specimen as follows:

Di = Dmandrel + 2(i - 1) tP’I

h; = 7 D; coséb;,
leire = m Dy
and
Lroit = lspec tan 0; + leire fori=1ton (3.1)

where, 6; is the current fiber angle orientation with respect to the tube axis, D; is
the current lay-up diameter, Dmandrer is the outside diameter of the mandrel, ¢, is
the prepreg thickness, h; is the width of the current template, [ .. is the current
circumference, I, is the required rolling length, [spec is the specimen length, and n
is the total number of layers.

The sizing of new templates is an iterative process. Based on measurements of the
mandrel diameter and prepreg thickness, inital estimates of template dimensions can

be determined using equations 3.1. During the rolling process, however, the in-situ
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Figure 3.7: Failure of 0° unidirectional glass-fiber reinforced epory tubular specimens
under monotonic and cyclic azial loading (collet gripping system); (top) macroscopic
failure mode, and (bottom) fatigue-life curve.
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Figure 3.8: Prepreg pattern (template) geometry and applied orientation.

prepreg thickness (or total lay-up diameter) will vary due to the compaction charac-
teristics of the particular material system and fiber angle orientation. By measuring
the diameter of the lay-up and the gap (or overlap) as the layer is applied, the tem-
plate widths can be corrected by re-machining (i.e. if a gap occurs, the template
width must be increased; if an overlap occurs, the width must be decreased).

When compared to filament winding, the tape rolling procedure produces a lami-
nate without fiber crossover or banding, and can be used to generate true fiber angle
orientations between 0° and 75°. A disadvantage of the tube rolling method, how-
ever, is the inability to roll layers with high fiber angles (> 75°) due to the long
template lengths required. As the fiber angle or desired tube length increases, the
length of the template increases. Hoop wound specimens [90°] cannot be achieved
using this method without allowing for free fiber ends inside the specimen (which is
not desireable).

One difficulty which has been observed during the rolling process is the tendency

of off-azis prepreg layers to wrinkle out of plane when wrapped onto a small diam-
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eter mandrel. This effect occurs due to the extension-bending coupling present in
unidirectional off-axis lamina when deformed in a cylindrical manner. This wrinkling
action severely distorts the lay-up, and prevents proper compaction and addition of
further layers. In general, the prevention of out-of-plane wrinkling can be achieved by
increasing the mandrel diameter, or by using material systems with smaller prepreg
thicknesses. It is for this reason that the current specimen design uses a larger diame-

ter mandrel (38.1 mmor 1.5 in.) than that of the prototypes discussed in section 3.3.1.

3.3.4 Computer Controlled Tubular Molding Techniques

A major objective in fabricating the composite tubular section is the ability to
ensure proper cure and consolidation of the prepreg layers. In addressing this point,
automation of the cure process was seen as an essential requirement. By automat-
ing the curing process, repeatable dimensional and microstructural characteristics
(fiber/resin ratio and degree of cure) in the final parts can be achieved. Furthermore,
automation allows for easy modification to cure cycle parameters and implementation
of a wide number of resin systems.

The purpose of the curing process is to provide heat and pressure to the part in
order to promote resin flow, inter-layer consolidation and final polymer cross-linking.
The cure cycle is the programmed sequence of heating and pressure steps required to
properly cure and consolidate the part. In comparison to flat laminates, the curing
process for prepreg based tubular parts is much more arduous due to the difficulty in
applying consolidation pressure to cylindrical geometries.

In this study, two automated processing systems were developed: a) tubular mold-

ing press and b) inflatable mandrel system.

Tubular Molding Press

The first system developed was the tubular molding press which is shown schematically
in figure 3.9. This system is a self-contained unit which provides heat, mold pressure
and vacuum to the tubular laminate. Heat is supplied by an electric heater cartridge
inserted inside the mandrel unit. The temperature is measured using a thermocouple
located within the mandrel, close to the surface of the part. A fixed consolidation

pressure is applied externally to the composite lay-up using three pneumatic actuators
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in conjunction with a set of split external shells. The temperature and pressure cycles
are controlled by computer using specially designed control software (see below for
description).

Although the tubular molding press was found to produce repeatable tubular
dimensions, the external pressurization resulted in significant localized fiber wrinkling
along the length of the part at the shell edges. The wrinkling phenomena occurs due to
fiber buckling imposed by the lateral pressure during the polymer liquification phase
of the cure cycle. The wrinkling anomoly was reduced by using various consumable
layers, shim stock and shrink wrap materials, but could not be eliminated. The
significance of this macroscopic defect was demonstrated during initial testing of
tubular specimens under pressure loading. Leakage failure was seen to occur at the
defect locations at very low loading levels. Ultimate (monotonic) failure strengths of
[+45°]s specimens under pure hoop (1H:0A) biaxial loading were approximately half

of those reported for specimens without this surface defect (see chapter 6).

Inflatable Mandrel System

In order to eliminate the problem of localized fiber wrinkling, a molding system using
an inflateble mandrel was developed as shown in figure 3.10. The inflatable man-
drel technique has been shown to have a number of advantages over other methods
examined, including 1) superior dimensioning with minimal micro- and macroscopic
anamolies, 2) simple and easily fabricated tooling, 3) the ability to fabricate mul-
tiple tubular parts simultaneously, and 5) uniform temperature distribution during
cure. Although fabrication techniques using this method have been proposed in the
literature [152, 269, 270], only cursory discussions of the methodology are typically
given.

Uniformly distributed pressure is applied to the tubular part from the inside by
inflating the air-tight membrane (bladder) on the mandrel. The resulting hoop expan-
sion eliminates any possibility of fiber buckling. The external mold is sized so that a
small gap exists between the lay-up and mold surface to allow for part expansion and
fiber tensioning. The appropriate gap must be determined by iteration. An excessive
gap between the part and mold will result in an irregular part surface due to excess

resin build-up.
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Figure 3.9: Schematic of the tubular molding press.
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Figure 3.10: Schematic of the inflatable mandrel method.
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Figure 3.11: Thermal distributions in the mold, part and mandrel during curing using
inflatable mandrel technique; (left) setpoint and measured temperature profiles, and
(right) thermocouple (TC) locations.

" The inflatable mandrel consists of a steel mandrel with a fitted silicone rubber
tube (for high temperature use). The steel mandrel provides rigid support during
the rolling operation, and is equipped with pathways for installing a pressurized air
line, thermocouples and heater cartridge. Shallow grooves, machined onto the steel
mandrel surface, ensures that supplied air is evenly distributed over the entire bladder.

In order to reduce thermal gradients, heat is supplied to the part both internally
and externally using a combination of heater cartridge and oven. Since the thermal
characteristics of the oven and cartridge heaters are different, a separate cure cycle
must be specified for each system. As shown in figure 3.11, an optimal cure cycle
which produces minimal thermal differentials can be determined by adjusting the
applied internal and external temperature profiles.

Temperature and pressure is controlled by a computer and specialized cure cycle
control software. The modest hardware requirements consist of a PC (80286 proces-
sor) with an eight channel analog-to-digital (A/D) data acquisition card and a two
channel digital-to-analog (D/A) peripheral card. The A/D card is connected to a

multiplexed conditioning circuit for reading up to seven thermocouples. The heater
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cartridges are activated by solid state relays connected to the digital out ports on the
A/D card. The heat output from these cartridges are regulated using pulsed ON/OFF
control. The D/A card is used to supply an analog setpoint value to the oven control
system. The air pressure level is set manually using an adjustable regulator, but is
activated by the computer using a solenoid valve.

The cure cycle control program (CCCP.EXE) provides data acquisition and control
facilites for curing up to seven specimens simultaneously. The software provides six
main services: 1) independent cure cycle specification (temperature ramp rates and
hold periods, and activation of pressure), 2) closed loop feedback control of heater
cartridges, 3) open loop supervisory control of oven temperature, 4) alarm trigger
in the event of excessive temperature rise (with system shut down), 5) input data
validation, 6) on-line cycle monitoring and output data storage (in english or metric
units).

The required cure cycle and hardware setup are input as a set of ASCII textfiles,

which are described as follows:

1. master datafile - This file is responsible for specifying: a) the status of the
various heaters and thermocouples, b) the appropriate cure cycle for the oven
and cartidge heating systems, and c) the output datafiles to record the cure
cycle process (important for identifying and trouble shooting system failures).

2. cure cycle datafile - This file contains the sequential steps necessary to create
the temperature profile (ramps and hold periods), and to activate the pressure
source.

3. control and calibration datafiles - These files are responsible for setting the
temperature alarm levels, heater output, and calibration constants for the ther-
mocouples and oven controller.

The datafiles used in this study are provided in appendix D.

The inflatable mandrel technique, presented, is seen to produce cylindrical parts
with repeatable dimensions and exceptional microstructural characteristics. As shown
in figure 3.12, the average dimensions measured along the gage section are seen to be
quite consistent (based on measurements of 10 specimens). In addition, the absolute

variation of the mean diameters between specimens is very low (< £0.0015). Fiber
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Figure 3.12: Average dimensions and fiber volume fraction variation along the length

of post-cured [£45°]s glass-fiber reinforced epory tubes, where d, and d; are the outside

and inside diameters, respectively.

volume fraction and void content were destructively measured on two specimens us-

ing ignition loss techniques (see ASTM standards D2584 and D2734). Referring to

figure 3.12, the distribution of fiber volume fraction is also seen to be consistent. The

void content was found to be < 1% throughout the tube length, which was corrobo-

rated by micrographic examination (see figure 3.13). A sample calculation sheet for

determining the fiber volume fraction and void content is provided in Appendix E.
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Figure 3.13: Micrographs from an un-tested (£45°|s glass-fiber reinforced epozy tube;
(top) tube wall (sectioned at 45° with respect to the tube azis), and (bottom) typical
void.



CHAPTER 4

Leakage Characterization of Composite Tubular

Specimens

4.1 DEFINITIONS OF FUNCTIONAL FAILURE
4.1.1 Introduction

Leakage failures can be classified into two categories: a). Burst Failures and b).
Weepage Failures. Burst failures are characterized by an abrupt or fast loss of con-
tained fluid volume, typically, in association with excessive structural damage (fiber
breakage and/or localized matrix cracking). The failure point (load, time or number
of cycles) is well defined, marked by the excessive fluid loss, and often coincides with
the loss of structural load carrying capability. Burst failures most commonly occur
under monotonic loading situations, with catastrophic failures being associated with
fiber-dominated pressure loadings.

Weepage failure, on the other hand, is characterized by a gradual or slow (stable)
loss in fluid volume due to localized or distributed matrix cracking. It is a result
of the initiation and coalesence of intralaminar and interlaminar cracks forming a
continuous pathway through the wall thickness. The failure (load, time or number
of cycles) is not a well defined point. Under monotonic loading, weepage failures
have been observed prior to burst. Under cyclic or long-term static fatigue (creep),
weepage failures predominate.

From an engineering design perspective, weepage failures are preferred over burst
failures for safety and environmental concerns. With regular inspection, weepage

type failures can be monitored, detected, and repaired without excessive loss of fluid
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or harm. Current designs based on the prevention of weepage failure, however, are
very conservative in nature due to a general lack of validated predictive methods.
The characterization of damage interaction and progression is not fully understood
and, as such, the ability to predict when a structure will leak, without empirical
determination, is difficult.

Liner structures (integrated or retrofitted) are often used to provide an imper-
meable membrane to increase the life of composite fluid containment systems which
exhibit weepage type failure modes. Liners. however, are not suitable for all applica-
tions, and add a premium to the cost of the structure. In addition, liners are often
difficult to incorporate during installation especially at geometric transitions (e.g.
pipe elbows/tees) and joints, and have been shown to fail due to blistering, cracking,
creep (elevated temperature applications) and buckling collapse (spoolable products).
Even if a suitable liner material is used in the design, understanding pipe wall failure
is crucial for developing fail safe designs in the event of liner failure.

The fluid volume loss or leakage profile of a pressure containment structure, rep-
resents the loss of fluid as a function of time (or load) for monotonic tests, or number
of cycles for cyclic tests. Typical leakage profiles for burst and weepage failures are
shown in figure 4.1. The leakage profile of a composite tubular product is a function
of geometry (lay-up angles, lay-up sequence, number of layers, and constituent ma-
terial properties), loading (biaxiality, cyclic/monotonic, and rate dependency), and
environment (hygrothermal effects).

For design purposes, a leakage failure envelope defines the limits of usage of a
tubular structure or material system under a defined set of loads. For pressurized
tubular products, the applied loading is typically defined in terms of the hoop (or
circumferential) and axial (or longitudinal) loads. The hoop loads are the result of
internal and external pressurization of the tube, and are generated due to constraint
of the radial pressure forces in a closed body. The axial loads can be generated
by superimposed bending moments (pipe supports), applied pressure (for closed end
structures) and by constrained thermal stresses.

Once the failure envelope has been determined, a given material form or structure
can be evaluated for a given application. A failure envelope can be used by the
designer to determine if the structure will fail (and possibly how), and can also provide

insight as to how the design can be improved. As an illustrative example, the failure
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Figure 4.1: Typical fluid volume loss (leakage) profiles for (a) Burst and (b) Weepage
failure modes in fiber reinforced composite pressure containment structures

envelope and the predicted failure points of a downhole tubular application, typical in
oil and gas production, is shown in figure 4.2. This example is an extremely difficult
design problem since there exists a wide range of applied biaxial loading conditionsin a
single structure. The hoop loading gradient is a result of the fluid pressure differential
from the bottom of the well bore (high pressure) to the top (low pressure). The axial
loading gradient is due to the weight of the tubular at various points along the string.
If a down-hole pump is used to transfer fluid to the surface, a cyclic loading situation
results, further complicating the analysis. As can be seen in the figure, failure is
predicted to occur at the top of the tubular due to axial loads, and at the bottom due
to pressure loading. The design can be modified by increasing the wall thickness at
the ends of the tubular (effectively moving the envelope outwards), or changing the

geometry of the lay-up (effectively changing the shape of the envelope).

4.1.2 Leakage Failure Criteria

In previous studies, a number of criteria have been used to specify the leakage

failure point of a composite tubular structure:

1. Initiation of Leakage
2. Intersecting Tangent Curve Method

3. Loss of a Fixed Volume of Fluid
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Figure 4.2: Ezample of a biazial loading state in a downhole tubular and the corre-
sponding biazial failure points for an improperly designed tubular.

The determination of the failure point based on each of these criteria is shown
graphically in figure 4.3. It should be mentioned that for abrupt failure (burst) modes
for which no observable sign of weepage occurs, all three criteria collapse to the same
point. Their differentiation occurs only for weepage type failures, as shown.

Failure based on the initiation of leakage is the most common criterion used in
experimental studies. The initiation point is a very important parameter especially for
designs that must be fail safe. Testing for just the initiation, though, does not provide
useful information on the rate and characteristics of fluid loss which are important
factors for safe design in the event of leakage. In spite of this, it is beneficial to examine
the methods used to detect the onset of leakage. The point at which initiation occurs
can be determined using a number of experimental techniques.

The easiest method to identify initiation is by physical observation of the specimen
surface. Although this method is good in that it physically confirms the presence of
fluid loss, it can be subjective (especially when only a limited area of the tube is
observed), dangerous due to the presence of pressurized media, and time consuming
for long-term tests.

Frost [198] detected the initiation of leakage by changes in the resistance of a wire

mesh wrapped around the specimen. This method, however, will work only if water
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Figure 4.3: Determination of leakage failure point based on the following criteria: (a)
Initiation of Leakage (t,), (b) Intersecting Tangent Curve Method (t3), and (c) Loss
of a Fized Volume of Fluid (t3).

is used as the pressurizing medium. Due to the possible degradation effects of water
on epoxy matrices, this method may not be appropriate for long-term testing.

The third method of detecting initiation is by using an intensifier based pressur-
ization system. Intensifiers supply fluid pressure to the containment structure via
displacement of a staged piston. By measuring the displacement of this piston, the
total volume of the system, and, hence, the fluid loss can be monitored. This has the
benefit of detecting not only initiation but generating a leakage profile for the test
(see figure 4.1). The determination of the initiation point from a given volume loss
(leakage) profile, however, can be subjective since the change in slope of the volume
loss curve at the start of leakage can be quite small. This method is also prone to
errors unless proper correction of the fluid loss data is performed to take into account
effects such as fluid compression and change of specimen size due to strain (see section
4.3.1).

To reduce the subjectivity in selecting the point of initiation from the leakage
profile, the intersecting tangent curve method can be used [205]. In this method,
tangent lines representing the initial slope of the curve (typically the baseline at zero)

and the final slope of the curve are drawn such that they intersect. The point of
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intersection represents the failure point (initiation). For cyclic test profiles, the data
can be plotted using a semi-log axis which tends to straighten the slope of the fluid loss
curve at the end of the test, making the tangent line easier to draw. The drawback of
the intersecting tangent method is that the final slope can vary depending on when the
test is stopped. Since stoppage is usually at point where a fixed volume of fluid is lost
(i.e. volumetric capacity of the intensifier), the failure point will vary depending upon
the volume capacity of the fluid system. Testing machines with different capacities
may yield different failure points.

Another method which can be used to determine the leakage initiation point from
volume loss (leakage) profiles is a criterion based on the loss of a fixed volume of
fluid [204]. If the volume loss profiles are generated during a test, this method is easy
to implement and can even be used to trigger the stoppage of the testing machine (see
section 2.2.3). The deficiency of this criterion stems from its inability to take into
account a number of factors which affect the leakage profile of the test, including the
fluid driving force (pressure), fluid viscocity, damage area and pipe wall thickness. If
these factors are not accounted for, the results may be deceptive. To illustrate this,
consider a tubular specimen which has been loaded such that sufficient damage has
occurred to allow fluid to permeate through its wall. Now, assume that pressure can
be introduced without imparting further damage. As the pressure is increased, the
rate of fluid loss will naturally increase. If a failure criterion based on a fixed volume
lost is used, the time to failure at the lower pressure will be longer than that at the
higher pressure. As such, two different failure points are observed but the actual
damage state is the same.

As an alternative to the above methods, the Critical Permeability Criterion
is presented in the following section. By experimentally measuring the volume loss
profiles (versus time or number of cycles) and using Darcy’s Law for flow through
a porous media, one can experimentally determine the permeability conditions at
any point in time. By setting a critical value for the permeability constant, the
corresponding leakage life for a given specimen geometry and loading condition can
be obtained.
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4.2 CRITICAL PERMEABILITY CRITERION
4.2.1 Application of Darcy’s Law

The flow of a fluid through a porous media which contains uniformly distributed,
small scale pathways is indicative of a class of fluid mechanics problems known as
“Darcy Flows”. The transportation of fluids via this type of phenomenon is seen to
occur in a number of important engineering applications including oil/gas reservoir
geology, composites manufacturing (RTM) and building science. As such, there exists
a plethora of experimental and analytical research in this area.

As discussed earlier, weepage type failures in composite fluid containment struc-
tures are observed under most loading conditions. This mode of failure manifests
itself as a slow, evenly distributed loss of fluid at the surface of the structure, and is
the result of distributed intralaminar and interlaminar matrix cracking [166,167,204].
This physical observation of weepage failure indicates that “Darcy Flows” may be
present. Darcy flow assumptions are valid for flow situations where the inertial ef-
fects of fluid flow are small and can be neglected. Since weepage failure results in a
slow, progressive (stable) loss in fluid, the basic premise for Darcy flow is assumed to
apply.

The cornerstone for characterizing fluid transport through a porous media is the -

empirical relation developed by Darcy [271],
_ K
u=—7;(VP) (4.1)

where, @ is the apparent macroscopic (average) velocity of the fluid through the media,
K is the permeability (in units of length?), i is the dynamic (or absolute) viscosity,
and 7P is the pressure gradient through the media in question.

The permeability (K) is a material property which reflects the ability of a given
fluid to flow through that material. An increase in permeability implies a decrease
in the resistance of fluid flow. Since this resistance is governed by the quantity,
size and distribution of small scale cracks and pathways, the permeability provides a
quantitative measure of the damage state for pressure containment structures which
exhibit weepage type failure.

The general form of Darcy’s Law (equation 4.1) can be applied to the case of

a cylindrical tubular structure subjected to an internal pressure loading. Assuming
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that the pressure gradients in the axial and circumferential directions are negligible,

equation 4.1 can be written in cylindrical coordinates as,

U E. = .A_, é_li_
rCr = P dT‘er

K (dP

or,

where, €&, is a unit vector in the radial direction.
Assuming that the pressure distribution across the wall thickness is approximately
linear (thin-wall condition) and that only internal pressure is applied (Per: = 0),

equation 4.2 becomes,

Up = —— = (4.3)
pw

K(—P;) _ KPR

w

where, P is the applied internal pressure and w is the wall thickness of the specimen.
The averaged radial fluid velocities can be integrated along the axial and circum-

ferential directions to obtain the total volumetric flow rate, @,
Q=/Sa-e;ds (4-4)

Assuming that % is constant along 6 and z (which indicates uniform weepage along
the tube), equation 4.4 becomes,

Q=vuA, =7d,lju, (4.5)

where, A, is the total surface area of the tube, d, is the outside diameter, and [, is
the specimen gage length.
Combining equations 4.3 and 4.5, the radial weepage flow rate through a tubular

specimen with evenly distributed cracking along its length is defined as,

_nd |, R K
=TS

Q (4.6)

The permeability K of a composite tubular specimen is a direct measure of the

total crack area (reflected in the units of permeability, length?) and the connectivity
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between these cracks. Since the damage accumulation and the observed flow rate is
seen to increase with monotonic and cyclic loading, the flow rate, permeability and

pressure are all functions of time (monotonic loading) or number of cycles (cyclic

loading).
By inverting equation 4.6, the permeability, A’(¢), for a composite tubular speci-
men is,
r l“ w rd
K(t) = —F—755<Q) (4.7)

nd, [, Pi(t)

By experimentally determining the rate of fluid loss, Q(t), internal pressure, F;( t),
and the length over which the weepage is distributed, [, the changing permeability
characteristics during a test can be quantified.

The flow rate is found by differentiating the experimentally determined volume
loss (leakage) profiles with respect to time, i.e.,

dVv (¢)
t)y = ——= 4.8
Q) ==, (48)
where, V/(¢) is the total volume loss of fluid.
For cyclic tests, the permeability should be explicitly solved in terms of the time, ¢,

to ensure proper balance of units. This can be accomplished using the transformation,

_N
=7

where, N is the current number of cycles, and f. is the cyclic frequency.

Also for cyclic tests, the mean value of volume loss, V»(t), and internal pressure,
P..(t), for each cycle is used in equations 4.7 and 4.8. This approximation is justified
by the observation that volume loss changes occur gradually over a number of cycles.

For load controlled cyclic tests, the mean internal pressure will be a constant.

4.2.2 Permeability as a Damage Parameter

In the previous section, a method for determining the permeability of a composite
tubular specimen was derived. The relation defined by equation 4.6 demonstrates
that the damage state, fluid viscocity, applied pressure, and specimen size (diameter,

length and wall thickness) all influence the measured leakage characteristics of a
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given tubular specimen. The functional failure based on leakage can, therefore, be
effectively characterized by the permeability.

By experimentally determining the permeability evolution for a given specimen
and loading (equation 4.7), a leakage failure load (monotonic tests) or life (cyclic

tests) can be determined by defining a critical permeability value,
I{(t) = Kcritical (4-9)

For monotonic tests, the failure points for various critical values of permeability
could be used to generate constant damage failure envelopes, which would demon-
strate the relationship between leakage initation and burst. For cyclic tests, a family
of fatigue-life curves based on constant permeability could be generated for different
critical values. For the leakage initiation curve, a nominally small critical value is
used. For fail safe designs, the fatigue-life curves give an indication of the fluid loss
behaviour after initiation (i.e. whether slow stable or abrupt fluid loss will occur). In
applications where some weepage can be tolerated, a design based on the (leakage)
initiation failure life may be unnecessarily conservative. A case in point is the down-
hole tubular example discussed in section 4.1.1. The loss of fluid through the tubular
wall will ultimately be contained in the well bore. Therefore, fluid loss is tolerable as
long as the loss rate is small compared to the rate of fluid being transported through
the tubular. By selecting an allowable range of fluid loss rates, a critical permeabil-
ity could be determined. Based on this value and using the fatigue-life curves, the
working life of the tubular could be predicted.

The utility of using critical permeability as a failure criterion is that it is indepen-
dent of loading, fluid and specimen factors, and, as such, may be useful in predicting
the leakage performance of large scale structures based on small scale tests. Even
though the critical permeability criterion is best suited in characterizing weepage
type behaviour, it can still be used to identify burst type failures since its value will
change abruptly as a result of an abrupt fluid rate increase. In this case, however,
the permeability has no advantage over any of the previous methods discussed.

Since the permeability is an indirect measure of the damage state, its use as a
damage parameter is analagous to that of stiffness. It has been extensively shown that
global stiffness reduction in a composite laminate is a result of the accumulation of

matrix cracking and delamination [64,67,76,272,273]. The use of stiffness (reduction)
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as a fatigue damage parameter is quite extensive [157,274-276]. Permeability and
stiffness are both global (macromechanical) measures of damage, and, therefore, the
evolution of either parameter is unique for a given material system, geometry and

applied loading.

4.3 CONSIDERATIONS FOR MEASURING LEAKAGE IN TUBULAR
SPECIMENS

4.3.1 Calculation of Fluid Volume Lost

In order to effectively quantify the permeability or the onset of leakage, an ac-
curate measurement of volume loss is required. During a test, the volume change
as measured directly from the intensifier piston displacement is not necessarily due
to fluid leakage alone. Two other effects, namely, fluid compressibility and specimen
volumetric changes, must also be accounted for if proper leakage profiles are to be
generated. In this section, the methodology required to determine the actual volume
loss during a test is derived.

The specimen internal pressurization system consists of a pressure intensifier,
connecting hoses and the test specimen. The intensifier generates pressures upto .
82.7 MPa (12000 psi) by using a two stage piston (4:1) in conjunction with a hy-
draulic pump. As the system is pressurized, the intensifier exhibits a drop in volume
due to compression of the hydraulic fluid, expansion of the specimen and fluid loss
due to leakage. In order to separate each effect, the total volume of fluid in the system

at any point in time can be calculated by,
Vi(t) = Vi(t) + Va(en(t), &a(t)) + Vo(P()) + Vi (4.10)

where, Vj(t) is the total system volume (corrected), Vi(¢) is the intensifier volume,
Vi(en(t), €a(t)) is the specimen volume, V,(P(t)) is the apparent volume lost due to
compression of the fluid, and V; is the volume in the hoses and connection (constant
value of approximately 50 cm?).

The intensifier volume is determined by multiplying the measured piston stroke
(LVDT) and the cross-sectional area of the secondary piston. When full, the intensifier

has a maximum volume of 170.2 cm® (10.4 in3).
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Figure 4.4: Assumed deformation shape for the calculation of specimen volume.

The change in specimen volume is due to the deformation as a result of applied
loads. For fiber reinforced composites which may exhibit large strains, the changes in
dimensions during a test can be significant. This will depend upon the specimen ge-
ometry (lay-up), size of the specimen (length and diameter), and the applied loading.
The undeformed specimens in this study had an internal volume of approximately
131 cm® (8 in3). Using the measured hoop and axial strains, the specimen volume
can be approximated by assuming the deformed specimen shape shown in figure 4.4
(conical deformation). Based on this deformed geometry, the specimen volume can

be calculated using,
Vi(en(t), ealt)) = %ﬂ'h(az +ab+ b (4.11)

where,

1 di
h=l(lte), a=3, b=5(l+eh),

and [, is the specimen gage length, d; is the inside diameter of the specimen, ¢, is the
measured axial strain, and € is the measured hoop strain.
The apparent volume loss due to compression of the hydraulic fluid is determined

by performing ramped pressure tests on the closed supply system (i.e. intensifier and



4.3 LEAKAGE CHARACTERIZATION OF COMPOSITE TUBULAR SPECIMENS 81

connection hose only). For this test, the change in intensifier volume is measured
as the pressure is ramped to maximum value. As shown in figure 4.5, the generated
curve represents the compression characteristics of the hydraulic oil for the closed
system. The sharp rise in the curve is, most likely, due to air entrapment in the
system and in the hydraulic oil itself.

In order to find the compressed fluid volume in the total system (i.e. specimen in-
cluded), the compressibility function must be determined using the compression curve
in figure 4.5. For a given total volume, the compressibility function (at isothermal

conditions) relates the change in volume due to a change in the pressure, L.e.,

_ L (%P L (AW
C(P)—Vw( oP )TNVCS<AP) (4.12)

where, C(P) is the compressibility, V., is the closed system volume (intensifier and
connection hoses), AV, is the compressed volume, and AP is the change in pressure.

The compressibility function, C(P), is determined by numerical differentiation of
the compression curve in figure 4.5. This was done by linearizing segments of the
compression curve and implementing the approximate form of equation 4.12. Once
the compressibility function is known, the compressed volume, V,(P), for the total
system can be found by substituting the control system volume with the total system -
volume, and numerically integrating equation 4.12. As shown in figure 4.5, when the
above function is used to correct for compressible effects, the apparent volume lost
for the closed system ramp test is eliminated.

Using equations 4.10 - 4.12, the volume lost due to leakage can be determined by,

Vi(t) = Vi(t) — Vi(0) (4.13)

where, Vi(t) is the volume lost due to leakage, Vi(t) is the total system volume at any
point in time (corrected), and V;(0) is the total system volume at initialization.
When a test has stopped due to a loss in the total intensifier volume, the test
can be continued by re-filling the intensifier. The volume lost before re-filling must
be recorded and added to future volume loss values (i.e. cumulative loss). The
initialization volume in equation 4.13 must be re-determined after the intensifier is
filled. For the testing machine used in this study, this complex housekeeping task is

performed by the data acquisition and control software (see section 2.2.4).
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Figure 4.5: Apparent volume loss due to compression of hydraulic oil (closed system
- internal pressure intensifier and connection hose only).

4.3.2 Fluid Volume Loss Profiles for Monotonic Tests

As will be discussed in the following chapters, there exists 2 common difference .
between the observable functional failure mode for the monotonic and cyclic tests. In
this study, all monotonic tests failed by abrupt leakage (burst) while for the cyclic
tests, weepage was the failure mode observed. For the monotonic tests, though, the
(corrected) volume loss profiles indicated that weepage failure had occurred prior
to burst. Since all tests were conducted in a closed vessel configuration (for safety
purposes), verification of this weepage mode was not possible by physical examination.

In order to determine whether weepage was actually occuring prior to burst, one
monotonic test was observed in open vessel configuration. The volume loss (leak-
age) profile for this tubular specimen ([£45°]s under pure hoop loading) is shown
figure 4.6. The specimen was viewed through a clear polycarbonate sheet that was
placed in front of the specimen test area to provide some protection in the event of
an accidental failure. The vessel was closed when the applied stress reached 200 MPa
(to ensure safety). As shown in figure 4.6, the compressibility effects are dominant in

the correction.
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Figure 4.6: Representative monotonic fluid loss (leakage) profile for a [£45°]s glass-
fiber reinforced epozy tubular specimen under pure hoop loading (1H:04).

_ From the figure, there appears to be an initiation of volume loss at approximately
80 MPa. However, for the portion of the test which was observed (0 to 200 MPa),
there was no visible indication of weepage. Due to the relatively small loss noted |
in the figure, and the inability to get close to the specimen, it was not conclusive
whether weepage had occurred or not.

If weepage had not occurred, one possible explanation for this apparent volume
loss could be due to a difference in compressibility between that measured for the
closed system (see figure 4.5) and that measured for the total system. When the
compressibility of the intensifier (alone) was measured, the resulting compressibility
function (especially for the first 10000 kPa), deviated from that determined from
figure 4.5 (intensifier and connection hoses). Coincidentally, the point of leakage
initiation in figure 4.6, corresponds to a pressure of approximately 6000 kPa. If the
compressibilty of the total system (with specimen and grips) is greater than that
of the supply system alone, a drop in the apparent volume lost will occur. These
differences in compressibility can be attributed to the differences in the volume of

trapped air, and expansion effects in the hoses and seals.
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Based on these considerations, the failure point for all monotonic tests in this
study was assumed to be the point of abrupt leakage (burst) as shown in figure 4.6.
For the cyclic tests, compressibility effects can be ignored since the maximum applied
pressure is a constant (load control). As such, the volume lost due to compression
can be eliminated by subtracting the apparent volume lost at the first cycle from the

values of the remaining cycles.



CHAPTER 5

Biaxial Testing of [£71°]s Tubular Specimens

5.1 MONOTONIC BEHAVIOUR
5.1.1 Experimental Method

The biaxial monotonic behaviour of [+71°]s glass-fiber epoxy tubular specimens
was investigated. Biaxial tests were performed for three biaxial stress ratios: pure
hoop (LH:0A), pure axial (0H:1A), and the biaxial ratio defined by netting analysis
(17H:2A). The monotonic tests were performed under load control at an equivalent
stress rate of 0.7 MPa/s (100 psi/s). The definition of leakage failure was the loss
of a fixed volume of fluid from the specimen. The tests were stopped by the control -
software when the volume lost by the internal pressure intensifier was approximately
150 cm®. For pure axial tests (OH:1A), a nominal pressure (approximately 20 to 30
psi) was applied to the tubes in order to measure the possibility of leakage, effectively
making the actual loading ratio at failure approximately (1H:15A). This introduces
a very small, but negligible, non-proportionality to the loading path. The fiuid used
for all [£71°]s tests was NUTO-H46 hydraulic oil, which has an absolute viscosity of
0.0656 N.s/m? (9.52 x 1076 [b.s/in?) at 30°C.

5.1.2 Pure Hoop Loading

The monotonic stress-strain response of a [£71°]s tubular specimen under pure
hoop loading is shown in figure 5.1. In this figure, the experimental results are com-
pared to the predicted linear response based on classical laminate theory (CLT). The

predicted linear response shows excellent correlation for the axial direction. but under-

85
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estimates the response in the hoop direction by approximately 20%. The experimen-
tal response exhibits slight non-linear behaviour for both hoop and axial directions.
Considering experimental scatter due to variations in specimen and testing, the linear
predictions show general agreement with the initial response of the specimen under
load. The average applied hoop stress at failure was 260.1 MPa.

Since the applied load is uniaxial with respect to the hoop direction, the global
laminate hoop modulus (Ey) and Poisson’s ratio (vm4) can be determined experi-
mentally from the slope of the hoop stress-strain curve (best fit), and predicted using
CLT. The experimental and predicted laminate hoop modulus values (Eg) are 40.0
GPa and 32.5 GPa, respectively (see figure 5.1b). Under pure hoop loading, the lam-
inate hoop Poisson’s ratio (vg4) is the negative ratio of axial strain to hoop strain.
This ratio can, therefore, be determined experimentally from the slope of axial strain
to hoop strain, as shown in figure 5.2. The experimental and predicted Poisson’s
ratios (vg4) are 0.65 and 0.55, respectively.

Referring to figure 5.3, the macroscopic failure mode is highly localized matrix
damage and fiber breakage located approximately 0.75 to 1.25 inches (20 to 30mm)
from the end tab. This failure mode and location was consistent for all three speci-
mens tested which indicates the presence of a stress/strain concentration effect at the
specimen ends. The completion of the test was also marked by a noticeable audible -

indicator.

5.1.3 Pure Axial Loading

The monotonic stress-strain response of a [£71°]s tubular specimen under pure
axial loading is shown in figure 5.4. In this figure, the predicted linear response
shows excellent agreement with the experimental results. Compared to the pure
hoop loading case, the predicted response shows better correlation in the direction
perpendicular to the applied load, while slightly underestimating the response axially.
The experimental response, again, exhibits some non-linearity to failure. The average
applied axial stress at failure was 57.5 MPa.

Similar to the pure hoop tests, the laminate axial modulus (E,) and Poisson’s
ratio (v4x) can be determined experimentally and analytically. The experimental and
predicted laminate axial modulus values (E4) are 14.0 GPa and 11.8 GPa, respectively
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Figure 5.1: Monotonic stress-strain response of a [£71°]s glass-fiber reinforced epozy
tubular spectmen under pure hoop loading (1H:0A); (a) stress-strain response to fail-
ure, (b) stress-strain response at the initial stages of loading.
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Figure 5.2: Hoop and azial strain response of a [£71°]s glass-fiber reinforced epozy
tubular specimen under pure hoop loading (1H:0A).

(see figure 5.4b). The predicted Poisson’s ratio (vam) of 0.20 coincides with the
experimental data as shown in figure 5.5.

Assuming that the [£71°]s lay-up behaves as an orthotropic unit with respect to
the specimen axis and that the material system behaves in a linear elastic manner,

the hoop and axial laminate constants should be related by the expression [6],

VHA _ VAH (5.1)

Exg  E4

To verify this assumption, the derived experimental and analytical elastic con-
stants are substituted into the left and right sides of equation 5.1. The results are
presented in table 5.1.3. It can be seen that this assumption is verified for the [£71°]s
glass-fiber epoxy tubular specimens, implying that the material system can be mod-
elled (at least initially) as linear elastic orthotropic units. This provides validation
in the use of homogenized composite elements for modelling the elastic response of

tubular specimens (see chapter 7).



39

|s glass-fiber reinforced epozy tubular
loading; (top) front view, (bottom)

2
Zeace (IN

[

0A) monoton

+71°
ic

H

tlure modes for

60
270
8
9
0
ic fa
der pure hoop (1

BIAXIAL TESTING OF [£71°]s TUBULAR SPECIMENS

(930) NOILISOd TVILNIYIINNDHID ‘8

Macroscop

spectmen un

Figure 5.3
surface map.



5.1 BIAXIAL TESTING OF [+71°]s TUBULAR SPECIMENS 90

100 N 1 t 1 T I T 0 I‘l I 1 T T 1 l 1 T I;'l I 1 | SHER L 2
—~~ | i / -
& K | K i
= 80f \‘ , ]

- , i
A L | K ]
e 60 i K .
wn i i
I —> 4
=< - £ E
g 40 — H A ]
o - EXPERIMENT ]
Led - — EX §
g 20¢ — - CLT PREDICTION
z [ (@ :
<t - .
O i 1 ] 1 1 [ 1 I3 3 1 i1 i 1 l Lt 1 1 l L [ J | ]
-1.0 -0.5 0.0 0.5 1.0 1.5
STRAIN (%)

20 T T o1 I LI T T I T T U7 ¥
— : \OO DD // :
é N P .a 7
~ 15 - g.e’ En ,-dp// -
c£ = o {Jn// .

N ‘a -
oL 8 F90N ]
% = QP Eiﬂ/ Ea .
10 4 7 —
=3 5 g7 2
= N
= I 8 &’ )
2 5k L djuc.*/ o O EXPERIMENT |
— - / — - CLT PREDICTION -
a_ | d .
a [ (b) E Dﬁwl .-~ EXP.BESTFIT

O i L L J B 1 m 1 1 1 - | l L L . [} ]

-0.1 0.0 0.1 0.2

STRAIN (%)

Figure 5.4: Monotonic stress-strain response of a [£71°]s glass-fiber reinferced epozy
tubular specimen under pure azial loading (0H:1A); (a) stress-strain response to fail-
ure, (b) stress-strain response at the initial stages of loading.
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Figure 5.5: Hoop and azial strain response of a [£71°]s glass-fiber reinforced epozry
tubular specimen under pure azial loading (0H:1A).

As shown in figure 5.6, the macroscopic failure mode consists of multiple helical
fractures resulting in total separation of the tubular specimen in the gage section. The
fracture paths are parallel to the fiber angle orientations (+6), and are characterized
by a combination of matrix cracking and fiber shearing. The end of the test was
marked by a noticable audible indicator. Since the internal fluid pressure was at a
nominally low value (approximately 20 to 30 psi), the loss of fluid occurred only when

sufficient damage to the specimen (ultimate failure) had occurred.

5.1.4 Loading Based on Netting Analysis

The monotonic stress-strain response of a [£71°]s tubular specimen under biaxial
loading (17H:2A) is shown in figure 5.7. Similar to the pure hoop loading case, the
predicted linear response shows excellent correlation with the experimental values in
the axial direction but drastically underestimates experiments in the hoop direction.
It should be noted, however, that even for this “fiber dominated” loading mode, some
non-linear response is observed. This is most likely due to non-linear matrix shear

effects and/or damage accumulation. The average applied hoop and axial stresses at
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Figure 5.6: Macroscopic failure modes for [£71°]s glass-fiber reinforced epozy tubular
specimen under pure azial (0H:1A) monotonic loading; (top) front view, (bottom)
surface map.
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Table 5.1: Ezperimentally and analytically derived elastic laminate con-
stants for [£71°]s glass-fiber reinforced epory tubular specimens.

Ey Es viua van veal/Ew van/Ea
(GPa) (GPa) (GPCL)_1 (GPa)—1
EXPERIMENT 40.0 14.0 0.65 0.20 0.0163 0.0143

PREDICTION (CLT) 32.5 11.8 0.55 0.20 0.0169 0.0169

failure were 291.4 MPa and 33.6 MPa, respectively.

From figure 5.8, it can be seen that the macroscopic failure mode for this loading
case was similar to that observed for the pure hoop loading case. The failure mode was
characterized by localized matrix cracking and fiber breakage located approximately
0.5 to 1.0 inches (13 to 25mm) from the end tab. As with the pure hoop case, this

failure location indicates the presence of a stress/strain concentration near the ends.

5.2 CYCLIC BEHAVIOUR
5.2.1 Experimental Method

The behaviour of [+71°]s glass-fiber epoxy tubular specimens under cyclic loading
was investigated for the biaxial stress ratios used in the preceding monotonic tests.
The cyclic tests were performed under load control with a cyclic stress ratio of R =
0.1 (R = Omin/Omaz)- A sine waveform was used at a cyclic frequency of 1 Hz.
The definition of failure was the loss of a fixed volume of fluid from the specimen
(leakage). Leakage initiation® was assumed to occur when the volume of fluid lost
was 1 em®. The tests were stopped by the control software when the volume lost by
the internal pressure intensifier was approximately 150 cm3. For some tests which
exhibited moderate leakage rates, the intensifier was refilled and the test continued.
For pure axial tests (OH:1A), a nominal internal pressure (approximately 20 to 30 psi)

was applied to the tubes in order to measure the possibility of leakage.

*This represents a measureable value close to zero.
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Figure 5.7: Monotonic stress-strain response of a [£71°]s glass-fiber reinforced epozy
tubular specimen under biazial loading (17TH:2A).

5.2.2 Pure Hoop Loading -

The observed failure mode under pure hoop cyclic loading shows a marked differ-
ence from that found under monotonic loading. For all the maximum stress ranges
investigated, the mode of failure was consistently found to be leakage at the end tabs
as a result of grip induced matrix cracking.

Initially, it was assumed that the specimens had failed by distributed matrix crack-
ing in the gage section. This was predicated by the observation that the entire surface
of the specimen was wetted by hydraulic oil, indicating that distributed weepage fail-
ure had occurred. No other visible modes of damage were observed. Unfortunately,
visual observations of the specimens during testing were not conducted due to safety
concerns.

The failure locations were determined by re-testing the failed tubular specimens
and visually observing the leakage. The tests were performed in open vessel configu-
ration with the maximum stress values being reduced such that the applied pressure
was not in excess of 500 psi (for safety considerations). A fluorecent penetrant tracer

(20 ml of Magnaflux ZL-37 liquid penetrant) was mixed with hydraulic oil and in-
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Figure 5.8: Macroscopic failure modes for [£71°]s glass-fiber reinforced epozy tubu-
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surface map.
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troduced into the specimen during the assembly of the grips. Under ultra-violet
light, the leakage locations were readily observed at the tab/specimen interface (see
figure 5.17). When attempting to section the specimen at the tabs for microscopic
examination, the layers were found to separate quite easily, indicating the presence
of extensive delamination failure at the ends.

In spite of the observed failure location, a limited series of cyclic tests were per-
formed to determine whether the failure mode and location were consistent over a
range of maximum applied stress values. It must be reminded that for each specimen
tested, the cyclic stress-strain response cannot be directly correlated to the leakage
profile since both results represent behaviour at two different locations in the speci-
men. As such, each will be treated separately in the following discussion.

Representative stress-strain curves for short-term (o4 mer = 230 MPa) and long-
term (0 mar = 206.8 MPa) cyclic tests under pure hoop loading (1H:0A) are presented
in figure 5.9. The responses in the hoop direction are characterized by minimal cyclic
creep and stiffness reduction, as expected for fiber-dominated loading. For the axial
direction, some negative cyclic creep is observed for the short-term test, most likely
due to the Poisson’s effect and the matrix dominance in this direction. The negligible
change in stiffness indicates a lack of damage accumulation in the gage section which
was corroborated by micrographic observation.

Also in figure 5.9, experimental stress-strain curves are compared to the predicted
linear response based on classical laminate theory (CLT). For the axial strain direc-
tion, the predicted response seems to correlate well with experiments. For the hoop
direction, however, the linear prediction overestimates the experimental curves for all
maximum stress values. This is contrary to the observation made under monotonic
loading in which the predicted linear response underestimated the experimental re-
sults. This difference was initially attributed to experimental error and/or specimen
variations, but an identical observation was made for the (17H:2A) loading case (see
section 5.2.4). As such, this difference in behaviour can only be attributed to the
effect of loading rate. For the monotonic tests, the loading rate was 0.7 MPa/s, while
for the cyclic tests, the approximate loading rate based on a triangular waveform was
460 MPa/s (for on mez = 230 MPa). From high strain rate hoop tests conducted by
Al-Salehi et. al. [277] on [£65°] and [+75°] tubular specimens, it was observed that

a moderate drop in secant modulus occurred with increasing strain rate. This could
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explain the general position of the experimental curve with respect to the CLT pre-
diction. This argument, however, cannot explain the stiffening effect observed within
the cycle.

Representative fluid loss profiles for short-term (o maz = 230 MPa) and long-
term (O mar = 206.8 MPa) cyclic tests are presented in figure 5.10. The gradual
increase in slope (i.e. increase in volumetric flow rate) for both curves is the result of
damage accumulation and propagation at the failure locations (specimen ends). For
short-term tests (figure 5.10a), leakage begins to occur immediately from the start of
test. It can be seen that a decrease in the applied maximum stress results in a delay
in the start of leakage, and a decrease in the rate of fluid loss. Both are a result of
the delayed initation and coalesence of matrix cracks at the failure points.

Using the fluid loss profiles for all specimens tested, fatigue-life curves were con-
structed based on critical fluid loss levels of 1 and 10 cm?, as shown in figure 5.11.
The results show a typical increase in initiation life with reduction in the maximum
applied stress level. In order to quantify the fatigue-life behaviour, a linear (semi-log)
equation was fit to the initiation data (1 cm®). A reasonable fit is achieved for the
lives between 10? and 10° cycles.

The scatter in the results, particularly the difference in cycles between the two
fluid loss levels, can be attributed to a combination of manufacturing variation in
these early specimens, and due to the complex nature of failure in the end tabs. Any
variance in specimen quality at the end tab locations will be magnified due to the

strain concentration effects at the tab.

5.2.3 Pure Axial Loading

Representative stress-strain curves for short-term and long-term cyclic tests are
presented in figure 5.12. The cyclic stress-strain response for both regimes is char-
acterized by very linear behaviour with minimal cyclic creep (approximately 0.05%)
and negligible stiffness reduction. The predicted linear response based on CLT shows
good correlation with observed experimental response.

The observed failure mode under cyclic loading is similar to that observed for
monotonic loading. As shown in figure 5.13, the macroscopic failure mode consists of

a helical fracture along the length of the gage section. The dominant fracture path
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Figure 5.9: Representative cyclic stress-strain curves for [£71°]s glass-fiber reinforced

epozy tubular specimens under pure hoop loading (1H:0A); (a) short-term test (Oh maz
= 230 MPa), (b) long-term test (01 mez = 206.8 MPa).
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Figure 5.10: Representative cyclic fluid loss (leakage) profiles for [£71°s glass-fiber
reinforced epozy tubular specimens under pure hoop loading (1H:0A); (a) short-term
test (Oh maz = 230 MPa), (b) long-term test (Oh maz = 206.8 MPa).



5.2 BIAXIAL TESTING OF [+71°]s TUBULAR SPECIMENS 100

400 I I | I l I .
<= [ :
< - o MONOTONIC ]
n 300 & A 1 CU.CM LOST |
o X a 10 CU.CM LOST -
L (-8 _
o= | -
= ¢ a ]
a 200 2 O\ g —
(@] - a .
(@] = _
I = / -
= -~ _
2 100 (8) Oy wx = —17.7 LOG(N) + 268 —
< N .
<C | .
= N i

| | | | | |

0
100 10! 102 10® 10* 10° 10% 107
NUMBER OF CYCLES

Figure 5.11: Fatigue-life relationships based on critical volume loss for [£71°]s glass-
fiber reinforced epory tubular specimens under pure hoop loading (1H:0A).

is parallel to the fiber direction in the outer layer (+71°), and is characterized by
a combination of matrix cracking and fiber shearing through the wall thickness. A
secondary crack, oriented at the opposite angle (—71°), can be observed intersecting
the primary fracture. Similar to the monotonic test case, the end of the test was
marked by a noticable audible indicator.

In constrast to the gradual loss of fluid volume characterized by pressure domi-
nated loadings, the volume loss for all cyclic axial tests was abrupt leakage, as shown
in figure 5.14. For all pure axial tests, the leakage failure point was found to be coinci-
dent with the loss of load carrying capability in the axial direction (ultimate failure).
This behaviour is attributed to the nominally low pressures used in these axial tests
(approximately 20 to 30 psi). In order for fluid to flow through the specimen wall at
a measureable rate, a substantial amount of damage would have to be present in the
specimen (i.e. the wall must be highly permeable). Unfortunately, for thin-walled
tubular specimens, the applied nominal pressure used in axial tests must be kept low
in order to prevent substantial hoop loads from developing (and, thus, altering the

biaxial loading ratio).
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Figure 5.12: Representative cyclic stress-strain curves for (£71°]s glass-fiber rein-
forced epozy tubular specimens under pure azial loading (0H:1A); (a) short-term test
(0o maz = 36 MPa), (b) long-term test (04 maz = 20 MPa).
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map.
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Figure 5.15: Fatigue-life relationships based on critical volume loss for [£71°]s glass-
fiber reinforced epozy tubular specimens under pure arial loading (0H:1A)

As shown in figure 5.15, fatigue-life curves were constructed based on critical fluid
loss levels of 1 and 10 ¢cm3. A linear (semi-log) equation was fit to the initiation data
(1 em®), and was found to be a good representation. It can be seen that the fatigue
lives based on a critical fluid loss of 1 and 10 cm® are coincident due to the abrupt

nature of the failures.

5.2.4 Loading Based on Netting Analysis

Similar to the pure hoop cyclic loading case, the observed failure mode under
(17H:2A) cyclic biaxial loading was also found to be localized leakage at the end
tabs as a result of grip induced matrix cracking and delamination. In spite of the
observed failure location, a limited series of cyclic tests was performed over a range
of maximum applied stress values.

The cyclic stress-strain response of a [+£71°]s tubular specimen under (17H:2A)
biaxial loading is shown in figure 5.16. The characteristics exhibited by these tests
are the same as those observed for the pure hoop loading case (refer to the discussion

in section 5.2.2).
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Figure 5.16: Representative cyclic stress-strain curve for [£71°]s glass-fiber reinforced
epozy tubular specimens under biazial loading (1TH:2A) - (Oh mer = 212.5 MPa).

The observed leakage locations for this loading ratio are shown in figure 5.17.
As discussed in section 6.2.2, the failure locations were identified by re-testing the
specimens with fluorecent tracers. A slight difference in failure location was noticed
between the pure hoop (1H:0A) and netting analysis (17H:2A) loading cases. Both
had prominent leakage site at the end tab locations, but only the specimens under
(17H:2A) loading had a second leakage site at approximately 10 mm from the end
tabs (see figure 5.17).

The fluid loss characteristics for these tests are also similar to those observed
under pure hoop loading as shown in figure 5.18. A similar trend in the delay of
leakage initiation and the decrease in fluid loss rate is observed with decreasing applied
maximum stresses.

The fatigue-life curves based on critical fluid loss levels of 1 and 10 cm® were
constructed as shown in figure 5.19. Similar to the other loading cases, a linear
(semi-log) equation was fit to the initiation data (1 c¢m?®), and was found to be a

reasonable representation.
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Figure 5.17: Leakage failure mode for [£71°]s glass-fiber reinforced epozy tubular
specimen under biarial (17H:2A) cyclic loading.

5.3 BIAXIAL FAILURE ENVELOPES

Based on the monotonic and cyclic test results given in the previous sections,
biaxial failure envelopes for the [+71°]s glass-fiber epoxy tubular specimens were
constructed as shown in figure 5.20. The envelopes are plotted in the applied stress
space (hoop and axial), and are based on the previously defined leakage initiation
criteria (i.e. loss of 1 em? of fluid). The applied monotonic stresses and strains at
failure (leakage) are summarized in table 5.2. For the cyclic tests, the constant life
contours are generated based on the best-fit equations given in figures 5.11, 5.15 and
5.19. In figure 5.20, the applied hoop and axial stresses correspond to that of the
maximum applied stresses. The data points, for both monotonic and cyclic results,
are fitted with spline curves in order to demonstrate the envelope trends.

The general shape of the envelope demonstrates the failure anisotropy of this
lay-up. Under montonic loading, the “fiber-dominated” hoop failure stresses are
approximately 5 times higher than that of the “matrix-dominated” axial stresses.
Specimens tested under pure axial loading were shown to fail in the gage section
for both monotonic and cyclic tests. For the hoop dominated loading ratios (1H:0A
and 17H:2A), however, all failures were located at or near the ends of the specimen,
suggesting the presence of a stress/strain concentration. As such, the actual applied
failure stresses should, in fact, be much larger than those measured. This can be
seen when comparing the monotonic envelope to experiments conducted by Soden
et al. [182] on thin-walled [£75°] glass-fiber epoxy tubular specimens. Although the
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Figure 5.20: Biazial monotonic and cyclic failure (leakage) envelopes for [£71°]s
glass-fiber reinforced epozy tubular specimens in applied stress space.

general shape of the envelopes are the same, the failure stresses found by Soden were
3 to 4 times higher in the hoop dominated loading directions. This large increase
in apparent strength is likely due to the use of tapered end reinforcement in their
specimen design. The axial failure stresses, however, were found to be identical to
those observed in the current study.

A comparison between the monotonic and cyclic failure envelopes reveals that the
long-term applied failure stress (10° cycles) is approximately 62%, 38% and 33% of
the monotonic failure stress for the (1H:0A), (17H:2A) and (0H:1A) loading ratios,
respectively. A direct comparison between the monotonic and cyclic envelopes, how-
ever, is deceptive without recognizing the differences in leakage failure modes and
locations. For the pure axial loading ratio, the failure mode was a prominent fracture
in the specimen gage section for both monotonic and cyclic loading. For the hoop
dominated loading ratios (1H:0A and 17H:2A), however, the failures under monotonic
and cyclic loading were vastly different. While monotonic loading produced a burst
type failure (with fiber damage) away from the specimen ends, cyclic loading resulted
in localized leakage at the end tabs. This clearly demonstrates the difficulty in using

monotonic failure results to surmise the behaviour under cyclic loading.
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Table 5.2: Average applied stresses and strains at failure (leakage) for [£71°|s glass-
fiber reinforced epory tubular spectmens under montonic loading.

Biaxial Applied Applied
Stress Hoop Hoop Axial Axial Observed
Ratio Stress Strain Stress Strain Failure Mode

(MPa) (%) (MPa) (%)

(1H:0A) 260.1 0.88 0.4 -0.52 Helical separation along length of
specimen

(0H:1A) 39 -0.21 57.5 0.57 Localized matrix damage and fiber
breakage (20 to 30 mm from end
tab)

(17H:2A) 291.4 0.68 33.6 -0.18 Localized matrix damage and fiber
breakage (20 to 30 mm from end
tab)

Predictions of the long-term failure envelope based on the linear elastic limit are
also shown in figure 5.20. For this envelope, the stress values at the limit of linearity
were estimated from the monotonic stress-strain curves for each of the loading ratios
tested (see figures 5.1, 5.4 and 5.7). It can be seen that the predictions for the pure
axial loading ratio is a good approximation of the long-term cyclic behaviour (cor-
responding to an extrapolated life of approximately 107 cycles). On the other hand,
the predictions for the hoop dominated loading ratios are enormously conservative,
considering that the plotted hoop failure stresses are probably under-valued (due to
end effects).

Based on the observed results, the validity of the current [+71°]s specimen design
depends on the required test objectives. For determining the elastic properties of the
orthotropic material system, the current design is sufficient. For the determination
of leakage failure, however, the current specimen design can only be considered valid
for axial dominated loading ratios. The end failures observed in this study suggest
that specimen end reinforcement may be necessary for this laminate geometry under

hoop dominated loading conditions.



CHAPTER 6

Biaxial Testing of [+45°]s Tubular Specimens

6.1 MONOTONIC BEHAVIOUR
6.1.1 Experimental Method

The biaxial monotonic behaviour of [+45°]s glass-fiber epoxy tubular specimens
was investigated. Biaxial tests were performed for three biaxial stress ratios: pure
hoop (1H:0A), pure axial (OH:1A), and the biaxial ratio defined by netting analysis
(1H:1A). The monotonic tests were performed under load control at an equivalent
stress rate of 1.0 MPa/s (145 psi/s). The definition of failure was the point of abrupt
leakage (burst). The tests were stopped by the control software when the volume
lost by the internal pressure intensifier was approximately 150 cm®. For pure axial
tests (OH:1A), a nominal pressure (approximately 20 to 30 psi) was applied to the
tubes in order to measure the possibility of leakage, effectively making the actual
loading ratio at failure approximately (1H:8A). This introduces a very small, but
negligible, non-proportionality to the loading path. The fluid used for all [+45°]s
tests was NUTO-H46 hydraulic oil, which has an absolute viscosity of 0.0656 N.s/m?
(9.52 x 107 lb.s/in?) at 30°C.

6.1.2 Pure Hoop Loading

The monotonic stress-strain response of a [£45°]s tubular specimen under pure
hoop loading is shown in figure 6.1. The experimental response is characterized
by highly non-linear behaviour with large average strains at failure (~ 11%). This

is indicative of the behaviour found by other studies for [+45°] glass-fiber epoxy

110
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coupon [103] and tubular specimens [182]. A stiffening in the stress-strain response
can also be seen to occur starting at a hoop strain of approximately 5%. This effect
is attributed to the rotation of the fibers towards the loading direction at high strain
levels [278]. The average applied hoop stress at failure was 229.4 MPa.

A comparison of the experimental stress-strain curve and the predicted linear
response based on classical laminate theory (CLT) is also shown in figure 6.1. The
predicted linear response is seen to underestimate the experimental response in both
the hoop and axial directions by approximately 20%.

Since this loading case is uniaxial with respect to the hoop direction, the global
laminate hoop modulus (Fg) and Poisson’s ratio (vg4) can be determined experi-
mentally from the stress-strain curves (best fit), and predicted using CLT. Referring
to figure 6.1b and 6.2, the experimental and predicted laminate hoop modulus values
(Efr) are 14.3 GPa and 11.2 GPa, respectively, while the experimental and predicted
hoop Poisson’s ratio values (vg4) are 0.63 and 0.65, respectively. While the stiffness
predictions both underestimated the experimental response, the predicted Poisson’s
ratio is very close to the experimental value.

As shown in figure 6.3, the macroscopic failure mode for this loading ratio was a
highly destructive burst failure characterized by excessive matrix cracking and fiber
breakage throughout the gage section. This is in contrast to the localized burst
failure observed with the [£71°]s specimens under pure hoop loading. Because of
the destructive nature of the failure, it was difficult to discern the failure initiation
location or the effect of the ends. Not surprising, the end of the test was marked by a
very loud audible indicator. As discussed in section 4.3.2, all monotonic tests (except
one) were conducted in closed vessel mode which prevented any observation of the
failure progression but ensured a safe testing environment. This failure demonstrates

the advocacy of this decision.

6.1.3 Pure Axial Loading

The monotonic stress-strain response of a [£45°]s tubular specimen under pure
axial loading is shown in figure 6.4. Similar to that of the pure hoop loading case, the
stress-strain response is characterized by highly non-linear behaviour with relatively

large average strains at failure (~ 9%). The predicted linear response, again, under-
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Figure 6.1: Monotonic stress-strain response of a [£45°]s glass-fiber reinforced epozy
tubular specimen under pure hoop loading (1H:0A); (a) stress-strain response to fail-
ure, (b) stress-strain response at the initial stages of loading.
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Figure 6.2: Hoop and azial strain response of a [£45°|s glass-fiber reinforced epozy
tubular specimen under pure hoop loading (1H:0A).

estimates the experimental results by approximately 25%. The average applied axial
stress at failure was 159.0 MPa. Referring to figures 6.4b and 6.5, the experimen-
tal and predicted laminate axial modulus values (E4) are 15.0 GPa and 11.2 GPa,
respectively, while the experimental and predicted axial Poisson’s ratio values (vam)
are 0.59 and 0.65, respectively. These values are in general agreement with the pure
hoop loading case.

In order to check if the [+45°]s lay-up can be modeled as a linear elastic or-
thotropic unit, equation 5.1 can again be invoked. Calculation of the left and right
hand sides of equation 5.1 are presented in table 6.1.3. As found for the [£71°]s
geometry, the experimentally determined values of vga /Ex and vap/E4 are within
10% of each other, signifying verification of the assumption. The discrepancy with
the predicted constants implies that the elastic properties used in the analysis may

be underestimated.
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Figure 6.3: Burst failure mode for a [£45°]s glass-fiber reinforced epozy tubular spec-
imen under pure hoop (1H:0A) monotonic loading.

Table 6.1: Ezperimentally and analytically derived elastic laminate con-
stants for [+45°]s glass-fiber reinforced epozy tubular specimens.

Ey Es vua vaw veal/Exw van/Ea
(GPa) (GPa) (GPa)~! (GPa)™!
EXPERIMENT 14.3 15.0 0.63 0.59 0.0441 0.0393

PREDICTION (CLT) 11.2 11.2 0.65 065 0.0580  0.0580

The observed macroscopic failure mode for the pure axial loading case is a single
helical fracture resulting in total separation of the specimen in the gage section as
shown in figure 6.6. The fracture path is parallel to the fiber angle orientation of
the surface layer, and is characterized by a combination of matrix cracking and fiber
breakage. Since the internal fluid pressure was at a nominally low value (approxi-
mately 20 to 30 psi), the loss of fluid occurred only when sufficient damage to the

specimen (ultimate failure) had occurred.

6.1.4 Loading Based on Netting Analysis (Equi-biaxial)

The monotonic stress-strain response of a [£45°]s tubular specimen under equi-

biaxial loading (1H:1A) is shown in figure 6.7. It can be seen that the behaviour
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Figure 6.4: Monotonic stress-strain response of a [£45°|s glass-fiber reinforced epozy
tubular specimen under pure azial loading (0H:1A); (a) stress-strain response to fail-
ure, (b) stress-strain response at the initial stages of loading.
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Figure 6.5: Hoop and azial strain response of a [£45°]s glass-fiber reinfoiced epozy
tubular specimen under pure arial loading (0H:1A).

exhibits only marginal non-linearity with strains at failure being approximately 1%,
characteristic of fiber dominated loading conditions. This is in sharp contrast to
the large strain, non-linear response for the same lay-up under pure hoop (1H:0A)
and pure axial (0H:1A) loading. Contrary to the predicted equivalence under equi-
biaxial loading, a difference in the stress-strain response for the hoop and axial strain
measurements was observed. The axial measurement is seen to exhibit more non-
linearity and a higher strain at failure (see figure 6.7). The linear response predicted
by CLT shows better correlation to the experimental results in the axial direction.
The average applied stress at failure (hoop or axial) was 230.7 MPa, the highest for
all three loading ratios considered.

The relationship between the hoop and axial strains for this loading ratio is shown
in figure 6.8. Similar to the stress-strain response, the deviation from linearity is seen
to occur almost from the start of the test. The predicted reponse seems to fit the
initial trend.



6.1 BIAXIAL TESTING OF [£+45°]s TUBULAR SPECIMENS 117

360

£6)

< 9270

180

90

8, CIRCUMFERENTIAL POSITION

Zoace (IN)

Figure 6.6: Macroscopic failure modes for [+45°]s glass-fiber reinforced epozy tubular
specimen under pure azial (0H:1A) monotonic loading; (top) front view, (bottom)
surface map.
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Figure 6.7: Monotonic stress-strain response of a [£45°]s glass-fiber reinforced epozy
tubular specimen under equi-biazial loading (1H:1A); (a) stress-strain response to
failure, (b) stress-strain response at the initial stages of loading.
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Figure 6.8: Hoop and arial strain response of a [+45°]s glass-fiber reinforced epozy
tubular specimen under equi-biazial loading (1H:1A).

Referring to figure 6.9, it can be seen that the macroscopic failure mode observed
for this loading case was identical to that observed for the pure axial loading case. This
failure mode is characterized by a single helical fracture resulting in total separation

of the specimen in the gage section.

6.2 CYCLIC BEHAVIOUR
6.2.1 Experimental Method

Biaxial cyclic tests were performed on [+45°]s glass-fiber epoxy tubular specimens
for three biaxial loading ratios: pure hoop (1H:0A), axial dominated (1H:8A), and
equi-biaxial (1H:1A). The (1H:8A) loading ratio was substituted for the pure axial
(0H:1A) loading case (used in the monotonic tests) in order to maintain proper biaxial

proportionality. The cyclic tests were performed under load control with a cyclic stress
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Figure 6.9: Macroscopic failure modes for [£45°]s glass-fiber reinforced epozy tubular
specimen under equi-biazial (1H:1A) monotonic loading; (top) front view, (bottom)
surface map.
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ratio of R = 0.1 (R = 0ynin/Omez)- A sine waveform was used with a cyclic frequency
of 1 Hz. The tests were stopped by the control software when the volume lost by
the internal pressure intensifier was approximately 150 cm®. For some tests which
exhibited moderate leakage rates, the intensifier was refilled, and the test continued.

Since uniform weepage was encountered for this geometry under cyclic loading,
critical permeability was used to define leakage failure (see section 4.2.1). Using
equations 4.7 and 4.9, two critical values (0.1 x 107!? and 10.0 x 10~'2 mm?) were
selected in order to quantify the initiation and post-initiation leakage behaviour. Both
values were chosen based on the available range of measured permeabilities.

In an effort to determine the relationship between leakage and the physical damage
state in the specimen, the following damage indicators were determined: a) cyclic
creep strain evolution, and b) elastic stiffness reduction.

The maximum and minimum cyclic creep strains were determined from the mea-
sured stress-strain loops. For an angle-ply (£6) geometry under in-plane normal
loading conditions, the average (in-plane) strain state in each layer is assumed to be
equivalent due to strain compatability throughout the laminate [6]. In order to better
understand the relative contributions of each lamina strain component, the average
strains in the material coordinate system (1, 2, 12) were derived from the measured

principal strains (hoop and axial) using the following transformation (see figure 1.2):
€ = m2ea + nzeh
€ = nzea + mzeh,

and
Yi2 = 2mne, — 2mne, (6.1)

where, m = cos §, n = sin 6, and 4 is the fiber angle orientation of the angle-ply (with

respect to the axial direction).
For a [+45°] angle-ply laminate, equations 6.1 become,

1
61=ez=-2-(ea+€h),
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and
Y12 = €n — € (6.2)

Damage accumulation under cyclic loading was characterized by measuring the
global stiffness reduction in various loading directions. Three monotonic ramps (pure
axial, torsion and pure hoop) were carried out at regular intervals during a cyclic
test in order to quantify the axial, shear and hoop stiffness reduction™. For each
loading ratio, stiffness reduction measurements were performed at two maximum
applied stress levels (short-term and long-term). These applied stress levels were
determined from the fatigue-life curves established by continuous cyclic tests (no
stoppages). Before the start of each stiffness reduction test, a measurement was
made to determine the initial stiffness values.

The monotonic ramps used to measure stiffness were performed at a loading rate of
0.1 MPa/s upto a maximum applied stress level of 10 MPa (unless otherwise noted).
The maximum ramp limit was selected based on the long-term ( 10°) stress levels
taken from the baseline fatigue-life curves. From the resulting monotonic stress-strain
curves, the elastic stiffness was calculated using linear regression based on all data
points from 0 to 5 MPa. The volume lost during the monotonic ramps represented
less than 1% of the total volume lost during the entire test. Before beginning each
ramp, a hold period was issued (at zero load) until all measured strain rates fell below
10~¢ s~1. This was done to ensure that any visco-elastic relaxation effects at the end
of the previous test did not influence the subsequent elastic stiffness measurements.
This was the procedure used by Joseph and Perreux [201] for similar stiffness reduction

tests on [+55°] glass-fiber epoxy tubular specimens.

6.2.2 Pure Hoop Loading

A representative stress-strain response of a [+45°]s tubular specimen under pure
hoop cyclic loading is shown in figure 6.10. The behaviour is characterized by signif-

icant cyclic creep and a progressively decreasing stiffness. The linear limit for each

*A second axial ramp was initially added to the sequence to verify if damage was introduced
during the stiffness measurement procedure. The second axial stiffness values were subsequently
found to be identical to the first, implying that the measurement procedure was, indeed, benign.
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Figure 6.10: Representative cyclic stress-strain curve for [£45°]s glass-fiber reinforced
epozy tubular specimens under pure hoop loading (1H:0A) - (0h maz = 115 MPa).

successive loop is seen to drop with a noticable increase in non-linear behaviour as the
test progresses. The resulting enlargement of the hysteresis loops is representative of
energy dissipation as a result of damage accumulation and heat generation. Referring
to figure 6.11, it can be seen that the temperature rise is relatively moderate with
two noticeable increases at the start and end of the test. The repeated tempera-
ture rises noted in this figure are the result of stoppages where monotonic stiffness
measurements were made.

Macroscopic surface damage was seen to occur only for tests at the highest maxi-
murn stress levels, as shown in figure 6.12. This damage is characterized by 2 number
of branching surface and sub-surface cracks with localized fiber breakage. Delamina-
tion (identified by the general whitened area) is also seen to occur at the center of the
specimen. Although no visible surface damage was noted for the tests at lower max-
imum applied stresses, uniform weepage throughout the gage section was observed
using penetrant tracers (see figure 6.13). The array of singular weepage points are the
intersections of matrix cracks (along the fiber direction) in surface and sub-surface

layers of the specimen.
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Figure 6.11: Measured surface temperature of a [£45°s glass-fiber reinforced epozy
tubular specimens under pure hoop (1H:0A) cyclic loading - (Oh mez = 119 MPa).

The effect of applied maximum stress on the progressive nature of damage can
be readily observed from the fluid volume loss (leakage) profiles, and the associated
permeability curves. For tests conducted at a maximum hoop stress of 115 MPa, 100
MPa and 70 MPa, these curves are shown in figures 6.14, 6.15 and 6.16, respectively.
From these figures, two phenomena are observed as the maximum applied stress level
is decreased: a) the number of cycles to leakage initiation increases (i.e. initiation
is delayed), and b) the subsequent fluid loss rate after initiation is seen to decrease.
This second observation is reflected by a decreasing permeability value indicating
significantly lower damage accumulation rates. For the highest applied stress level
(figure 6.14), the leakage is seen to occur immediately from the start of the test with
the resulting leakage rate (and permeability) being constant. This implies that matrix
cracking is already saturated by the first few cycles. At the end of the test, abrupt
fluid loss is noted, indicating the development of a dominant leakage path (confirmed
by visible surface damage).

Using the permeability profiles, fatigue-life curves were constructed based on criti-
cal permeabilites of 0.1 x 1012 ;m? (initiation) and 10 x 107*2 mm? (post-~initiation),

as shown in figure 6.17. A linear (semi-log) equation was fit to both sets of data, and
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Figure 6.12: Macroscopic failure modes for [£45°|s glass-fiber reinforced epozy tubular
specimen under pure hoop (1H:0A) cyclic loading: (top) front view, (bottom) surface
map.
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Figure 6.13: Weepage failure mode for [+£45°|s glass-fiber reinforced epozy tubular
spectmen under pure hoop (1H:0A) cyclic loading.

was found to be a good representation in both cases. The results show a typical in-
crease in leakage life with reduction in the maximum applied cyclic stress level. The
difference in failure lives between the two critical values chosen is almost an order
of magnitude. For applications where some loss of fluid is tolerable, these types of

curves can significantly extend the expected design life.

Cyclic Creep Strain - (1H:0A)

The cyclic creep strain responses for short-term (on mar = 115 MPa) and long-term
(0h mez = 70 MPa) tests under pure hoop cyclic loading are presented in figures 6.18
and 6.19, respectively. In each figure, the measured creep strain in both the global
(loading) and material coordinate systems is presented. The transformation between
coordinate systems is made using equations 6.2. As shown in both figures, the creep
response in the loading directions is due solely to the material’s in-plane shear (v;2)
behaviour. It is interesting to note that this shear strain dominance is seen to occur
for the entire duration of the tests. However, it is not known what portion of this
response is recoverable (visco-elastic).

In comparing figures 6.18 and 6.19, it can be seen that a general increase in the
creep rate occurs for the test with the higher applied maximum stress. The creep
rate is seen to significantly increase at both the start and end of the test, with the
middle period characterized by a slow and steady increase in cyclic creep. This three
stage creep response is seen to correspond directly to the temperature profile shown

in figure 6.11, and is consistent with observations made in other studies [25,279].
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Figure 6.14: Fluid loss characteristics of a [£45°]s glass-fiber reinforced epozy tubular
specimen under pure hoop loading (1H:0A) - (0h mez = 115 MPa); (a) fluid volume
loss (leakage) profile, (b) derived permeability curve.
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Figure 6.15: Fluid loss characteristics of a [+45°]s glass-fiber reinforced epozy tubular
specimen under pure hoop loading (1H:0A) - (0 maz = 100 MPa); (a) fluid volume
loss (leakage) profile, (b) derived permeability curve.
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Figure 6.16: Fluid loss characteristics of a [£45°]s glass-fiber reinforced epozy tubular
specimen under pure hoop loading (1H:0A) - (Oh maz = 70 MPa); (a) fluid volume
loss (leakage) profile, (b) derived permeability curve.
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Figure 6.17: Fatigue-life relationships for [£45°]s glass-fiber reinforced epozy tubular
specimens under pure hoop loading (1H:0A) based on critical permeability criterion.

In an effort to define a possible threshold strain value at which leakage occurs,
shear creep strain values were correlated with the calculated permeability, as shown
in figure 6.20. The threshold for leakage initiation is seen to fall between a maximum
shear strain of approximately 1.5% to 2.5% for the applied stress levels indicated.
These threshold values are much smaller than the shear strains at burst observed
under monotonic loading (~20-25%). Subsequent increases in permeability with in-
creasing creep strain reflect the progressive formation and connectivity of matrix
cracking. Since all tests were stopped after a fixed volume loss of approximately 170
em3, it can be seen that the tests at a higher maximum stress level incurred more
damage than that at the lower levels which is reflected by the differences in final

permeabilities.

Stiffness Reduction - (1H:0A)

Stiffness reduction was measured for the pure hoop cyclic tests at maximum applied
stress levels of 115 MPa (short-term) and 70 MPa (long-term). The resulting lami-
nate axial, hoop and shear stiffness measurements for the short-term test (Oh maz =
115 MPa) are shown in figures 6.21, 6.22 and 6.23, respectively. The stiffness values



6.2 BIAXIAL TESTING OF [+45°]s TUBULAR SPECIMENS 131

10 | j ¥ LS ¥ I T 0 T 1 l 1 3 ] 1 lil 1 1 1 1 I-'
i £ ]
5 N =
g :
= 0f 7
Q

& - ’
5F — maAx. STRAN e -
T — - MIN. STRAIN A (a) :
_10 —L L & 1 1 I L1t 1 l L1 1 1 L j I A S | I ]

0 1 2 3 4

NUMBER OF CYCLES (X 10°)

15 __T ] 1 1 1 1T l 1 i 1 1 l ] i | | 1 l i ] ¥ 1 _l l_
[ — MAX. STRAIN (b) i
L — - MIN. STRAIN Y12 4
g 0r .
= - i
<C u .
o= _ ]
o 5 —
A £, &, i
O :" | —_

0 { 2 3 4

NUMBER OF CYCLES (X 10°)

Figure 6.18: Measured cyclic creep strain curves for [+£45°]s glass-fiber reinforced
epozy tubular specimens under pure hoop loading (1H:0A) - short-term test (Oh maz =
115 MPa); (a) in global coordinates (loading directions), (b) in material coordinates.
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Figure 6.19: Measured cyclic creep strain curves for {£45°]s glass-fiber reinforced
epozy tubular specimens under pure hoop loading (1H:0A) - long-term test (Oh mez =
70 MPa); (a) in global coordinates (loading directions), (b) in material coordinates.



6.2 BIAXIAL TESTING OF [£45°]s TUBULAR SPECIMENS 133

30 _l T 1 1 I T 1 1 FI LI L l 1T 1 ] iV i l 1 ITI_
& F . o -
E D A N B
o~ E -] o] E
L 20 —
= - ) 8 ]
>x< - n
<~ 15 ) o =
E = [ | A [»] A GHMAX ]
g 10 :_ a ~ a o 100 MPa ._.:
3 L Ae Ao A 90 MPa -
Z s - . =\ o 80 MPa -
Lt E m A® o AO v 70 MPa E
0 11 Lml aﬁlwl RSN SN VIR BN NS AN BN B A AN AR 0 B

0 i 2 3 4 o) 6

SHEAR STRAIN, ¥4 (%)

Figure 6.20: Relationship between the permeability and cyclic creep (shear) strain
for [£45°]s glass-fiber reinforced epozy tubular specimens under pure hoop loading
(1H:0A); (open symbols) mazimum cyclic shear strain value, and (closed symbols)
minimum cyclic shear strain value.

are non-dimensionalized with respect to the initial value measured prior to the start
of the cyclic test. The predicted initial and fully discounted! stiffness values based
on classical laminate theory (CLT) are also presented.

From the axial and hoop stiffness measurements (figures 6.21 and 6.22), the pro-
gressive accumulation of damage is readily seen by decreases in the elastic modulus
(reflected by the decreasing slope of the fitted lines) and stress at the linear elastic
limit. This drop in linear elastic limit explains the enlarging hysteresis loops observed
in the cyclic stress-strain response. The shift in the starting points of the monotonic
curves reflects the presence of cyclic creep. Due to the symmetry of loading with
respect to the laminate geometry, the stiffness reduction curves for both the axial
and hoop measurements are practically identical*. For these two loading conditions,

the global response is clearly dominated by the behaviour of the matrix. This is

tThe discounted predictions are determined using the classical assumption that the material’s
transverse modulus (E;) and shear modulus (Gi2) are both reduced to a nominally low value (a
value of 0.69 MPa was used for each).

tSince this equivalence was found for all stiffness measurements conducted in this study, only the
axial stiffness reduction curves -will be presented for the remainder of this chapter.
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Figure 6.21: Measured azial laminate stiffness reduction of a [£45°]s glass-fiber re-
inforced epozy tubular specimen under pure hoop (1H:0A) cyclic loading - (Oh maz =
115 MPa); (a) stiffness reduction evolution for selected monotonic ramps at indicated
cycle numbers, (b) derived stiffness reduction curve.
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Figure 6.22: Measured hoop laminate stiffness reduction of a [+45°]s glass-fiber re-
inforced epozy tubular specimen under pure hoop (1H:0A) cyclic loading - (Oh mez =
115 MPa); (a) stiffness reduction evolution for selected monotonic ramps at indicated
cycle numbers, (b) derived stiffness reduction curve.
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Figure 6.23: Measured shear laminate stiffness reduction of a [£45°]s glass-fiber Te-
inforced epozy tubular specimen under pure hoop (1H:0A) cyclic loading - (Oh maz =
115 MPa); (a) stiffness reduction evolution for selected monotonic ramps at indicated
cycle numbers, (b) derived stiffness reduction curve.
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reflected by the total loss in predicted stiffness values when the matrix properties are
discounted.

From the stiffness reduction curves shown in figures 6.21b and 6.22b, the three
stages of damage accumulation outlined in section 1.2.4 can be observed: 1) an initial
drop in the elastic modulus due to the initiation and accumulation of matrix cracks,
which occurs early in the life of the laminate, 2) a relatively long and linear region of
moderate stiffness reduction during which crack coalescence, delamination and fiber
micro-cracking begin to occur, and 3) a final drop in elastic modulus due to catas-
trophic failure events (i.e. fiber failure). These trends correspond to the observations
made previously for the cyclic creep and surface temperature responses.

From the shear stiffness measurements (figure 6.23), the resulting matrix damage
accumulation cannot be discerned due to the dominance of the fibers under this
loading condition. This is reflected by the negligible drop in shear modulus, and the
highly linear stress-strain response. The difference between the predicted initial and
discounted shear stiffness values is only 15%. This highlights the sensitivity problems
associated with measuring matrix damage for fiber dominated loading cases.

The resulting laminate axial stiffness reduction measurements for the long-term
test (0x maz = 70 MPa) are shown in figure 6.24. When compared to the short-term
stiffness reduction test (figure 6.21b), the long-term test exhibits the same general
shape in the initial part of the curve. This corroborates the findings from other
studies, which suggest that the same sequence of damage events occur for all applied
stress levels (for a given laminate geometry and loading ratio) [67,274]. Since the
long-term test was stopped before the occurance of burst failure, no significant drop
in modulus is observed at the end of the test. The initial drop in stiffness, however,
is slightly larger than that of the short-term test (~10%). Similar to the short-term
tests, the shear modulus reduction was also found to be negligible.

In order to correlate damage progression with observed leakage behaviour, a com-
parison is made between the leakage profiles and the stiffness reduction curves. For
the short-term stiffness reduction test (see figures 6.14 and 6.21), leakage is seen to
occur immediately from the start of the test, which coincides with an abrupt drop
in stiffness within the first few cycles. After this point, the constant fluid loss rate
and stabilized stiffness reduction curve both suggest that matrix crack saturation has

occurred. The abrupt loss of fluid at the end of the test is also seen to coincide with
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Figure 6.24: Measured azial laminate stiffness reduction of a [£45°]s glass-fiber rein-
forced epozy tubular specimen under pure hoop (1H:0A) cyclic loading - (Gh maz = 70
MPa).

the final drop in stiffness.

For the long-term test (see figures 6.16 and 6.24), however, no direct correlation
between the point of leakage initiation and stiffness loss is observed. Based on the
initial drop in stiffness, matrix cracking is seen to saturate quite early in the test
(<10,000 cycles). Leakage initiation, however, does not occur until approximately
200,000 cycles.

6.2.3 Axial Dominated Loading

A representative stress-strain curve of a [£45°]s tubular specimen under axial
dominated (1H:8A) cyclic loading is presented in figure 6.25. Due to material sym-
metry and loading equivalence, this stress-strain response is similar to that found for
the pure hoop (1H:0A) loading ratio. It is characterized by significant cyclic creep,
a progressively decreasing stiffness and enlargement of the hysteresis loops. These

events are reflected by the associated surface temperature profile shown in figure 6.26.
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Figure 6.25: Representative cyclic stress-strain curve for [+45°]s glass-fiber reinforced
epozy tubular specimens under azial dominated loading (1H:8A) - (0h mez = 110
MPa).
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Figure 6.26: Measured surface temperature of a [£45°]s glass-fiber reinforced epory
tubular specimens under azial dominated (1H:84) cyclic loading - (0h mer = 110

MPa).
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While the general stress-strain behaviour was similar to the pure hoop case, the
observed macroscopic (ultimate) failure mode for the axial dominated tests (1H:8A)
was different. Referring to figure 6.27, the failure is characterized by the obliteration
of the matrix phase (with relatively little fiber breakage) resulting in a “brush type”
fracture through the wall thickness. The fracture surface is uniformly distributed
around the tubular specimen but is always located to one side of the gage section.
Due to the loss of matrix integrity, the fibers are seen to contract on the inside of the
tube, as shown in figure 6.28. It should be noted that this cyclic failure mode is also
different from that observed under axial monotonic loading (see figure 6.6).

The fluid loss (leakage) profiles and the associated permeability curves are pre-
sented in figures 6.29, 6.30 and 6.31, for tests conducted with a maximum applied
stress of 100 MPa, 75 MPa and 60 MPa, respectively. The negative permeability val-
ues in figure 6.29b are due to the sensitivity of the numerical differentiation to small
errors in volume loss over a small number of cycles. Based on the lack of observable
leakage, the permeability value for this curve was assumed to be zero up to burst.

Referring to figures 6.30 and 6.31, the long-term fluid loss characteristics of the
axial dominated (1H:8A) loading case is seen to be similar to that of the pure hoop
loading case (i.e. weepage followed by abrupt fluid loss). The short-term behaviour,
however, is quite different (see figure 6.29). Whereas weepage is observed under pure -
hoop loading, the short-term leakage mode under axial dominated loading is seen to
be abrupt fluid loss. This abrupt leakage behaviour is identical to that observed for
the [+71°]s tubular specimens under pure axial cyclic loading (see section 5.2.3).

Due to the nominally low fluid pressures applied during the axial dominated tests,
a measurable loss of fluid will only occur when: a) an extensive amount of damage
through the wall thickness is present (i.e. short-term behaviour), or b) enough time
is available for fluid to slowly permeate (i.e. long-term behaviour). This loading
case clearly demonstrates how the observed leakage modes are governed by both the
damage accumulation rates, and applied pressure conditions (i.e. fluid driving force).

Referring to figure 6.32, fatigue-life curves were constructed from the permeability
profiles based on critical values of 0.1 x 10~'? mm? (initiation) and 10 x 10712 mm?
(post-initiation). A linear (semi-log) equation was fit to the initiation data, and was
found to be a reasonable fit. The difference between the initiation and post-initiation

data is quite small, particularly, for the short-term tests (~ 103). These points overlap



6.2 BIAXIAL TESTING OF [£43°]s TUBULAR SPECIMENS 141

360
)
£ 770
=
-
=
w)
O
(a1
=
< 180
=
Lt
[t
!
=
8
2
QO
=y

Zoace (IN)

Figure 6.27: Macroscopic failure modes for [£45°]s glass-fiber reinforced epozy tubular
specitmen under arial dominant (1H:84) cyclic loading; (top) front view, (bottom)
surface map.



6.2

Figure 6.28: Contraction of fibers on the inside of a [£45°]s glass-fiber reinforced
epozy tubular specimen under azial dominated (1H:84) cyclic loading at failure.

due to the abrupt leakage observed for these tests. When compared to the pure hoop

loading case (see figure 6.17), the fitted initiation curves are seen to be quite similar.

Cyclic Creep Strain - (1H:8A)

A representative cyclic creep strain curve for the axial dominated loading ratio is
shown in figure 6.33. This curve, presented in the material coordinate system, was
derived from the measured strains using the transformation given in equation 6.2.
When compared to the response under pure hoop (1H:0A) loading, the same general
shape and trends are observed. For an equivalent applied stress level, however, the
total creep strain and its accumulation rate is much higher for the axial dominated
loading case. This is seen to occurs over the entire range of maximum applied stresses.
This result is surprising due to assumed equivalence between these tests. The slight
biaxiality of the (1H:8A) loading ratio is not a factor since the additional applied
hoop stress should, in fact, act to retard the creep strain.

The relationship between permeability and shear creep strain is shown in fig-
ure 6.34. For the applied stress levels indicated, the threshold values for leakage

initiation occur between maximum shear strain levels of approximately 1.2% to 2.2%.
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Figure 6.29: Fluid loss characteristics of a [£45°]s glass-fiber reinforced epozy tubular
specimen under azial dominated loading (1H:8A) - (04 maz = 100 MPa); (a) fluid
volume loss (leakage) profile, (b) derived permeability curve.



6.2 BIAXIAL TESTING OF [+45°]s TUBULAR SPECIMENS 144

R 400 :_ 1 1] 1] 1 lif 1 1 J l L} L 1 4 —;
= B 4
S ¢ @ ]
S 300 3
— = .
wn
S :
o 200 .
= B 4
> n ]
S 100 F -
= R i
= - ]
O . =L H 1 1 l 1 1 H 1 I 1 i ] 1 -:
0 50 100 150
NUMBER OF CYCLES (X 10%)
&\ 150 B ] 1 | I L 1 l 1 1 T ]
C i 1
: p© ]
5 100 | ]
= B o 7
o o -
5 0 o° B
o5 i o° i
= B oO i
& I 00° ]
a- 0 —000000000"JO I ]
0 50 100 150

NUMBER OF CYCLES (X 10°)

Figure 6.30: Fluid loss characteristics of a [£45°]s glass-fiber reinforced epozy tubular
specimen under azial dominated loading (1H:8A) - (04 maz = 75 MPa); (a) fluid
volume loss (leakage) profile, (b) derived permeability curve.
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Figure 6.31: Fluid loss characteristics of a [+£45°]s glass-fiber reinforced epozy tubular
specimen under azial dominated loading (1H:84) - (04 maz = 60 MPa); (a) fluid
volume loss (leakage) profile, (b) derived permeability curve.
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Figure 6.32: Fatigue-life relationships for [+£45°]s glass-fiber reinforced epory tubu-
lar specimens under azial dominated loading (1H:8A) based on critical permeability
criterion.
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Figure 6.33: Measured cyclic creep strain curves in the material coordinate system for
[+£45°]s glass-fiber reinforced epozy tubular specimens under arial dominated loading
(1H:84).
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Figure 6.34: Relationship between the permeability and cyclic creep (shear) strain for
[+£45°)s glass-fiber reinforced epozy tubular specimens under azial dominated loading

(1H:8A).

When the results for the pure hoop loading ratio (see figure 6.20) are superimposed, it
can be seen that leakage initiation occurs at the same strain values (for an equivalent

applied maximum stress).

Stiffness Reduction - (1H:8A)

Stiffness reduction was measured for the axial dominated (1H:8A) cyclic tests at max-
imum applied stress levels of 100 MPa (short-term) and 60 MPa (long-term). For the
short-term test (0 mar = 100 MPa), the axial and shear stiffness reduction measure-
ments are shown in figures 6.35 and 6.36, respectively. It can be seen that both curves
have the same general shape and characteristics compared to that of the short-term,
pure hoop loading case (see figures 6.21 and 6.23). The shear stiffness reduction curve,
however, shows slightly more sensitivity to matrix damage accumulation.

For the long-term test (05 mar = 60 MPa), the axial stiffness reduction measure-
ment is shown in figure 6.37. This curve is also seen to exhibit the same characteristics
as that found for the pure hoop loading case. Compared to the short-term test, how-

ever, the behaviour is characterized by a higher initial drop in stiffness, followed by
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Figure 6.35: Measured azial laminate stiffness reduction of a [£45°]s glass-fiber rein-
forced epozy tubular specimen under azial dominated (1H:8A) cyclic loading - (04 maz

= 100 MPa).
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Figure 6.36: Measured shear laminate stiffness reduction of a [£45°]s glass-fiber rein-
forced epozy tubular specimen under azial dominated (1H:8A) cyclic loading - (04 maz

= 100 MPa).
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Figure 6.37: Measured azial laminate stiffness reduction of a {+45°)s glass-fiber rein-
forced epozy tubular specimen under azial dominated (1H:84) cyclic loading - (0o maz

= 60 MPa).

a very flat response in the measured stiffness values. The shear stiffness reduction
curve, however, was found to be similar to that of the short-term profile.

The relationship between leakage and measured damage accumulation is deter-
mined by comparing the fluid loss profiles to the stiffness reduction curves. For the
short-term leakage profile and stiffness reduction (see figures 6.29 and 6.35), the point
of abrupt leakage is seen to correspond to the final drop in stiffness at approximately
1,700 cycles. No leakage is detected prior to this point. For the long-term test (see
figures 6.31 and 6.37), however, there is no observable correlation between the leakage
initation point and stiffness reduction. Whereas matrix cracking is seen to saturate
quite early in the test (<10,000 cycles), leakage initiation does not occur until ap-
proximately 400,000 cycles.

6.2.4 Loading Based on Netting Analysis (Equi-biaxial)

The cyclic stress-strain response of a [+45°]s tubular specimen under equi-biaxial

(1H:1A) loading is shown in figure 6.38. The response is characterized by minimal
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Figure 6.38: Representative cyclic stress-strain curve for [£45°|s glass-fiber reinforced
epozy tubular specimens under equi-biazial loading (1H:1A) - (0h mez = 130 MPa).

cyclic creep and stiffness reduction, as expected for this fiber-dominated loading case
(note the strain scale in the figure). This is in contrast to the observed large-strain,
matrix dominated behaviour for the pure hoop (1H:0A) and axial dominated (1H:8A)
loading ratios. Although the stress-strain curves from the hoop and axial measure-
ments should be identical for this loading case, the hoop response is shown to be
much stiffer. This surprising phenomenon was seen repeatedly for all monotonic and
cyclic tests.

For the equi-biaxial (1H:1A) loading case, no visible macroscopic damage was
observed for any of the tests conducted. However, using the penetrant tracing method
described in section 5.2.2, uniform weepage throughout the entire gage section of the
specimen was observed (see figure 6.39). In order to verify the existence of matrix
cracks, scanning electron micrographs of the specimen wall were taken. Referring to
figure 6.40 (top), characteristic transverse matrix cracking® can be seen throughout
the wall thickness. These transverse cracks span the thickness of each ply, and are

perpendicular to the direction of applied load. Since this sample was sectioned along

§Since the SEM samples were extracted from an oil saturated specimen, the cracks show up in
white due to the inability of the required carbon coating to adhere to the surface.
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Figure 6.39: Weepage failure mode for a [£45°]s glass-fiber reinforced epory tubular
specimen under equi-biazial (1H:1A) cyclic loading.

one of the fiber directions, the matrix cracks in the odd layers are not visible. A
contiguous path is formed by the intersection of cracks at neighbouring layers, and by
growth of delaminations from existing transverse cracks (see bottom of figure 6.40).

A typical fluid volume loss (leakage) profile and derived permeability curve for the
equi-biaxial cyclic tests are shown in figure 6.41. While the initial part of the curve is
characteristic of weepage behaviour previously encountered, the response towards the
end is different. Contrary to previously examined profiles where the fluid loss rate is
seen to exponentially increase, the fluid loss rate for the equi-biaxial case is shown
to approach a constant value (i.e. linear response). This effect is more prominent for
lower maximum applied stress levels (see figure 6.42). The constant fluid loss rate is
reflected by a plateau at the end of the permeability curve. This suggests that the
multiplication and growth of matrix cracks has reached a limiting state (saturation).
Compared to the matrix dominated loading cases, however, further crack opening
and coalescence is restricted by the fiber dominated constraining layers (as reflected
by the minimal creep strains).

Applying the same critical values used for the other loading ratios, the fatigue-life
curves for the equi-biaxial (1H:1A) cyclic tests are shown in figure 6.43. A linear
(semi-log) equation was fit to both sets of data, and was found to be a reasonable
representation. The slopes of both fatigue-life curves are seen to be higher than those
of the pure hoop (1H:0A) and axial dominated (1H:8A) loading ratios. In terms of
leakage failure, this indicates that cyclic loading is more detrimental for this applied

loading condition.
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Figure 6.40: Scanning electron micrographs of matriz damage for a [+45°|s glass-fiber
reinforced epozy tubular specimen under equi-biazial (1H:1A) cyclic loading (sectioned
at 45° with respect to the tube azis); (top) through width section, (bottom) local trans-
verse cracking and delamination failure.
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Figure 6.41: Fluid loss characteristics of a [£45°]s glass-fiber reinforced epozy tubular
specimen under equi-biazial loading (1H:1A) - (0 maz = 145 MPa); (a) fluid volume
loss (leakage) profile, (b) derived permeability curve.
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Figure 6.42: Permeability profile for [£45°]s glass-fiber reinforced epozy tubular spec-
imens under equi-biazial loading (1H:1A) - (Oh mar = 110 MPa).

Stiffness Reduction - (1H:1A)

The axial and shear stiffness measurements for the short-term, equi-biaxial cyclic
test (Oh mer = 145 MPa) are shown in figures 6.44 and 6.45, respectively. When
compared to the other loading ratios, the equi-biaxial stiffness reduction exhibits
the same general shape in the initial part of the curve. For the later part of the
curves, however, the stiffness values seem to be stabilizing to a constant value. This
corroborates the limiting behaviour observed in the permeability curves. There is
no noticeable correlation, however, between the leakage initiation point and stiffness
reduction. The long-term stiffness responses where found to be very similar to those

of the short-term tests, and, therefore, are not included.

6.3 BIAXIAL FAILURE ENVELOPES

From the monotonic and cyclic test results given in the previous sections, biaxial
failure envelopes for the [£45°]s glass-fiber epoxy tubular specimens were constructed.

Referring to figure 6.46, the envelopes are plotted in the applied stress space (hoop
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Figure 6.43: Fatigue-life relationships for [£45°|s glass-fiber reinforced epory tubular
specimens under equi-biazial loading (1H:1A) based on critical permeability criterion.

and axial), and are based on leakage initiation (i.e. critical permeability of 0.1 x 1012
mm?). The applied monotonic stresses and strains at failure (leakage) are summarized
in table 6.2. For the cyclic tests, the constant life contours are generated based on
the fitted equations given in figures 6.17, 6.32 and 6.43. The data points, for both
monotonic and cyclic results, are fitted with spline curves in order to demonstrate
the envelope trends.

It can be seen from figure 6.46 that the monotonic failure envelope is slightly
asymmetric with respect to the 1H:1A loading ratio. Since the laminate geometry is
symmetric with respect to the loading axis, this is contrary to what was expected. The
applied hoop stress at failure was approximately 50% higher than that of the applied
axial failure stress. This is identical to observations made by Soden et al. [182] for
monotonic tests on [+£45°] filament-wound glass-fiber epoxy tubulars. In their study,
Soden [182] considered two effects to account for this observed asymmetry: a) the
development of an additional axial force on the specimen due to pressure (as a result of
specimen barrelling), and b) the generation of a triaxial state of stress in the specimen
wall due to the applied pressure (i.e. addition of a radial stress component). Both

effects, however, were reported to be quite small, and the authors were unable to
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Figure 6.46: Biazial monotonic and cyclic failure (leakage) envelopes for [+45°]s
glass-fiber reinforced epozy tubular specimens in applied stress space.

explain this behaviour.

The stress-strain response prior to ultimate failure also shows this asymmetric
behaviour. For equivalent stress levels, all axial dominated loading cases were seen
to exhibit higher strains compared to the hoop dominated cases under both mono-
tonic and cyclic loading. For the equi-biaxial (1H:1A) loading case, this difference
between hoop and axial response is clearly demonstrated (see figure 6.7). This would
suggest that the observed behaviour is most likely due to non-linear barrelling effects
imposed by the constrained ends and applied loading conditions. The non-linear ma-
terial behaviour (time dependent) and anisotropy may, in fact, add to this effect.
Unfortunately, this is extremely difficult to verify.

Contrary to the observations made for the monotonic failure envelope, the cyclic
failure envelopes are seen to be fairly symmetrical with respect to the applied loading
directions. These constant-life failure envelopes are based on leakage initiation, which

is seen to occur long before the non-linear effects predominate (i.e. < 2.5% strain for
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Table 6.2: Average applied stresses and strains at failure (leakage) for [45°]s glass-
fiber reinforced epozy tubular specimens under montonic loading.

Biaxial Applied Applied
Stress Hoop Hoop Axial Axial Observed
Ratio Stress Strain Stress Strain Failure Mode

(MPa) (%) (MPa) (%)

(1H:0A) 229.4 10.6 0.0 -10.9 Burst failure - extensive matrix
cracking and fiber breakage

(0H:1A) 16.8 -7.26 159.0 9.67 Helical separation along length of
specimen

(LH:1A) 230.7 0.83 230.7 1.16 Helical separation along length of

specimen

all specimens). The observed symmetry is a manifestation of the similarity between
the fitted fatigue-life curves for the pure hoop (1H:0A) and axial dominated (1H:8A)
loading ratios (see figures 6.17 and 6.32). This suggests that the initial progression
of damage leading to leakage initiation is very similar for these loading cases.

A comparison between the monotonic and cyclic failure envelopes reveals that the
long-term applied failure stress (10° cycles) is approximately 25%, 20% and 33% of
the monotonic failure stress for the (LH:0A), (1H:1A) and (1H:8A) loading ratios,
respectively. Although all specimens were seen to fail in the gage section, the mode
of failure was different for monotonic and cyclic loading conditions. For the mono-
tonic tests, all specimens failed by abrupt fluid loss (burst) which coincided with
the ultimate failure point (excessive fiber failure). For the cyclic tests, however, all
specimens were seen to initially fail by weepage due to uniformly distributed matrix
cracking¥. Under pure hoop (1H:0A) and axial dominated loading (1H:8A), abrupt
leakage failure was observed to follow this weepage behaviour.

The stages of damage progression, as measured by creep strain and elastic mod-

ulus, were seen to be quite similar for all tests conducted. Although matrix crack

Ywith the exception of the short-term (low cycle) axial dominated cyclic tests which were also
seen to fail by abrupt leakage (see section 6.2.3 for details)
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saturation (defined by the initial drop in stiffness) was seen to precede leakage ini-
tiation, no direct correlation between these two was found to exist. Particularly for
long-term tests, the life at matrix saturation was seen to be significantly less that
that of leakage initiation. This discrepancy demonstrates that leakage behaviour is
governed not only by the formation of cracks, but also by their inter-connectivity
through the wall thickness. The opening of existing transverse cracks, and the for-
mation of interlaminar cracks does not significantly influence the measured stiffness
reduction.

The predicted long-term failure envelope based on the linear elastic limit is also
shown in figure 6.46. The limiting stress values used in this envelope were estimated
from the monotonic stress-strain curves for each of the loading ratios tested (see
figures 6.1, 6.4 and 6.7). Similar to the tests conducted on [£71°]s specimens, the
linear limit envelope is seen to be quite conservative, corresponding to an extrapolated
life of approximately 10°.

In summary, the current [£45°]s specimen design seems to be valid for evaluating
the response and leakage characteristics for all tensile biaxial loading ratios under
cyclic loading. No significant end effects were observed for leakage initiation. If
the barrelling effect is, in fact, responsible for the observed differences in hoop and
axial behaviour, modifications to the specimen ends may be required to accurately

determine the monotonic failure envelope.



CHAPTER 7

Stress-Strain Distributions and Failure Analysis of

Tubular Specimens

7.1 METHODOLOGY

In this chapter, the stress and strain distributions in [£71°]s and [+45°]s glass-
fiber epoxy tubular specimens are determined using finite element analysis. The
purpose of this exercise is to determine the validity of the current specimen design
for studying matrix dominated (leakage) failure modes in fiber reinforced composite
tubular specimens. This analysis will be used to clarify the effects of the end condition
on the observed failure modes and locations. By invoking the maximum strain failure

criterion, prediction of the applied failure stresses at leakage will also be considered.

7.1.1 Description of the Finite Element Model

Linear elastic finite element methods have been used in a number of studies to
investigate the stress and strain distributions in composite tubular specimen de-
signs [150, 262-264, 266, 280-282]. In these studies, however, no attempt was made
to predict specific failure modes and locations. For specimens used to determine ul-
timate failure properties, the use of linear elastic methods may not be suitable in
cases where the observed stress-strain behaviour is highly non-linear. However, if the
analysis is restricted to the prediction of damage initiation events (such as matrix
cracking), the use of linear methods may provide valuable insight.

In this study, the [£71°]s and [£45°]s glass-fiber epoxy tubular specimens under

various applied loading ratios were modeled using the general purpose finite element

160
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package ANSYS. From the available element library, a 2D homogenized shell formu-
lation was selected (ANSYS SHELL99) for two reasons: 1) the leakage behaviour of
interest (weepage) is predominantly due to the initiation and accumulation of trans-
verse matrix cracks which is governed by the in-plane stress/strain state, and 2) the
accurate determination of out-of-plane stress/strain components, particularly at the
interlaminar interface, requires the use of 3D elements which tend to necessitate very
large computational resources.

The SHELL99 element is an 8 node isoparametric shell element which can be used
to model multi-layered (anisotropic) laminated structures. In this element, shear
deformation is included in the derivation by assuming that straight lines normal to
the mid-surface remain straight but not necessarily perpendicular after deformation.
In the construction of the solution, the composite layer properties are homogenized
prior to solving for the global degrees of freedom. The layer strains are determined
using conventional shell strain-displacement relations. A complete derivation of this
element can be found in reference [283].

The finite element mesh used in this analysis is shown in figure 7.1. Since the
laminate properties (orthotropic and homogenized) and boundary conditions (applied
loads and displacements) are symmetric with respe;ct to the cylindrical geometry,
the required number of elements was reduced by modeling only 1/8 of the tubular -
specimen. Since most of the specimen tab is effectively clamped in the grips, only
the tapered section was included in the model. The taper in the tab geometry was
created by using successively thicker shell elements at the ends. Due to the high
strain gradients observed, the mesh was refined at the specimen ends in order to
improve the accuracy of the solution. Two mesh sizes (290 and 1056 elements) were
tested to investigate solution convergence. For the case of the [£71°]s specimen under
(17H:2A) loading, the difference in maximum transverse strain (at the specimen ends)
between these two mesh sizes was found to be only 1.5%. The larger mesh was deemed
acceptable and was used in subsequent analysis.

Two separate analyses were performed for each [£71°]s and [£45°]s tubular spec-
imen to determine the mechanical and thermal stress/strain distributions. These
analyses were performed separately due to differences in the fixed boundary condi-
tions at the end of the tube. Since the analysis is linear, the overall stress/strain

distribution was found by superposition. The elastic properties used in this analysis
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Figure 7.1: Finite element mesh of glass-fiber reinforced epory tubular specimens.
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Table 7.1: Elastic properties for tubular specimen

components.

Property

El (GPa.)
Eg, E3 (GPa.)
Vi2, 13

V23

Glz, G13 (GPa.)

G23 (GPa.)

a; (x1078/°C)
az (x1078/°C)

Reference

E-Gl/Ep Epoxy
Composite Aluminum Adhesive
(3M-1003) (6061-T6)

41.7 71.0 4.8
13.0 — S
0.3 0.33 0.34
0.4 — _
3.4 26.2 1.8
4.6 — —
8.6 — —
21.9 — —

[64]" (284] [285]

*confirmed by in-house tests

are given in table 7.1.

For the mechanical analysis, the specimen is modeled with fully clamped end

conditions (at the back of the tab section) which emulates the fixed grip system used

in the experimental procedure. The mechanical loads are introduced to the specimen

by the proportional application of hoop and axial tractions (stresses). The hoop stress

(o4) is produced by an applied pressure load (P) on the inside surface of the tubular

specimen, while the axial stress (o,) is generated by applied axial stress resultants

(N, in force per unit length) at the end of the specimen. For a given biaxial stress

ratio (i.e. o4:0,), the load boundary conditions can be determined using the following

relations:

OhpW
for pressure, P =
Tm

for axial stress resultant,

N,=o.,w

where, 7, and w are the mean radius and wall thickness of the specimen, respectively.



7.1 STRESS-STRAIN DISTRIBUTIONS AND FAILURE ANALYSIS 164

Referring to figure 7.1, the symmetry (displacement) boundary conditions used in

the analysis are as follows:

L)

along the boundary z = ;g, uy=p0 =B =06.=0

and along the boundaries § =0 and g ug =B, =08-=0 (7.1)

4

where, u and 3 are the prescribed nodal displacements and rotations, repectively.
In addition to the symmetry boundary conditions specified by equation 7.1, a fully

clamped condition is imposed at the tab by:
along the boundary z = —{;, ur=ug=u =0 =B =6.=0

The thermal analysis is performed to determine the residual stress/strain dis-
tribution as a result of elevated temperature curing. In contrast to the boundary
conditions for the mechanical loading case (i.e. clamped ends), the tube is assumed
to be unconstrained throughout its length during the molding procedure. As such,
only a simple composite cylinder (1/8 model) without tabs is required in the analy-
sis. A temperature drop of —139°C (—250°F) is imposed to simulate the post-cure
condition. In order to prevent any rigid body displacements or rotations, the same"
symmetry conditions as defined by equation 7.1 are used along with the following free

end boundary conditions:
along the boundary z =0, y=u.=0=06.=0

In the following sections, the strain distributions determined by the mechanical
analysis were found to be uniform along the the circumference (due to symmetry) but
varied along the length and through the thickness of the specimen. These distributions
are, therefore, presented along the length of the specimen for the inner and outer layers
only. Conversely, the strain distributions determined by the thermal analysis were
only found to vary linearly through the wall thickness. These linear distributions
are, therefore, summarized by the strain values at the inner and outer surface of the
tubular specimen, as shown in table 7.2.

The associated ANSYS batch files used for both the mechanical and thermal
analysis are provided in Appendix F.
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Table 7.2: In-plane residual thermal strains
for the [£71°]s and [£45°]s glass-fiber rein-
forced epory tubular specimens as determined
at the inner and outer layer (AT = —139°C
or —250°F).

Location €1t €2t Yiat
(%) (%) (%)

[£71°]s (inner layer) -0.015 0.025 0.113
[£71°]s (outer layer) -0.005 0.026 0.120
[£45°]s (inner layer) -0.054 0.131 0.007
[£45°]s (outer layer) -0.046 0.138 0.007

7.1.2 Description of the Failure Analysis

Once the stiain distributions have been determined by finite element analysis, the
maximum strain failure criterion can be invoked to predict the failure mode, failure
location and the applied failure stresses in the tubular specimen. The advantages
of this failure criterion are its relative simplicity and ability to differentiate between
failure modes. In addition, there is a growing body of evidence suggesting that matrix
failure in composite laminates is, in fact, governed by limiting strains.

Mieras [160] found that the strains at leakage were similar for various applied
stress levels during static fatigue (creep) testing of glass-fiber epoxy pipes. Hoover et
al. [66] investigated the effect of stress and strain controlled loading on matrix crack
formation in [+6,902]s glass/epoxy coupons. This study showed that under constant
stress, crack multiplication occurred as a result of creep. The resulting development
of each transverse crack (with time), however, was found to correlate to a unique
strain level for different applied stresses.

Lending further support, the independent and non-interacting characteristics of
the maximum strain failure criterion has also been experimentally demonstrated by a
number of different studies. Francis et al. [171] performed experiments on {0°,90°]s

and [+45°]s thin-walled graphite/epoxy tubular specimens under quasi-static loading
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in order to determine the effects of combined hoop and shear loading on the matrix
crack initiation (first ply failure). In their study, the transverse and shear matrix
failure modes were found to be independent. The resulting shape of the experimental
failure envelope (crack initiation) was the same as that generated using the maximum
strain failure criterion. Wang and Socie [102] found similar results for biaxial com-
pression tests on glass-fiber epoxy cross-ply and unidirectional cruciform specimens.
This study found that the ultimate compressive failure strains in the principal loading
directions were independent of one another.

Swanson and co-workers successfully used the maximum strain failure criterion
to predict the biaxial failure envelopes for a variety of carbon/epoxy quasi-isotropic
tubular specimens [183,185,188]. As pointed out by Hart-Smith [286], these “well
designed” lay-ups exhibit relatively linear behaviour to failure for all biaxial ratios
due to the multi-directional placement of the fibers, and relatively high modulus (and
lower strain to failure) in the fiber direction.

For the maximum strain criterion, failure in a layer is assumed to have occurred
when one of the following conditions in the material coordinate system is satisfied

(only in-plane loading is considered):

+
. . €
for tensile fiber failure, -+ =1,
le
) . €
for compressive fiber failure, == 1,
1f
&
for tensile transverse matrix failure, - =1,
. - ] €5
for compressive transverse matrix failure, —%— =1,
2y
and
. . Y12
for in-plane shear failure, =1 (7.2)
Yi2f

where, ¢; is the total (in-situ) strain due to mechanical and thermal loading. and €y
is the critical failure strain as determined by characterization tests (+ and — denote

tensile and compressive loading, respectively).
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Table 7.3: Critical failure strains for use with marimum strain
failure criterion (3M-1003 Scotchply Glass-fiber Epozy).

Critical Characterization
Strain Specimen

(%)
Cff = 2.3 Unidirectional Tubular (measured in-house)
€f = -1.5 Unidirectional Cruciform (reference [102])
6; ;= 0.5 Unidirectional Coupon {measured in-house)
€ = -1.8 Unidirectional Cruciform (reference {102])
T2y = 1.3 Cross-ply losipescu {measured in-house)

For each of these loading cases (i = 1,2,12), the total (in-situ) strain represents
the combination of applied mechanical strain (€n) and thermal residual strain (¢),

as follows:
€ = €im + €it (for i=1, 2, 12) (73) :

The critical strain values used in this study are summarized in table 7.3. These
values were selected based on available data from in-house tests and sources in the
literature. Fiber and transverse failure strain values were all determined from tests
conducted using unidirectional specimens. Since no criteria currently exists for speci-
fying the shear failure strain at initiation, it was taken as the point of non-linearity on
the shear stress-strain curve, defined by the intersection of an approximate bi-linear
fit. The assumption made is that the point of non-linearity represents the onset of
damage initiation.

In examining the leakage behaviour of tubular specimens, two definitions of failure
are considered in the following analysis: 1) initiation failure, and 2) through wall fail-
ure. Initiation failure® is assumed to occur when the failure criterion is first satisfied

at any point in the structure. Conversely, through wall failure is assumed to occur

*also refered to as first ply failure in other references
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only when the failure criterion is satisfied in all layers at a given point. Whereas the
initiation failure is representative of the onset of damage, the through wall definition

is assumed to be more representative of leakage failure.

7.2 ANALYSIS OF [+71°]s TUBULAR SPECIMENS

Thermal and mechanical finite element analysis was performed on the [£71°]s
tubular specimens. Mechanical strain distributions (as determined at the integra-
tion points) for the tubular specimens were calculated for the following biaxial stress
ratios: (1H:0A), (17H:2A), (1H:1A) and (OH:1A). Results from the thermal anal-
ysis are presented in table 7.2. The total (in-situ) strain distributions were found
by superposition of the mechanical and thermal solutions as given by equation 7.3.
By invoking the maximum strain failure criterion (equations 7.2), the failure loca-
tion, failure mode and applied failure stress (for initiation and through wall failure)
were determined. These predictions were compared to the experimental results and

observations presented in chapter 5.

7.2.1 Pure Hoop Loading

The in-plane mechanical stress and strain distributions for the [£71°]s tubular
specimen under pure hoop (1H:0A) loading are shown in figure 7.2. Results are
presented for the top (outer) and bottom (inner) layers of the tubular specimen. The
stress and strain values are normalized with respect to applied hoop stress (with the
strain being made non-dimensional by using the calculated laminate hoop stiffness).
Although the absolute value of shear strain is used in the failure analysis, negative
shear stress and strain results (as calculated) are presented in the figure for clarity.

It can be seen in both figures that high gradients exist at the ends of the specimen
due to the clamping effect of the grips. Inside the tabs (2/l; < 0), the in-plane
response is reduced sigificantly. The boundary effect is limited to approximately 1/2
a specimen diameter from the tab (~19 mm or 0.75 in). The distributions throughout
most of the gage section is seen to be very uniform, converging to the values predicted
by classical laminate theory (CLT). Since curvature effects are not incorporated into
the CLT analysis, the values predicted by CLT are equivalent to those of the FEA at



7.2 STRESS-STRAIN DISTRIBUTIONS AND FAILURE ANALYSIS 169

2,0 —IITlITFIl[l“11_ljll7llllll‘llli-
- (a) ! — TOP LAYER .

I — - BOTTOM LAYER i

1.0 p

A

CEh/O-h opplied
o
o

llllllll1|lll|ll

CLT €,
-1.0 de CLT Y12
_2.0 1 1.1 1 l 1 11 1 I L 1 P | L | I | I 1 1 1 I 1 L1 1

-0.1 0.0 0.1 0.2 0.3 0.4 0.5
7/L,
1.5 N T U7 17] T 1 U 1 _l i SR SR l T 1T 1 1 _I t 11 ] I 1 | S DL ]
- (b) L
1.0 F ~—— 3 CLT O,
5 05F -
S oof ey~ 1 o o,
© . TS o Ty
-0.5 . -— TOP LAYER _
- —~ - BOTTOM LAYER .
_1.0 SN ST IR BN AT B A B BE U BB Poovgsv brvaa o b g 1
-0.1 0.0 0.1 0.2 0.3 0.4 0.5
7/L,

Figure 7.2: Non-dimensional stress (a) and strain (b) distributions along the half

gage length of a [£71°]s glass-fiber reinforced epozy tubular specimen under pure hoop
loading (1H:0A).
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the mid-surface. In the gage section, the applied load is taken mainly by the fibers,
with the transverse strain being compressive.

The effect of the various failure modes (as defined by the maximum strain failure
criterion) is best expressed by the distributions of failure strain ratios as shown in
figure 7.3. The predicted location for both initiation and through wall failure is at the
end of the specimen, as a result of combined matrix cracking (transverse tension and
shear failure). This is representative of the observed behaviour under cyclic loading,
but is not representative of the localized burst failure mode seen for monotonic loading
(see figure 5.3). Although fiber failure is not predicted by this analysis, the location
of the observed monotonic burst point is seen to correspond with that of the highest
fiber stress and strain values along the length of the specimen (see figure 7.2).

The predicted initiation and through wall (hoop) failure stresses were 93.2 MPa
and 310.1 MPa, respectively. Compared to the experimental monotonic (260.1 MPa)
and cyclic hoop stress at 10° (214.9 MPa), the predicted through wall hoop stress is
19% and 44% higher, respectively. The predicted initiation hoop stress is seen to be

very conservative.

7.2.2 Pure Axial Loading

For the pure axial (0H:1A) loading ratio, the mechanical stress and strain distri-
butions are presented in figure 7.4. When compared to the pure hoop (1H:0A) loading
case, the gradients at the end of the specimen are not as severe. The load is taken
predominantly by the transverse matrix and shear components. The boundary effect
due to the clamped ends is, again, seen to be limited to a length of approximately
1/2 a specimen diameter from the tab.

The strain ratio distribution, shown in figure 7.5, demonstrates that the failure
throughout the specimen is governed by the tensile transverse failure strain. All dis-
tributions are relatively uniform over the entire gage section. The predicted through
wall axial stress at failure (64.0 MPa) was found to correlate quite well with the
experimental monotonic result (57.5 MPa). As predicted, the actual failure mode is
seen to be (helical) transverse matrix cracking along the length of the gage section
(see figure 5.6).
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Figure 7.3: In-plane failure strain ratios based on through wall failure for a [£71°]s
glass-fiber reinforced epozy tubular specimen under pure hoop loading (1H:0A) -
(Ch appties = 810.1 MPa); (a) along half gage length, (b) concentration effects at the
tab (e1/ef; was omitted for clarity).
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Figure 7.4: Non-dimensional stress (a) and strain (b) distributions along the half

gage length of a [£71°]s glass-fiber reinforced epory tubular specimen under pure azial
loading (OH:1A).
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Figure 7.5: In-plane failure strain ratios based on through wall failure for a [£71°]s
glass-fiber reinforced epory tubular specimen under pure azial loading (0H:1A) -
(04 applied = 64.0 MPa).

The predicted initiation failure stress (48.2 MPa) was also found to be similar to
the experimental results but the location of failure was shown to be at the end of
the specimen (at the top layer). Even though damage initiation is predicted at the
specimen ends (at the outer layer only), through wall failure is supressed at this point
due to the much lower strains at the inner layer.

The axial stress at failure predicted by classical laminate theory (64.0 MPa) was
shown to be identical to that predicted by FEA. This is not surprising since the
stress and strain distributions were found to be uniform over the gage section of the

specimen.

7.2.3 Loading Based on Netting Analysis

The mechanical stress and strain distributions for the [£71°]s tubular specimen
under (17H:2A) biaxial loading are shown in figure 7.6. These distributions are similar
to those of the pure hoop loading case (figure 7.2) with a slight reduction in the
transverse (less compressive) and shear strains values throughout the specimen. The
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distribution is again characterized by high stress/strain gradients at the end of the
specimen converging to uniform values in the gage section.

As shown in figure 7.7, the failure strain ratio distribution is also similar to that
found for the pure hoop loading case. One significant difference, however, is the
substantial increase in the tensile transverse strain ratio between z/l; = 0.02 and
z/l; = 0.1 (parabolic shaped concentration). Although leakage was shown to occur
predominantly at the end of the specimens, the maximum point of this concentration
(/13 ~ 0.06) is seen to correspond to the location of a second observed leakage point
(see figure 5.17).

The predicted initiation and through wall failure stresses were 85.8 MPa and 393.3
MPa, respectively. Compared to the experimental monotonic (260.1 MPa) and cyclic
hoop stress at 103 (214.9 MPa), the predicted through wall hoop stress is seen to be
16% and 30% higher, respectively. Similar to the pure hoop loading case, the predicted
location for both initiation and through wall failure is at the specimen ends. This,

again, is only representative of the observed behaviour under cyclic loading conditions.

7.3 ANALYSIS OF [+45°]s TUBULAR SPECIMENS

Thermal and mechanical finite element analysis was also performed on the [+45°]s
tubular specimens. The same methodology used in the analysis of the {£71°]s tubular
specimens was invoked here (see introduction to section 7.2). Mechanical strain dis-
tributions, however, were calculated for the following biaxial stress ratios: (1H:0A),
(2H:1A), (1H:1A), (1H:2A), (1H:8A) and (0H:1A). Predictions were compared to the

experimental results and observations from chapter 6.

7.3.1 Pure Hoop Loading

The in-plane mechanical stress and strain distributions for the [£45°]s tubular
specimen under pure hoop (1H:0A) loading are shown in figure 7.8. It can be seen
in these figures that only moderate stress/strain gradients exist at the ends of the
specimen due to the clamping effect of the grips. Similar to the [+71°]s tubular spec-
imen, the boundary effect for the [+45°]s specimen is limited to approximately 1/2 a

specimen diameter from the tab (~19 mm or 0.75 in). The distributions throughout
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Figure 7.6: Non-dimensional stress (a) and strain (b) distributions along the half

gage length of a [£71°]s glass-fiber reinforced epory tubular specimen under (17H:2A)
biazial loading.
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the gage section is seen to be dominated by a uniform in-plane shear response, with
results converging to the values predicted by classical laminate theory (CLT).

The matrix shear component is also seen to dominate the failure behaviour, as
shown by the failure strain distribution in figure 7.9. Although the through wall
matrix failure (due to shear) is uniform over most of the gage section (85%), it is seen
to be supressed over a small area at the specimen ends (~ 6 mm in length). This
failure distribution is confirmed by the actual weepage pattern observed under cyclic
loading (see figure 6.13). The predicted initiation and through wall failure stresses
were 67.9 MPa and 88.3 MPa, respectively. The through wall value is seen to correlate,
quite well, with the cyclic hoop stress at 10° (104.7 MPa) but was significantly smaller
than the monotonic stress at failure (229.4 MPa).

7.3.2 Axial Dominated Loading

For the axial dominated (1H:8A) loading ratio, the mechanical stress and strain
distributions are presented in figure 7.10. When compared to the pure hoop loading
case, the distributions are seen to be very similar over the entire length of the specimen
(including the gradients at the end). The distribution is, again, dominated by a
uniform in-plane shear response.

The failure strain ratio distribution for the axial dominated (1H:8A) loading case
is shown in figure 7.11. It can be seen that the through wall failure mode is predicted
to be matrix cracking in the gage section due to the uniformly distributed in-plane
shear strains. The predicted initial and through wall axial failure stresses are 69.3
MPa and 100.7 MPa, respectively. The through wall value is seen to correlate with
the cyclic stress at 10° cycles (104.4 MPa).

7.3.3 Loading Based on Netting Analysis (Equi-biaxial)

The mechanical stress and strain distributions under equi-biaxial (1H:1A) loading
are shown in figure 7.12. Once again, moderate stress/strain gradients are present
at the specimen ends due to the clamping effect of the grips. Similar to the other
loading cases, this effect stabilizes at approximately 1/2 a specimen diameter from
the tab. Compared to the pure hoop (1H:0A) and axial dominated loading cases
(1H:8A), however, the distributions throughout the gage section are now dominated
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Figure 7.8: Non-dimensional stress (a) and strain (b) distributions ‘along the half
gage length of a [£45°]s glass-fiber reinforced epozy tubular specimen under pure hoop
loading (1H:0A).
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Figure 7.9: In-plane failure strain ratios based on through wall failure for a [£45°]s
glass-fiber reinforced epozy tubular specimen under pure hoop loading (1H:0A) -
(dh applied = 88.3 MPa).

by the fiber (¢;) and transverse (ez) strains.

The relative influence of these strain components on the predicted failure be-
haviour is demonstrated in figure 7.13. Due to the lower strain to failure in the trans-
verse direction (ezf), matrix cracking is seen to dominate. The predicted through
wall failure due to transverse matrix cracking is uniform over most of the gage sec-
tion (90%). This is again confirmed by the observed weepage pattern under cyclic
loading (see figure 6.39). The predicted initiation and through wall failure stresses
are 83.2 MPa and 117.1 MPa, respectively. In contrast to observations made for the
other loading ratios, the through wall failure stress is seen to be quite conservative
compared to both the experimental monotonic (230.7 MPa) and cyclic stress at a life
of 10° (145.7 MPa).

7.4 PREDICTION OF BIAXIAL FAILURE ENVELOPES

The predicted and experimental biaxial failure envelopes for the [£71°]s and

[+45°]s tubular specimens are shown in figures 7.14 and 7.15, respectively. Pre-
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Figure 7.10: Non-dimensional stress (a) and strain (b) distributions along the half
gage length of a [+45°]s glass-fiber reinforced epory tubular specimen under azial
dominated loading (1H:84).
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Figure 7.11: In-plane failure strain ratios based on through wall failure for a [+45°]s
glass-fiber reinforced epory tubular specimen under azial dominated biazial loading

(IH:SA) - (on ;ﬁplged = 100.7 MPa).

dictions based on initiation and through wall failure definitions are provided. The
predicted failure points are joined by linear segments to demonstrate the general
shape of the envelopes. The predicted and experimental failure results, including
failure mode and location, are summarized in tables 7.4 and 7.5.

For both specimen geometries, the through wall assumption is seen to accurately
predict the failure mode and location under cyclic loading conditions. This is not
surprising since the observed weepage behaviour under cyclic loading was found to
be representative of the matrix cracking failures predicted by the analysis. This also
explains the symmetry in the cyclic failure envelopes for the [£45°]s specimens (see
figure 6.46). From figures 7.8 and 7.10, it can be seen that there is little difference be-
tween the elastic strain distributions for the [+45°]s hoop and axial dominated loading
cases. Although non-linear effects manifest themselves in the monotonic failure enve-
lope, the cyclic (leakage) envelopes are dictated by low strain, matrix damage events.
While the [+71°]s geometry was seen to be affected by specimen end conditions, the
elastic stress/strain distributions in the [+45°]s specimens were very uniform for all

loading ratios.
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Figure 7.12: Non-dimensional stress (a) and strain (b) distributions along the half
gage length of a [£45°]s glass-fiber reinforced epozry tubular specimen under equi-
biazial loading (1H:1A).
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Figure 7.13: In-plane failure strain ratios based on through wall failure for a [£45°]s

glass-fiber reinforced epory tubular specimen under equi-biazial loading (1H:14) -
(Oh appiied = 117.1 MPa).

When compared to the monotonic test results, the observed discrepancies in pre-
dicted failure mode and location can be attributed to the competing effects of damage
accumulation rate and fluid flow rate (see permeability relation in equation 4.6). Al-
though matrix cracking is typically the first mode of failure observed under monotonic
loading, a measurable leakage rate cannot be detected unless sufficient time is pro-
vided for fluid to permeate (the initial flow rates are very small). This explains the
matrix dominated weepage behaviour observed in other studies for tests conducted
for slow monotonic rates [204] and under long-term static loading [160]. Since the
monotonic ramp rates used in this study were relatively fast (< 30 minutes to fail-
ure), ultimate (fiber) failure was achieved before there was a significant loss in fluid
volume. Due to progressive damage and load re-distribution effects, the monotonic
failure modes and locations could not be predicted by the current analysis.

In general, the accuracy of the predicted failure stresses is seen to depend upon
the specimen geometry, biaxial loading ratio and critical strain values selected. For
the [£71°]s geometry, the initiation and through wall predictions show good corre-

lation to the experimental results for the pure axial (0H:1A) loading case. Under
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Figure 7.14: Predicted and ezperimental biazial failure (leakage) envelopes for [£71°]s
glass-fiber reinforced epozy tubular specimens in applied stress space.

hoop dominated loading (1H:0A and 17H:2A), however, the predicted through wall
failure stresses are seen to be significantly higher than the experimental results. This
difference could be due to the delamination failure mode observed at the specimen
ends (see section 5.2.2). Since this analysis is restricted to in-plane behaviour, this
failure mode is not taken into account. The results imply that the in-plane analysis
may be too approximate for the multiaxial stress field at the tab. Although the failure
values for this loading case are not exact, the predicted leakage location is seen to
correspond to that observed under cyclic loading conditions.

For the [+45°]s tubular specimens, the predicted through wall failure stresses are
seen to best represent low cycle fatigue failure. The predicted stresses for the shear
dominated loading ratios (1H:0A and 1H:8A) were seen to correlate to the applied
stress level at approximately 10% cycles. This is not unexpected since the critical shear
strain value used in this analysis (712 = 1.3%) was similar to the range of cyclic shear
strains observed at leakage initiation (see figures 6.20 and 6.34). For the equi-biaxial
(1H:1A) loading case, however, the predicted failure stress is lower than the short-
term cyclic envelope. Since the behaviour under this loading ratio is dominated by

the transverse strain (€;), the difference between predicted and experimental results
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Figure 7.15: Predicted and ezperimental biazial failure (leakage) envelopes for [£45°]s
glass-fiber reinforced epozy tubular specimens in applied stress space.

indicate that the critical transverse strain value (€y), used in this study, may be low.

The critical failure values (and how they are determined) are seen to have an
enormous impact on the predicted failure stresses. Transverse failure strains (eaf),
traditionally, have been derived from characterization tests on unidirectional laminal.
It has been demonstrated in a number of studies, however, that the in-situ transverse
failure strain of a ply within a laminate is affected by the constraint of its neighbour-
ing plies. For tests conducted on [0°,902]s cross-ply coupons, the in-situ transverse
strain to failure of the 90° ply has been shown to increase as the thickness of this
layer decreases (i.e. as n — 0) [71,72]. Critical values derived from unidirectional
characterization tests are, therefore, only representative of laminates with very thick

layers or negligible constraint.

tThis was also done in the current study.
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This would explain the relatively low predicted failure stress for the [+45°]s speci-
mens under equi-biaxial loading (1H:1A). For this loading ratio, the [£45°]s geometry
acts like a cross-ply under biaxial tension. The resulting in-situ transverse strength
will be much higher due to ply constraint. Conversely, this also explains the good
correlation found between predicted and experimental results for the [£71°]s speci-
men under pure axial loading (0H:1A). For this laminate geometry, there is relatively
little ply constraint in the axial direction, and, thus, failure strains derived from
unidirectional specimens are appropriate.

Even though this constraint phenomenon has been known for some time, no
methodologies have been developed to quantify the transverse in-situ failure strength
in laminates. It is also not known whether this constraint effect applies to failure
under in-plane shear loading. One problem encountered in determining this is that
shear failures (at least under monotonic loading) do not produce the same visible crack
formations that are found for transverse matrix cracking. Instead, discoloration or
whitening of the failure area is observed. Shear failure values, as measured by the
various conventional characterization procedures [287-290}, often show wide discrep-
ancies. Thus, an appropriate definition of shear failure is also unresolved.

The predicted failure stresses based on the damage initiation definition were found
to be quite conservative. This is expected since leakage is predicated by the accu-
mulation of multiple inter-connected cracks, not by their initiation. In addition, the
predicted initiation and experimentally observed failure locations were not necessarily
the same. This demonstrates the potential error associated with defining the leakage
failure based on the initiation definition. When compared to the monotonic limit of
linear elastic behaviour, the initiation failure values are seen to be much larger. This
suggests that the initial non-linearity observed in the monotonic stress-strain curves
may be due to non-linear visco-elastic effects or micro-scale damage accumulation

(rather than macroscopic matrix cracking).



CHAPTER 8

Conclusions

From the preceding chapters, it can be seen that the leakage behaviour of fiber re-
inforced composite tubes can be quite complex. Through careful experimental char-
acterization and numerical modeling, a better understanding of the leakage process
under monotonic and cyclic loading conditions has been achieved.

A new biaxial testing machine was developed to conduct the experimental study.
This machine is capable of imposing a biaxial state of stress or strain in a tubu-
lar specimen through the application of independent differential pressure, axial force
and torsion servo-hydraulic control. Stress/strain controlled, monotonic/cyclic, and
in-phase/out-of-phase (non-proportional) tests can be performed with this system.
Specialized transducer systems to measure load, torque, koop strain and axial strain
have been developed. The associated computer control hardware and software allows
for a number of complex user-defined loading and acquisition schemes. The soft-
ware is a key element in the system since it provides supervisory control tasks (i.e.
test initialization, waveform generation, system alarm handling, and automatic wave-
form adjustment), and allows for efficient management/extraction of the large output
datafiles. The ability to measure fluid volume loss and elastic modulus (during cyclic
testing) are essential features for characterizing leakage behaviour in fiber reinforced
composite specimens.

Specimens were fabricated from pre-impregnated composite tapes (prepregs) us-
ing a tube rolling method, in conjunction with an inflatable mandrel molding process.
Compared to other fabrication methods which use external pressure for consolida-
tion, the inflatable mandrel technique was found to produce composite tubes without

overt defects. The new specimen fabrication methodology is versatile and relatively
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inexpensive to implement, and produces high quality laboratory specimens with re-
peatable material and geometrical characteristics. The specimen design consists of a
straight composite tube with bonded aluminum end tabs. This configuration allows
for a wide range of specimen geometries and sizes. The tabs provide a precise surface
for specimen installation and high pressure seals, and allow for the application of
large clamping forces without damage to the composite tube.

Leakage failure in composite tubular specimens can be categorized by two distinct
modes: a) abrupt leakage (burst), and b) weepage (slow progressive loss of fluid). By
using Darcy’s Law for flow through a permeable medium, a relation which defines the
fluid flow characteristics in a damaged composite tube is developed (see equation 4.6).
From this relation, the leakage rate is shown to be a function of the damage state
(permeability), applied pressure, specimen geometry (wall thickness and surface area)
and fluid characteristics (viscosity). A new damage parameter, based on the perme-
ability, can be used to define functional failure for weepage type behaviour. For a
given laminate geometry and loading condition, the permeability profile can be calcu-
lated from the experimentally determined fluid volume loss curves (after appropriate
volume corrections are made). By defining a critical damage value for a particular
application, the permeability profile can be used to generate the fatigue-life curves.

Biaxial monotonic and cyclic tests were performed on [£71°]s and [+45°]s glass-
fiber epoxy tubular specimens in the tensile-tensile regime. Failure location, macro-
scopic failure mode, and leakage failure stress were found to be dependent upon the
lay-up geometry, applied biaxial loading ratio and loading type (monotonic versus
cyclic). In general, specimens under monotonic loading were seen to fail by abrupt
leakage (burst), while those subjected to cyclic loading failed by weepage. This dif-
ference in failure mode can be attributed to the competing effects of damage accumu-
lation rate and fluid loss rate (i.e. an observable leakage rate can only be detected if
sufficient damage or time is available for fluid to flow). In addition to this difference
in failure mode, the shapes of monotonic and cyclic leakage envelopes were not the
same. This would suggest that models used to predict the cyclic envelope based on
the monotonic envelope [198,291,292], may be inappropriate for the leakage failure
definition.

For the [+71°]s tubular specimens, general anisotropy with respect to the ap-

plied loading directions (hoop and axial) was demonstrated for both monotonic and
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cyclic failure envelopes. The mode of failure under pure axial loading was found to
be similar for both monotonic and cyclic loading (single predominant helical fracture
through gage section). For hoop dominated loading, however, monotonic failure oc-
curred by localized burst failure (fiber breakage) close to the specimen ends. For the
cyclic tests, leakage was observed to originate from the end tabs due to intra- and
inter-laminar matrix cracking. The observed end failures suggest that specimen end
reinforcement may be necessary for this laminate geometry under hoop dominated
loading conditions.

For the [+45°]s geometry, all specimens were seen to fail in the gage section for
both monotonic and cyclic loading conditions. While the failure under monotonic
loading was catastrophic (abrupt leakage), the cyclic failure mode was characterized
by uniformly distributed matrix cracking throughout the specimen. The cyclic creep
strain and elastic stiffness reduction were measured in an attempt to correlate physical
damage parameters to leakage failure. From these measurements, the saturation of
transverse matrix cracks was quite distinguishable. Although leakage was seen to
occur after this initial crack saturation, no distinct correlation was found between
leakage initiation life and the damage parameters. This is explained by the fact that
leakage is governed not only by the formation of cracks, but also by their coalescence
and inter-connectivity through the wall thickness. The use of stiffness reduction
as a criterion for leakage failure, therefore, may result in unnecessarily conservative
designs.

Based on the experimentally determined damage parameters, and micrographic
examination, three distinct stages of damage progression occur under cyclic loading.
The first stage is characterized by the rapid accumulation of transverse matrix cracks
until a saturation point is reached. These cracks are seen to span the layer thickness
and propagate along the fiber direction. The total number of cracks in a particular
layer is governed by the ply thickness, the location of the ply within the laminate,
and the fiber angle orientation of the layer with respect to the applied loads. For this
first stage, no measurable leakage is observed.

The second stage of damage progression begins at the point of transverse crack
saturation, and is characterized by a significantly slower damage accumulation rate.
During this stage, fluid loss begins to occur. The transfer of fluid between plies takes

place at the intersection sites of transverse cracks in adjacent layers (verified by the
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formation of uniformly distributed oil droplets on the surface). The rate of fluid loss
is seen to gradually increase due to the formation of interlaminar cracks originating
from the existing transverse crack field.

The last stage of damage progression is characterized by the development of sig-
nificant macroscopic damage (i.e. fiber breakage). This results in abrupt fluid loss
due to the formation of a dominant leakage path.

The prediction of long-term behaviour, based on the monotonic linear elastic limit,
was investigated. In general, these predictive envelopes were seen to be very consver-
vative (based on the extrapolated estimates from the fatigue-life relations). No con-
sistent relationship between the linear limit and long-term cyclic envelopes was found
to exist. The deficiency of this approximation may lie in the fact that the non-
linearity observed in the monotonic stress-strain curves may not necessarily be due
to the initiation of macroscopic damage, but may be a result of visco-elastic effects
or microstructural damage accumulation. In addition, the monotonic loading rate
has been shown to affect this linear elastic limit {204]. The determination of the
linear limit may also be too subjective, particularly when examining data at different
stress-strain scales.

The finite element method, used in conjunction with the maximum strain failure
criterion and through wall failure definition, was seen to accurately predict failure
modes and locations for all specimens exhibiting weepage type failures (i.e. cyclic
loading). The prediction of applied failure stresses, however, was inconsistent. The
accuracy of the predicted failure stresses is seen to depend upon the specimen geom-
etry, biaxial loading ratio and critical strain values selected. While classical laminate
theory (CLT) was shown to reasonably predict the initial elastic behaviour of all stress-
strain responses, its use in predicting failure in the tubular specimens was accurate
only when the distribution of stresses and strains (which contribute to failure) were

uniform along the gage section.
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APPENDIX A

Diametral and Axial Extensometer Drawings
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APPENDIX B

Datafiles for Testing Machine Data-Acquisition and
Control Software

1. Test Datafile (MTM30.EXE)

2. Cyclic Sequence File MTM30.EXE)

3. Monotonic Sequence File (MTM30.EXE)
4. Calibration Datafile (MTM30.EXE)

5. Graphics Datafile MTM30.EXE)

6. Configuration Datafile (EXTRA30.EXE)

INDEXES:

1. Output File Headers
2. Output Columns

3. Valid Units
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TEST DATAFILE FOR MTM30.EXE - PAGE 1 OF 1

START SPECIMEN

description = "Sample Datafile Specification”
material = "3M-1003 E-Gl/Ep - [+/-45]s 8 layer”
specimen type (T-TUBE or C-COUPON) =T

specimen outside diameter = 1.6679 in

specimen inside diameter = 1.5284 in

specimen gage length = 4.000 in

wall thickness (K-THICK or N-THIN} = N
END SPECIMEN

START TEST

compensation type (S—SOFTWARE, H-~HARDWARE, or N-NONE} = S
ramping time (to start and to zero) Ss

ramp (and hold) step frequency (Hz) 10

ramp sampling frequency (Hz) = 2

hold minimum stress rate = 0 psi/s

hold minimum strain rate = le—6 strain/s

hold percent sample trigger = 10

internal pressure intensifier stop alarm level = 1 cu.in
internal pressure intensifier percent sample trigger = 10
external trigger counter initial wvalue (1-285; =1
END TEST

START CONTROL
l.a. int. pressure control type (L-LOAD, D-DISP, or N-NONE) = L
b. int. pressure span setting (0 to 10 V} = 10
2.a. axial control type (L-LOAD, D-DISP, or N-NONE} = L
b. axial span setting (0 to 10 V) = 10
3.a. torsional control type (L-LOAD, D-DISP, or N-NONE) = L
b. torsional span setting (0 to 10 V) = 10
4.a. ext. pressure control type (L-LOAD or N-NONE} = N
b. ext. pressure span setting (0 to 10 V) = 10
END CONTROL

START CYCLIC

cyclic sequence file = "CYCSEQ.DAT"

cyclic waveform (S—-SINE or T-TRIANGULAR) = S -
cyclic frequency (Hz) = 1.0

number of samples per cycle = 100

sequential data buffer size (# of cycles) = 100

circular data buffer size - end of test data saved {# of cycles} = 10
sample hold period following test (Y-YES or N-NO) = N

cycle starting point (N-MIN, M-MEAN, or X-MAX) = N

allow automatic set point adjustment (Y-YES or N-NO} = Y

automatic set point adjustment cycle increment = 500

automatic set point adjustment starting cycle = -50

l.a. mean differential pressure/stress/strain = 1500 psi
b. differential pressure/stress/strain amplitude = 1490 psi
c. differential pressure signal phase offset = 0 deg

2.a. mean axial load/stress/strain/voltage = 1500 psi
b. axial load/stress/strain/voltage amplitude = 1430 psi
c. axial signal phase offset = 0 deg

3.a. mean torsional load/stress/strain/voltage = 0 psi
b. torsional load/stress/strain/voltage amplitude = 0 psi
c. torsional signal phase offset = 0 deg

END CYCLIC

START MONOTONIC 1
monotonic sequence file = "MONOSEQ.DAT "

step frequency (Hz) = 5

sampling frequency (Hz) =1

circular data buffer size - end of test data saved (# of steps) = 10
sample hold period following test (Y-YES or N-NO} = Y

l1.a. differential pressure/stress/strain/voltage rate = 0 psi/s
b. differential pressure/stress/strain limit = 0 psi
2.a. axial load/stress/strain/voltage rate = 150 psi/s
b. axial load/stress/strain/voltage limit = 1500 psi
3.a. torsional load/stress/strain/voltage rate = 90 psi/s
b. torsional load/stress/strain/voltage limit = 950 psi
END MONOTONIC

+ MORE MONOTONIC RAMPS CAN BE ADDED, DESIGNATED AS “START MONOTONIC 2“, ETC.



CYCLIC SEQUENCE FILE FOR MTM30.EXE - PAGE 1 OF 1

Format: <Cycle Number> <Code> <Option>
where: <Code> is

- Initiate Automatic Waveform Adjustment

- Initiate Monotonic Test Sequence (for Stiffness Measurements)
Purge Sequential Buffers to Disk

- Stop Test

- Trigger External Event OPTIONS: {+) Increment Counter Value
{nnn) Explricit Counter Value

Mo P
'

W - Write Current Cycle to Sequential Buffer

WK ¢ ¢t &t & ¢t + 4 ¢ % % & ¢ &

[)
o
(5]

F-9
° AP s
MNEEINIFZIIMNMIIZEIE
+

+

-

o

o
MEIIIFIDTILIINIEX
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MONOTONIC SEQUENCE FILE FOR MTM30.EXE - PAGE 1 OF 1

>

~ Format: <Time {seconds)> <Code> <Option>

* where: <Code> is

*

- S - Stop Test

* T - Trigger External Event QPTIONS: (+}) Increment Counter Valius
* (nnn)} Explicit Counter Valiie
L J

2.0 T 001

4.0 T +

6.0 T +

8.0 T +

10.0 T +

20.0 T +

30.0 T +

40.0 T +

50.0 S
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CALIBRATION DATAFILE FOR MTM30.EXE - PAGE 1 OF 1

START CALIBRATION

calibration constant {internal pressure) = 1000.0 psi(p}/V

calibration constant (external pressure) = 10 psi(pl}/V

calibration constant (axial force} = 6000.0 1lbf/V

calibration constant (torque) = 1000 in.lbf/V

calibration constant (diametral extensometer displacement) = .016079 in/V
calibration constant (axial extensometer displacement) = .01001 in/V
calibration constant (torsional extensometer rotation) = 10 deg/V
calibration constant ({int. pressure intensifier volume) = 1.0679 cu.in/V
calibration constant (ext. pressure intensifier volume) = 10 cu.in/V
calibration constant (axial LVDT displacement) = 0.19913 in/V
calibration constant (torsional RVIT rotation) = 1.00 deg/V

calibration constant (thermocouple) = 10 C/V

0.01 strain/V
0.03 strain/V
0.04 strain/V
0.10 strain/V

calibration constant (strain gage #1)
calibration constant (strain gage #2)
calibration constant (strain gage #3)
calibration constant (strain gage #4}
END CALIBRATION

o n

START GAGE LENGTH

sample actual gage lengths = Y

diametral extensometer calibration gage length = 1.665 in
axial extensometer calibration gage length = 1.0 in
torsional extensometer calibration gage length = 4 in

END GAGE LENGTH

START LOAD TRAIN COMPLIANCE
axial compliance (extension/force) = 0.0023 in/1lbf
torsional compliance (rotation/torque) = 0.05 deg/in.lbf
END LOAD TRAIN COMPLIANCE

START FLUID SYSTEM
fluid viscosity (specimen) = 100 N.s/sqg.m
fluid compressibility = 100 1/psi(p]}
int. pressure system supply tubling volume =
ext. pressure system supply tubling volume =
END FLUID SYSTEM -



GRAPHICS DATAFILE FOR MTM30.EXE - PAGE 1 OF 1

*

* NOTE: Axis type is based on ocutput column index.

-

START GRAPH
Graph #1, X Axis Type =

Graph

Graph

Graph

Graph

#1,

#2,

#2,

#3,

#3,

END GRAPH

X Axis Maximum
X Axis Minimum
X Axis - Allow
Y Axis Type =
Y Axis Maximum
Y Axis Minimum
Y Axis - Allow
Plot Monotonic
X Axis Type =
X Axis Maximum
X Axis Minimum
X Axis - Allow
Y Axis Type =
Y Axis Maximum
Y Axis Minimum
Y Axis - Allow
Plot Monotonic
X Axis Type =
X Axis Maximum
X Axis Minimum
X Axis - Allow
Y Axis Type =
Y Axis Maximum
Y Axis Minimum
Y Axis - Allow
Plot Monotonic

16

0.05 STRAIN

0.00 STRAIN

Auto Scaling (Y-YES or
7

= 300.0 MPA

= 0.0 MPA

Auto Scaling (Y-YES or
Data (Y-YES or N-NO} =
19

= 0.00 STRAIN

= =0.05 STRAIN

Auto Scaling (Y-YES or
10

= 300.0 MPA

= 0.0 MPA

Auto Scaling (Y-YES or
Data (Y-YES or N-NO} =
1

3600 s

0s

Auto Scaling (Y-YES or
24

= 11 CU.IN

= 0 CU.IN

Auto Scaling (Y-YES or
Data (Y-YES or N-NO) =

N-NO}

N-NO)

N-NOQ}

N-NO}

N-NOC}

N-NO)
N
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CONFIGURATION DATAFILE FOR EXTRA30.EXE - PAGE 1 OF 3

NOTE: COMMENTS ARE STARTED WITH *‘*‘

£t ot x

Descriptions are copied to the start of the output file for
+ reference purposes (all empty strings are ignored).
DESCRIPTION 1 "Sample Cyclic Test - Hysteresis Loops”
DESCRIPTION 2 nw
DESCRIPTION 3
DESCRIPTION 4

3
]

* Define Input and Output filenames

« (Note: This definition can be over-ridden by filenames definec
* on the command line).

INPUT FILE = "testl.tmp”

OUTPUT FILE = "testl.out"

« Define Processing Buffer Size (in # of points)
PROCESS BUFFER COUNT = 1000

~ Define Ouput Formatting
* Use: ASCII (default) or VOSSPLOT
FORMAT = VOSSPLOT

* Define Ouput Units Type
+ Use: ENGLISH (default) or METRIC
UNITS = ENGLISH

+ Define Ouput Columns {see OUTPUT COLUMN LIST for reference numders})

+ (Note: At least ONE column is required)

* Format: COLUMN = <column number 1>, <column number 2>, ...

- where <column number> is ALL or any valid column numbers {delimited by comma)
COLUMN = 1, 2, 4, 8, 11, 14, -7, 20, 23, 25, 27, 30, 33, 35, 37, 39, 41

* Cumulative Value Flags

+ Defines whether column values are to be cumulative after transducer

+ constants have been changed within an input file (e.g. due to

* specimen re-installation) -

* Format: CUMULATIVE = <column number 1>, <column number 2>, ...

- where <column number> is ALL or any valid column numbers (delimited by comma)
CUMULATIVE = ALL

* Columns Titles

* Format: COL TITLE = <title format>

* where <format> is (0) - No column titles

- {1) - Column titles at start of listing only
* {2) - Column titles at each header section

COL TITLE =1

Define Header Filter (see HEADER LIST for reference numbers)
Format: HEADER = <header number 1>, <header number 2>, ...
where <header number> is ALL or header numbers 5 thru 9 (delimited by comma)
Format: HEADER = ALL, 0, ... , n
HEADER = ALL

t ot 4 %

* Header Titles

* Format: HEAD TITLE = <title format>

- where <format> is (0} - No header titles

- (1) - Header titles at each header section

- (2) - Header descriptors (text} in separate column
* (3) - Header descriptors (numbers} in separate

-

column (e.g. 9.1)
HEAD TITLE = 2

* Space Between Header Sections
* Format: HEAD SPACE
HEAD SPACE
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* Define Monotonic Test Sequence

* (Note: If TEST MONOTONIC test header is specified, then at least ONE

* sequence is required)

* Format: = ALL, O, ... , n

* Format: MONOTONIC TEST = <test number 1>, <test number 2>, ...

- where <test number> is ALL or any valid sequence numbers (delimited by comma}
MONOTONIC TEST = ALL

Define Cycle Filter
This defines whether the list is ACTIVE, and whether the list
is cycles which are to be PROCESSED or REJECTED.
Format: CYCLE FILTER = <option>
where <option> is NONE - list is ignored.
KEEP - cycles in list are PROCESSED while remaining
cycles are ignored.
REJECT -~ cycles in list are IGNORED while remaining
cycles are processed.

P N S S S

CYCLE FILTER = NONE

* Cycle Filter List {cycle number)
START CYCLE FILTER:

END CYCLE FILTER:

Data Reduction

Reduces the number of output data points by a given percentage but

keeps the first number of given points as requested (note: for all types,
the first data point is always kept! ... for ramp types only, the last data
point is kept!)

Format: REDUCE = <percent reduction>, <consecutive starting points>

REDUCE = 50, 10

% o+ ot 4 %

Ramp Data Limit (non-cyclic data only}
Format: RAMP LIMIT = <column>, <max. limit>, <min. limit>
where <limit> is a value, NONE (no limit), or MAX/MIN
* (Note: no unit checking is provided ... it is up to the user to ensure
* that valid units are maintained)
RAMP LIMIT = 3, MAX, NONE

L

Basic Algebraic Processes

Format: <action> = <column>, <quantity>

Actions include MULTIPLY and ADD

(Note: no unit checking is provided ... it is up to the user to ensure
that valid units are maintained)

e.g. MULTIPLY = 6, 2

MULTIPLY = 6, 2

ADD = 6, 1.1

* ¢ & & % %

* Graph Hysteresis Loops

+ (Note: This swtich is only valid when NO COMMANDS are specified!}

+ Format: CLOSE LOOPS = <x column>, <y column>, <label switch>

* where <x column> and <y column> are the column numbers to be specified
* in the output graphics command (VOSSPLOT ONLY)

* <label switch> = LABEL (include loop number labels)

* or NONE (do not include loop number labels)

CLOSE LOOPS = 1, 16, NONE

* Triggered Events Filter

~ Parses out data for triggered event list only.
* Format: TRIGGERS ONLY

TRIGGERS ONLY

* Processing Summary Switch
* Outputs a copy of the processing parameters
PROCESSING SUMMARY
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* Warning Stoppage Switch

* Stops processing and waits for user verification zIter warning is
* encountered

WARNING STOP

~ Pressure Compensation Switch
+« Instructs program to take axial force due to pressurization into account

PRESSURE COMPENSATION

« Load Train Compliance Switch

* Instructs program to take load train compliance irto account for
+ displacement/rotation and strain calculations for stroke type

+ transducers

LOAD TRAIN COMPLIANCE

Volume Correction Switch
Instructs program to correct volume lost data for specimen expansion

and compressibility effects

L S 2 I

VOLUME CORRECTION = 16, 19

¢

COMMANDS: (Only ONE of the following commands is rerformed - that being
the last command given in the file)

*

+ No Commands Switch
* Turns OFF all subsequently listed commands (used for easy switching)

NO COMMANDS

* Group Summary

+ Determines Max., Min. and Ave. values for specifieZ data set.

+ Format: GROUP = <grouped quantity #1>, <grouped quantity #2>, ...
GROUP = AVE, MIN, MAX, RANGE, MID, AMP

* Linear Regression

* Format: LINEAR FIT = <column x>, <column y>, <max. pts.>, <command>,

- <minimum correlation coefficient>, <loop search>

* where <max. pts-> = ALL or 3 or ... or n

* <command> = MAX (maximum slope), MIN (minimum slope},

o BEST (best correlation coeff}, NONE, ALL

- <loop search> = YES, NO (if YES, the data is searched for a minimum
* position from which the linear regression
* is performed - for cyclic tests only)
LINEAR FIT = 5, 3, ALL, NONE, 0.99, YES

* Polynomial Regression
+ Format: POLY FIT = <column x>, <column y>, <max. pts.>, <order>
POLY FIT = 5, 3, ALL, 4

Strain Energy
Calculates the applied strain energy density to the system based on
the axial, hoop and torsional feedback.
Format: STRAIN ENERGY = <diametral strain column>, <axial strain column>,
<torsional strain column>
{note: this allows various strain measurement transducers to be used in
the calculation of strain energy)

* ot 4t 4t £ ¢t %

STRAIN ENERGY = 16, 19, 32

* Permeability

* Generates a permeability (and volume loss) profile file for the file.
+ Format: PERMEABILITY = <header>, <monotonic test seguence>

*

PERMEABILITY = 9, 1

Format: VOLUME CORRECTION = <diametral strain column>, <axial strain column>
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0.
1.
2.
3.
4.
5.
6.
7.
8.
S.

10.
11.
12.

STOP FLAG

INPUT TEST DATA

INPUT CALIBRATION DATA
TRANSDUCER ZERO VOLTAGES
TRANSDUCER GAGE LENGTHS
RAMP TO START

RAMP TO ZERO

HOLD .&RIOD

TEST CYCLIC

TEST MONOTONIC

TEST PAUSED

TEST RESUMED

TRIGGERED EVENT
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g.

1.

2.

3.

4.

5.

6.

7.

S.

9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

CYCLE

TIME (S)

INTERNAL PRESSURE FEEDBACK ([V]
INTERNAL PRESSURE [PSI (P}, KPA(P)]
EXTERNAL PRESSURE FEEDBACK [V}
EXTERNAL PRESSURE [PSI(P), KPA(P)]
DIFFERENTIAL PRESSURE ([PSI{(P), KPA(P)]
HOOP STRESS [PSI, MPA]

AXTIAL LOAD FEEDBACK (V]

AXIAYL, FORCE [LBF, N]

AXTAL, STRESS [PSI, MPA]

TORQUE FEEDBACK [V]

TORQUE [IN.LBF, N.M]

SHEAR STRESS [PSI, MPA]

DIAMETRAL EXTENSOMETER FEEDBACK [V]
DIAMETRAL EXTENSOMETER DISPLACEMENT [(IN, MM]
DIAMETRAL EXTENSOMETER STRAIN

AXIAL EXTENSOMETER FEEDBACK (V]

AXIAL EXTENSOMETER DISPLACEMENT [IN, MM]
AXIAL EXTENSOMETER STRAIN

TORSIONAL EXTENSOMETER FEEDBACK ([V]
TORSIONAL EXTENSOMETER ROTATION [RAD]
TORSIONAL EXTENSOMETER STRAIN

INTERNAL PRESSURE INTENSIFIER FEEDBACK (REMAINING VOLUME)

INTERNAL PRESSURE INTENSIFIER VOLUME LOST [CU.IN,

CU .CM]

EXTERNAL PRESSURE INTENSIFIER FEEDBACK (REMAINING VOLUME)

EXTERNAL PRESSURE INTENSIFIER VOLUME LOST [CU.IN, CU.CM] *

AXIAL LVDT FEEDBACK (V]

AXIAL LVDT DISPLACEMENT [IN, MM]
AXIAL LVDT STRAIN

TORSIONAL RVIT FEEDBACK [V]
TORSIONAL RVIT ROTATION [RAD]
TORSIONAL RVIT STRAIN
TEMPERATURE FEEDBACK (V]
TEMPERATURE [F, C]

STRAIN GAGE
STRAIN GAGE
STRAIN GAGE
STRAIN GAGE
STRAIN GAGE
STRAIN GAGE
STRAIN GAGE
STRAIN GAGE

STRAIN

STRAIN

STRAIN

- W W NN =

STRAIN

NOT IN USE AT THIS TIME

FEEDBACK (OR USER DEFINED ANALOG INPUT)
FEEDBACK (OR USER DEFINED ANALOG INPUT)
FEEDBACK (OR USER DEFINED ANALOG INPUT)

FEEDBACK (OR USER DEFINED ANALOG INPUT)

(vl
(vl
(vl

vl
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0.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

ANGLE - RAD, DEG

AREA - SQ.IN, SQ.MM

FORCE - LBF, N

LENGTH - IN, MM

PRESSURE - PSI(P), KPA(P)
MOMENT OF INERTIA - IN"4, MM*4
STRAIN - STRAIN, STRAIN

STRESS - PSI, MPA

TEMPERATURE - F, C

TEMPERATURE DIFFERENCE - F, C
TIME - §, S

TORQUE ~ IN.LBF, N.M

VOLTAGE - V, V

VOLUME ~ CU.IN, CU.CM
VISCOSITY - LBF.S/SQ.IN, N.S/SQ.M

UNITS INDEX - [ENGLISH], [METRIC]

234



235

APPENDIX C

Tubular Specimen Manufacturing Procedure



APPENDIX C

Tubular Specimen Manufacturing Procedure

C.1 INTRODUCTION

This appendix outlines the general procedure for manufacturing fiber reinforced
tubular specimens using prepreg based material systems. The method consists of
three main operations: a) composite tube fabrication, b) end tab fabrication and
assembly, and c) integration of the tube and tab components. These operations are

detailed in the following sections.

C.2 MOLD AND MANDREL PREPARATION
C.2.1 Resin Removal from External Molds

The basic components of the tube molding operation are shown in figure C.1.
Before using the external molds (see figure C.lc), excess (hardened) resin from the
previous specimen batch must be removed to maintain proper mold surface tolerances.
The excess resin is deposited on the mold surfaces as a result of resin flow from the
part during the consolidation (pressure) stage of the cure cycle. Since a mold release
is used prior to curing, the excess resin typically flakes off without much physical
effort. Resin residue on the internal mold surfaces should be completely removed by
hand using Scotch-brite pads and/or Si-C grit papers (600 grit or higher). For the
outer part of the mold, excess resin can first be removed using either a scraper, wire
brush, or wire wheel, with the residual amounts being removed by the Scotch-brite

pads. Excess resin inside the pin holes should be removed by reaming the hole, and
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-~

A = B

Figure C.1: Mold components used for composite tube manufacturing; (a) steel man-
drel without bladder, (b) steel mandrel with installed silicone bladder, (c) external
stepped molds (2 part), (d) mandrel centering spacers, (e) clamp fittings, and (f)
T-Bolt clamps.

using compressed air to blow out any residue. Once all residue is removed, the mold

surfaces should be thoroughly cleaned with acetone applied to a clean cloth.

C.2.2 Resin Removal from Fiitings

The mandrel centering spacers (used to center the mandrel in the external mold)
and clamp fittings (used to seal the bladder on the mandrel) must also be free of
excess resin deposits to ensure proper tolerances and function (see figure C.1d-f).
Since the spacer is used to provide accurate positioning of the mandrel inside the
external mold, it should be cleaned by hand using Scotch-brite pads and/or Si-C grit
papers (600 grit or higher). Excess resin on the outside of the clamp fittings can be
removed using a scraper, wire brush, or wire wheel. The inside surface should be
cleaned using Scotch-brite pads and/or Si-C grit papers (600 grit or higher). Once
all residue is removed, the component surfaces should be thoroughly cleaned with

acetone applied to a clean cloth.
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C.2.3 Application of Release Agent

In order to facilitate the removal of excess resin after curing, a suitable release
agent should be sprayed on the molds and fittings. Selection of an appropriate release
agent will typically be a function of the resin system and mold material used (not
all release agents work with all resins). For the 3M-1003 glass fiber/epoxy prepreg,
Frekote release spray was found to be effective. Two applications of release agent
should be made for the inside mold surfaces, with the molds being flipped in between
applications to ensure that the top and bottom surfaces are covered. A single appli-
cation can be made to the outer mold surface and to each side of the fittings. Release
agents should NOT be applied to the mandrel since contamination of the prepreg
may result.

C.2.4 Installation of Mandrel Bladder

The inflatable mandrel is composed of a machined steel mandrel with a fitted
silicone rubber tube (Torr 1.25 in. ID x 1.375 in. OD - 50 Duro Shore A). The steel
mandrel provides rigid support during the rolling operation, and is equipped with
pathways for introducing compressed air, thermocouples and heater cartridges. A
schematic of the mandrel is given in figure C.2. The surface of the mandrel is machined
with small grooves which extend along the length and around the circumference of
the mandrel. These ensure that supplied air is evenly distributed over the entire
bladder surface after the lay-up is complete. At each end of the steel mandrel are
un-grooved sections which provide a smooth surface for effective clamping and sealing
of the silicone bladder.

The role of the bladder is to provide consolidation pressure to the prepreg material
during curing, and to protect the mandrel core from excess resin flow. Depending on
its condition from the previous cure cycle, the bladder may or may not be suitable for
futher use. If any surface anomolies are present, such as cuts, gouges or embedded
resin, the bladder should be removed. If a bladder is to be re-used, ensure that the
surface is free from excess resin and tape (remove by hand). Ifit is not to be re-used, a
scalpel or utility blade can be used to cut the old bladder off of the steel mandrel. To
prevent scoring of the mandrel surface at the clamping locations, the bladder should

be removed by cutting the bladder from the inside outwards.
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Figure C.2: Schematic of steel mandrel.
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Installation of a new bladder is accomplished using the bladder vacuum tube
system as shown in figure C.3. New bladder material is first cut to a length of 13.5
inches which will ensure protection of the ends of the mandrel from resin flow. Since
the bladder tubing is received flattened in rolls, the cut bladder section should be
opened up by squeezing the sides of the flattened roll. The bladder section is inserted
into the vacuum tube with equal lengths protruding from each side. One at a time,
the bladder ends are then opened up and folded over the ends of vacuum tube. The
overlapping bladder material should be worked towards the center of the vacuum
tube assembly to ensure proper deflation of the bladder inside. Deflate the bladder
by applying a low vacuum to the vacuum tube using an appropriate source (vacuum
pump or venturi tap). The deflated bladder surface on the inside of the vacuum
tube should be smooth and free of any wrinkles or twisting. While maintaining the
vacuum, insert the steel mandrel into the vacuum tube so that the bladder extends
over the bottom of the mandrel by 1 to 1-1/2 inches (see figure C.3). Release the
vacuum so that the bladder conforms to the mandrel surface. If using a venturi tap,
be sure to remove the vacuum line before turning the water supply off since this will
prevent water flow into the vacuum line (the bladder should be kept dry for the rolling
process). Upon removal of vacuum, the bladder ends are unfolded off the vacuum tube
onto the mandrel. The mandrel/bladder assembly is then removed from the vacuum
tube, ready for mounting on the rolling table (see figure C.1b).

The bladder surface should be inspected after installation for any anomolies or
defects. If there seems to be a concern, the bladder should be tested for leaks prior to
its use. This can be done by mounting the clamp fittings on each end, and attaching
an appropriate regulated air line. Using low pressure air (less than 20 psi) and limiting
the supplied volume, inflate the bladder slightly then turn off supply. If the bladder

does not hold the supplied air for more than 30 seconds, it should be replaced.

C.3 TUBE LAY-UP PROCEDURE
C.3.1 Mandrel Installation and Initial Wrapping

A rolling table is used to apply successive layers of prepreg onto the inflatable

mandrel. Centering nuts are placed at the ends of the mandrel to allow for installation
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Figure C.3: Installation of silicone rubber bladder onto the steel mandrel using the
vacuum tube assembly.

on the rolling table. The mandrel support arm is rotated backwards for supported
installation of the mandrel. In this position, the mandrel will be suspended off the
table which will allow for easy installation and application of consumable layers.
The mandrel (with its centering nuts) is installed by opening up and placing it in
the threaded arm centers. The adjustable center is tightened just enough so that the
mandrel is securely supported but is still free to rotate. The lock nut is then tightened
to prevent release of the mandrel. At one end of the mandrel, equi-spaced markings
(number of prepreg plies used) along the circumference should be made with a felt
pen. This will be used to stagger succesive layer starting points.

In order to facilitate easy removal of the mandrel from the part and to produce
a quality finish free of surface anomolies, a number of initial consumable layers are
applied to the mandrel surface. The particular surface finish required and final volume
fraction of fibers in the part will depend upon the characteristics of the consumable
layers, the prepreg system and the cure cycle. If the required prepreg system has
excessive flow characteristics, the use of traditional bleeder cloth/perforated release
film combinations may not be suitable due to difficulty in removal after cure. Through
extensive testing, it was determined that a combination of peel-ply release fabric and

release film should be used to produce the best dimensional tolerances and surface
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finish. All consumable flm and peel plies ar- dispensed in long rolls (typically 30
inches or longer). These products should be cut with a sharp scalpel or utility knife
to prevent any edge distortion (do not use scissors).

The first layer applied to the mandrel surface is a 5.5 in. x 11 in. sheet of
unperforated release film (Airtech A4000). With its long side along the mandrel axis.
the film is affixed to the mandrel at each end using small pieces of Scotch Tape.
The mandrel is rotated forward until the film overlaps itself. The surface should be
smooth with the film held tightly. The film is affixed to itself on each end of the
mandrel again by two small pieces of Scotch Tape. The tape should not be applied
in the center section of the mandrel as this will leave impressions in the final part. In
addition, one should maintain a consistent rolling direction for ALL layers including
the consumables. If this is not followed, the prepreg layers will not tightly wrap onto
the mandrel and separation will result.

The second consumable layer used is a 5.25 in. X 10 in. sheet of nylon release
peel ply fabric (Precision Fabrics 51789/52006). This fabric produces a mat finish on
the surface of the final tubular part, free of any large surface anomolies. Since the
fabric material is prone to surface shifting, it must be succurely affixed to the previous
release film layer. This can be accomplished by attaching a longitudinal strip of thin
polyester tape (Airtech Flashbreaker 1) to the edge of the fabric. With the peel ply
fabric laid on the flat glass surface of the rolling table, the polyester tape is unrolled
along the longitudinal edge with 1/2 inch overlap on the fabric edge. By grasping the
fabric and tape together, slowly peel the fabric and tape from the glass surface. By
tightly holding each end of the tape, affix the fabric longitudinally to the mandrel as
shown in figure C.4a (this should be applied to the opposite side of the release film
overlap). The mandrel is rotated forward until the fabric ply overlaps itself and covers
the exposed half of the polyester tape. The fabric should be temporarily held in place
by two long pieces of Scotch Tape located at approximately 1.5 inches from each end
of the fabric. The fabric is locked into place by wrapping two rotations of polyester
tape at the ends (1/2 in. overlap) as shown in figure C.4b. The tape should be started
just before the free end overlap which will suppress any fabric shifting. With the tape
anchored, it is slowly unrolled as the mandrel is rotated forward. When both ends
are affixed, the temporary Scoth Tape is removed. The mandrel is now prepared for

rolling of the prepreg layers.
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Figure C.4: Installation and fization of peel ply fabric; (left) affizing the fabric to the
mandrel using an overlapping length of polyester tape, and (right) constraining the
fabric layer by overwrapping the ends.

C.3.2 Prepreg Cutting

Prepreg material is typically supplied in stock rolls with the unidirectional fibers
oriented in the roll direction. Backing paper is used to separate the layers of the
prepreg on its roll. Since active B-staged resins are used in prepreg materials, they
should be stored at cold temperatures in order to prevent premature matrix curing.
The use of over-aged prepreg material (which is characterized by increased stiffness
and lack of tackiness) will result in poor interlaminar bonding and consolidation in
the final part. If the material is suspected of being over-aged, it should be disposed
of. In the (cold) storage environment, the prepreg should be kept in an evacuated air-
tight bag to prevent condensation on the material. Before using, the prepreg should
be placed at room temperature for at least three hours.

Before the tube rolling operation begins, a complete series of prepreg patterns
should be cut from the stock material roll using the appropriate stainless steel tem-
plates, and a sharp scalpel or utility knife (see figure C.5). An optional layer of release
film can be applied to the surface of the prepreg before cutting to prevent contamina-
tion during handling. If a film layer is used, ensure that all entrapped air is removed

by using a sqeegee. For each layer, the template is aligned to the fiber direction of
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Figure C.5: Cutting of prepreg layers using stainless steel templates.

the roll by butting against a second template at the edge. The layer number should
be marked on the backing paper for later identification. Particular attention should
be made to the fiber orientation (4+6 and —8@) of each layer as it is cut and laid down,

especially for symmetric laminates.

C.3.3 Tube Rolling

The rolling table is used to apply the prepreg patterns to the prepared mandrel.
The rolling table consists of a flat glass surface, over which the traversing mandrel
support arm is mounted on a linear track bearing. The mandrel support arm is
designed to ensure the mandrel remains perpendicular to the rolling direction along
the length of the table. As previously described, the mandrel is supported by the
two support arm centers which allow it to rotate. The cut prepreg layer is precisely
placed on the flat glass surface, and the mandrel is rolled over the pattern as shown in
figure C.6. The prepreg pattern, thus, adheres and wraps around the entire mandrel
as it is rolled.

A ground steel strip (prepreg placement guide) is bolted to the table below the
glass plate, and is precisely adjusted so that it is perpendicular to the mandrel axis

(and parallel to rolling direction). The placement guide is made thicker than the glass
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Figure C.6: Rolling table operations; (a) alignment of prepreg sheet (with backing
paper attached) and (b) rolling action.

plate, in order to give a datum point for positioning the prepreg on the glass surface.
Positioning plates butted against the placement guide are used to position and orient
the prepreg patterns (see figure C.6a). Alignment of the table should be checked on
a regular basis. A precision square can be used in conjunction with an unprepared
steel mandrel (no bladder) to check and adjust the squareness between the mandrel
support arm and the prepreg placement guide.

If a film layer was applied on the surface of the prepreg during cutting process,
it should be removed first. The prepreg pattern is laid down on the surface of the
glass with the backing side up. The backing side tends to have slightly more tackiness
than the opposite side since it is protected. This fact is exploited to ensure that the
prepreg will have a prefered affinity to adhere to other layers on the mandrel, and
not to the table.

Once the pattern is located with the positioning plates, the backing is removed.
The backing paper provides support for the prepreg during handling and positioning,
and should not be removed until placement is complete. Unsupported prepreg will
have a tendency to fray apart due to the very weak nature of the matrix interface.
Proper angle orientation should be diligently observed. Once on the table, the man-

drel is positioned over the start of the pattern. The mandrel is rotated so the marked
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layer position approximately faces upward. By following the circumferential position-
ing of these markers, the butt joints of successive layers will be effectively staggered.
Any anomolies that might occur due to the rolling process will be distributed.

The mandrel is lowered onto the start of the pattern and is rolled by rotating the
end of the mandrel by hand (see figure C.6b). This ensures that some tension is placed
on the pattern as it is rolled. The lay-up is compacted by rolling the specimen on the
glass table a number of times while applying a moderate downward force on the arm.
Rolling should be done only in the initial rolling direction to prevent any tendency of
the prepreg to separate from the mandrel. Any fraying at the ends (which typically
occur with off-axis layers) should be squeezed down by hand. Once the compaction
is complete, and while the next layer is being positioned on the table, ensure the
mandrel is off the table in the self-supporting position (i.e. by flipping the mandrel
supports back over the support arm). If the lay-up is left on the table, the weight of
the mandrel will cause distortion (flattening) in the prepreg.

It should be noted that the first prepreg layer is the most difficult to roll since it
may have preference to adhere to the glass rather than the peel ply surface on the
mandrel (multiple attempts are common). By using a scalpel, the start of the first
layer can be lifted off the glass surface just after the roller has passed. This end can
then be manually wrapped back onto the mandrel and held (anchored) by hand for the
duration of the roll. Once the end is anchored by hand, the rolling process proceeds
as usual. Since the adhesion to other prepreg layers is quite good, this procedure
is typically not necessary for subsequent layers. The pattern placement and rolling

operations are repeated until all required layers are applied to the mandrel.

C.3.4 Final Wrapping

In order to facilitate easy removal of the part from the external molds and to
produce a quality finish free of surface anomolies, consumable layers are applied to
the outside of the lay-up (the same materials used in section in section C.3.1).

The first layer applied to the prepreg surface is a 6 in. X 9 in. sheet of the
nylon release peel ply fabric. By using slight hand pressure, the fabric layer can
be wrapped around the prepreg with no supporting tape. The slight heating from
handling is sufficient to fix the fabric in place. Smooth the surface by hand and
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ensure that no wrinkling is present. The wrapped ends should slightly overlap the
start (preferably by less than 1/8 in.).

The final layer applied is a 6 in. X 9 in. sheet of unperforated release film. It
is wrapped on top of the peel ply surface to facilitate easy removal from the molds.
The surface should be smooth with the film held tightly. The film is affixed to itself
on each end of the mandrel by two small pieces of Scotch Tape at each end of the

mandrel.

C.4 MOLD ASSEMBLY AND CURING PROCEDURE
C.4.1 Mold Assembly

Once the lay-up sequence completed, the mandrel is now ready to be placed into
the external molds. The external (female) molds are used to shape the outer surface
of the tubular part. These molds consist of a two-part construction and are made
with hardened 4340 steel to ensure smooth surfaces and long life.

The internal diameter of the mold is precisely sized to allow for proper support
for the expanding part. The sizing must be determined by trial and error, and is
based on the final diameter of the lay-up and allowable pressure. A gap between the
mold and part which is too large will require a large pressure to force the prepreg to
the mold wall. High applied pressures, however, can cause excessive resin loss and
failure of the bladder system. Pressures in excess of 100 psi cannot be supported by
the present design.

The inside profile of the mold is stepped to accomodate the slight build-up of
the lay-up ends during the rolling process (n.b. only for off-axis layers due to exten-
sional /shear coupling at free ends). Without this step, proper consolidation of the
gage section of the tube is impossible without excessive pressure. Locating pins are
used to ensure proper alignment of the halves and must first be lubricated to ensure
easy insertion and removal. This can be done by applying a thin lubricant (WD-40)
to the inside of all pin holes with a cotton swab (excess on the mold surface should
be removed).

Before the mandrel and lay-up are placed in the mold, the two centering rings are

slid on both sides of the mandrel, and are butted against either side of the lay-up.
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Figure C.7: Installation of the mandrel (and lay-up) into the external mold.

These rings are slit to allow for closure of the mold, and to allow for resin to escape
during the curing stage. After the centering rings, the two clamping rings are slid on
either side of the mandrel and are butted next to the centering rings. These rings are
used to provide support for the T-Bolt hose clamps which seal the mandrel bladder.
Without these clamp rings, a uniform seal cannot be obtained.

The mandrel assembly is placed in the first half of the mold marked “out™ as shown
in figure C.7. The mandrel should be placed in the mold with the thermocouple and
air port openings oriented to the marked end of the mold. The mandrel should be
centered over its length, allowing for approximately 1 in. overhang on each side of
the mold. The second half of the mold is placed on top of the mandrel. Ensure that
the orientation of the mold is correct (marked ends of the molds are placed together),
and that the pin holes are aligned as close as possible. Apply a small lateral force
by hand to close the mold together. Insert and tap the mold pins in the pin holes to
ensure proper mold alignment.

Two circular mold clamps are placed on the outside of the mold to hold it together.
When the mold clamps are tightened, any gaps which exist between the molds are
eliminated. To complete the assembly operation, two T-Bolt hose clamps are slid over
either side of the mandrel clamping rings, and are tightened by hand with a ratchet

set in order to seal the internal bladder.
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Figure C.8: Polymeric composite tubular molding system (internally pressurized).

C.4.2 Cure Cycle Procedure

The objective of the curing process is to provide heat and pressure to the part in
order to provide resin flow, consolidation and final polymer cross-linking. The cure
cycle is the programmed sequence of heating and pressure steps required to properly
cure and consolidate the part. An air port is attached to the mandrel to provide the
internal pressurization of the bladder. Uniform heating to the mold system is provided
by an oven and internal heater cartrige. The oven provides a uniform heating source
from the outside of the external mold while the cartridge heater, placed down the
center of the mandrel, provides a uniform internal heating source. Up to three molds
can be cured simultaneously with the current setup. The cure system assembly is
shown in figure C.8.

In order to control the oven, three cartridge heaters and the applied pressure, a
computer controlled cure system was developed. The oven temperature is controlled
by an analog setpoint (open loop) while the cartrige heaters are operated by on/off
control (pulsing closed loop). Thermocouples are placed in the mandrel to a) provide
feedback to the cartridge heater system, b) provide a record of the actual molding
temperature profile =nd c) trigger an alarm in the event of high mold temperatures

(turn off system). An ice bath stored in a insulated thermos is used for the ther-
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Figure C.9: Details of mold assembly installation; (a) external part molds, (b) circular
mold clamps, (c) split ring mold stands, (d) resin tray, (e) pressurized air line, (f)
banjo nut attachment, (g) cartridge heater, and (h) thermocouple.

mocouple reference point. Four trays of crushed ice are sufficient for monitoring the
temperatures over the entire cure cycle (approximately 14 hours). The air pressure is
automatically activated by the computer using a solenoid valve. The pressure level,
however, must be manually set by adjusting the supply regulator.

Referring to figure C.9, installation of the mold is accomplished in the oven as
follows. First, the cartrige heaters are inserted from the top, down the center of the
mandrel. The heater wire is fed through a port to the outside of the oven. To prevent
possible electrical shock, do not connect the power to the heater system until the
final stages. The mold assembly is stood upright and supported on the external mold
ends by a pair of circular split rings (which allow the protrusion of the mandrel to
be free). The air line is fed from the outside of the oven through the oven port, and
is attached to the mandrel with banjo nuts. The banjo nuts can be tightened using
a ratchet set and simultaneously clamping the air port line with a pair of vise grips.
The installation is completed by feeding the control thermocouple into the oven and
inserting it into the mandrel. This sequence can be repeated for up to two more

molds.
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The proper air pressure is adjusted and locked at the regulator location. An air
leak check is done to ensure that the banjo nuts and the mandrel bladder clamps are
properly tightened. For the leakage test, the pressure solenoid value can be activated
manually using the control software. Air supplied to each mandrel is independently
controlled by a series of manually operated flow valves. After each supply line is
checked independently for leaks, all valves are opened for operation.

With the system assembly complete and the cartridge heaters attached to the main
electrical supply, the oven is closed and set to remote program mode. The required
cure cycle and setup is programmed into the computer via a set of ASCII textfiles (see
Appendix D for samples). Once these files have been entered, the automated cure
cycle can be initiated by the user. For the 3M-1003 prepreg system, the cure cycle is
approximately 14 hours in length. Upon completion, the molds should be allowed to
cool before removal and handling is attempted.

C.5 PART REMOVAL AND FINISHING
C.5.1 Part Removal

The mold is removed from the oven and disassembled in the reverse order as -
described in the previous section. Once the mold assembly is removed from the oven,
the circular mold clamps and the mandrel bladder hose clamps should be removed
first. With the clamps off, the mold assemblies are placed on a pair of wooden v-blocks
at locations away from the pin holes. The mold is rotated so that the half marked
“out” is facing upwards, and the pins are tapped out. The molds can be separated by
prying the ends apart with a large screw driver or bar. Pay special attention not to
pry on any ground mold surface. Once prying has separated the molds, it typically
can be lifted off by hand. The mandrel can be separated from the remaining half of
the mold by lighly tapping the mold face with a rubber mallet. Once the mandrel
and cured part are removed from the external molds, the centering rings are removed
from the mandrel by using a flat-end screw driver to break the accumulated resin
bond between the ring and the cured tubular part.

The tubular composite part is pressed from the mandrel using an arbour press

system. The mandrel is inserted into a support ring which is butted against the part.
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This will provide the restraining force as the mandrel is pressed through the part.
A series of rod extensions are used to force the mandrel through the entire length
of the part. During the pressing operation, ensure that the mandrel is supported by
hand underneath the press to prevent abrupt falling and damage to the mandrel. The
internal consumable layers (peel ply and release film) are typically stripped from the
part during the press operation, which facilitates its easy removal. Using a scalpel
or utility knife and starting at one end of the tube (away from the gage section of
the tube), the outer consumable layers must be removed by hand. The peel ply is
typically embedded into the resin and may require some digging beneath the part
surface to expose the fabric. Once a small amount of peel ply fabric is free, it can be

peeled and removed from the remaining area of the part by hand.

C.5.2 Finishing

After the cured part is removed from the mandrel, the tube ends must be cut
off and machined in order to provide a square and straight section for proper tab
bonding. The ends are made square with the use of a rotatary sectioning device as
shown in figure C.10. In this device, the tube is centered inside a rotating pipe section
with a pair of three radially protruding bolts along the length of the tube. The pipe
section is mounted to a block housing inside a bushing which allows the pipe section
to rotate. A variable speed, DC motor is attached to the pipe section with a belt
drive to rotate the structure. A rotary Dremel tool with a cut-off wheel is mounted
on a stand at the opposite end of the device.

The center is initially set by lightly tightening the bolts on a wooden centering
insert (see figure C.10 - left). The insert, which has a protruding rod with the same
outside diameter as the tubular part, is located with respect to the pipe section and
sets the proper position of the centering bolts. One set of radial bolts (along the
length) is untightened, and the insert is removed. Using only these two bolts to
clamp the part, centering is repeatedly assured.

Cut locations are first marked symmetrically on each side of the tube such that
the final tube length will be 8 inches. The tube is inserted into the sectioning device
partially extending from the end of the rotating pipe. The cut mark on the tube
is aligned with the cut-off wheel, and the two clamp screws are lightly tightened to
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Figure C.10: Tube sectioning apparatus; (left) initial center adjustment using wooden
insert, and (right) cutting end of tube (both tubular part and cut-off blade are rotating.

secure the tube in place. With the tubular part slowly rotating and the Dremel tool
activated, the cut-oft wheel is very slowly fed into the tubular part until sectioning is
complete (see figure C.10 - right). Due to the hardness of the glass-fibers, the cut-off
wheel will wear down and should be replaced when its diameter has decreased by 1/2
(typically 6 cut ends). After the end of the tube is sectioned off, the rotation of the
pipe clamp and cut-off blade is stopped and the specimen is removed. In order to
maintain centering, ensure that only the previously tightered screws are untightened.
Repeat the same procedure to section opposite end of the tube.

The final finishing activity is to machine off the steps on each end of the cured
tube. This step is a consequence of the stepped external mold, and its removal is
required to ensure that proper adhesive distribution occurs during end tab assembly
(see next section). The machining process is performed in a lathe using conventional
or carbide tools. One tube end is inserted into the three jaw chuck with a fitted
wooden plug to prevent crushing with the other being supported by a center. The
steps are subsequently machined and made flush with the gage section diameter. Only
machine the steps at the ends of the tube (approximately 1/2 inch). These machined
areas will not affect the gage section as the ends are potted in tabs. It is recommended

that the gage section area be protected from contamination by using a paper wrap.
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Once the machining operation has been performed on both ends of the tube,
measurement of the tube dimensions should be made before application of the tabs.
The inside and outside diameters can be measured using a micrometer and bore hole
gage, respectively. After taking measurements, the ends should be cleaned with an

appropriate solvent (and clean cloths) to ensure proper bonding of the end tabs.

C.6 SPECIMEN ASSEMBLY
C.6.1 Tab Preparation and Assembly

The specimen design for the collet gripping system consists of a composite tubular
part (with or without end reinforcement) with bonded aluminum end tabs. The
purpose of the end tabs is to provide a method of attaching the composite tube to
the testing machine gripping system without crushing the composite tubular wall.
The tabs are made of 6061-T6 aluminum alloy, and are manufactured in two annular
parts using a CNC lathe. A schematic of the tabs is given in figure C.11. The two
concentric sections are pressed together to form an cylindrical annulus. The straight
tubular part is potted in this annulus using a high shear strength epoxy adhesive. The
adhesive is injected into the tab via four evenly spaced holes around its circumference
near the top of the tab.

Before the tabs are assembled, the inside surface of the outer tab section and the
outside surface of the inner tab section (i.e. the annular surface area) should be sand-
blasted and cleaned as to enhance bonding of the tubular part. In order to ensure
easy assembly and proper alignment, the mating surfaces should be protected prior
to sand blasting as shown in figure C.12. The mating step of the inside tab section
can be protected by a wrapping of polymer electrical tape. This tape is easy to apply
and remove, and does not fall off during the sand blasting operation. The mating
step of the outer tab section can be protected by inserting a tapered rubber stopper
through the tab. This stopper will protrude from the back of the tab, and fit so that
is covers the mating step on the inside.

After the sand-blasting operation, the tabs parts are blown with air to remove
excess sand, and diligently cleaned with acetone applied to a clean cloth. To ensure

the best bond possible, no residue should be left. The outer surfaces of the tab should
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Schematic of aluminum end tabs.

Figure C.11
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Figure C.12: Inside and outside tab parts; (a) as machined, (b) with protection of
mating surfaces for sand-blasting, and (c) after sand-blasting.

also be cleaned to prevent grit contamination of the specimen assembly stands and
the testing machine gripping system.

Once the inner and outer tab sections are blasted and cleaned, they are pressed
together using a precision centering tool as shown in figure C.13. The centering tool
is first inserted into the outer tab, followed by insertion of the inner tab. Using the
arbor press, the outer tab section is pressed onto the inner tab section by applying
force to the centering tool. Once the outer tab is seated, the centering tool can be

removed by twisting.

C.6.2 Tab Bonding (Side A)

With the composite tube and end tab assemblies prepared, the tubular specimen
can now be assembled. The tabs are bonded to the composite tubular part by first
injecting an adhesive into the tab annulus, and then lowering the composite tube
inside. Concentricity and alignment of the tube and tabs is ensured using an align-
ment stand, tab spacers, and a tube centering spacer as shown in figure C.14. This
system effectively allows the precise attachment of tabs to any tubular geometry and

material system.
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Figure C.13: Pressing of the inside and outside tab sections.

The tabs are adhesively bonded to the tubular part using 3M DP-460 structural
adhesive. This product is a two part, high shear strength epoxy adhesive supplied in
a 370 ml cartridge format. A 3M Scotch-Weld EPX applicator gun, EPX 2:1 plunger
and EPX mixing nozzles are used to dispense the adhesive. The mixing nozzle ensures
thorough mixing of the two part epoxy, and provides an efficient means of injecting
the adhesive directly into the tab annulus.

Since the potted adhesive is forced out of the annulus during the assembly process,
WD-40 lubricating liquid should be applied to any local surface of the alignment stand
parts that are in the vicinity of the top of the tab. This will ensure easy assembly
prior to potting, and easy removal of the tab and tubular part from the alignment
stand after the adhesive has cured. The WD-40 fluid should be dispensed from the
aerosol can into a container, so that it can be swabbed onto the required surfaces (i.e.
do not spray directly as this may contaminate bonding surfaces). The lower section
of the alignment stand (between 1 and 3 inches from the base), the top surface of the
tab spacer and the inner transition section of the tab should be swabbed thoroughly.
If lubricant enters inside the tab’s annular area, it should be removed using a folded
cloth corner with acetone prior to adhesive bonding.

The tab bonding procedure is as follows. The tab spacer is inserted into the

unbonded tab, and the unit is slid onto the alignment stand rod and seated at its
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Figure C.14: Specimen assembly components; (a) assembled alignment stand (first
end tab), (b) alignment stand, (c) end tab assemblies, (d) tab centering spacer, and
(e) tube centering spacer.

base as shown in figure C.15. The first tab to be bonded should have no internal step.
This allows for machining of the stepped tab after its attachment. In order to lower
the viscosity of the potting adhesive and promote a more uniform flow around the
composite tube, the alignment stand and tab assemblies are placed on a hot plate and
moderately heated. When the temperature of the tab is warm to the touch but not
excessively hot, the stand should be removed from the hot plate. Excessive heating
will simply promote curing before potting can take place.

Before injecting the potting adhesive, the dispensing system must be assembled
(i.e. adhesive cartridge, dispensing gun, plunger, and mixing nozzle). Just prior to
attaching the mixing nozzle, the openings of cartridge cylinders should be punctured
to ensure adhesive flow. Once the dispensing system is assembled, a ruler is placed
on top of the plunger to measure the quantity of adhesive injected (based on plunger
displacement). The objective is to supply the tab annulus with enough adhesive to
completely immerse the tubular part when it is potted (overflow should occur). If
insufficient adhesive is supplied, an incomplete bond may be formed from which there

is no recourse (and the specimen might have to be scrapped).
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Figure C.15: Alignment stand assembly; (left) insertion of centering spacer into tab,
and (right) placement of tab/spacer assembly on alignment stand.

For the current tab geometry, approximately 6 mm (plunger displacement) of
adhesive cartridge stroke should be injected per tab hole as shown in figure C.16
(left). For other geometries and tubular wall thicknesses, the total volume of adhesive
can be estimated by inserting a tube into a closed tab, and measuring the required
volume using water from a marked syringe. This required volume is then divided
by the effective cartridge cross-sectional area (total cartridge volume divided by its
length) to derive the required plunger stroke.

Once adhesive has been injected into the four tab holes, the tab surface is wiped
with a paper towel to remove any excess amounts. A length of polymer electrical tape
is wrapped around the tab onto itself to seal the injection holes. To prevent adhesive
leakage from the holes, a rubber strip constrained by a hose clamp is placed on top.
The hose clamp should only be moderately tightened as not to distort the tab.

The composite tubular part is now potted before the adhesive sets (approximately
20 minutes at moderately elevated temperatures). To ensure that the composite
tube is centered with respect to the tab, a stainless steel tube spacer is used. Since
there is some variation in tubular part inside diameters, a range of tubular spacers
is available for matching. The selected (closest fitting) spacer is partially inserted

into the composite tube (approximately 2/3 of the tube length). A hose clamp is
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Figure C.16: Tab bonding procedure; (left) injection of potting adhesive into the tab,
and (right) completed tab potting (first and second tabs).

used to suspend the spacer in the tube, and prevent it from falling inward towards
the adhesive overflow. The spacer and tubular part are simultaneously slid onto the
alignment stand rod, and lowered into the adhesive filled tab (see figure C.16 - right).
As the descent of the tubular part occurs, the excess resin overflow on the outside
should be continuously removed with paper towels. Since adhesive flow can occur
quite quickly, paper towel sections (approximately 2 in. x 2 in.) should be pre-cut
and readily available. When the tubular part has finished its descent and is seated,
thoroughly wipe any excess at the tube/specimen interface and set aside to cure for
24 hours. The adhesive gun should be dis-assembled with the mixing nozzle disposed
of.

Up to four ends can be simultaneously potted in one setup. For multiple stands,
ensure that all accessories and supplies required (paper towel, tape, and hose clamps)
are cut to size and readily available for use. Since volatiles evolve from the adhesive

curing process, the bonding and curing of the tab ends should be performed in a fume
hood.
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C.6.3 Specimen Removal and Machining

After the adhesive has cured sufficiently for handling (24 hours minimum), the
alignment apparatus must be dis-assembled. Since an overflow of adhesive will typi-
cally occur on the inside of the part, it becomes necessary to press the alignment stand
rod off the bonded tab. The tubular spacer is first removed from the alignment rod
and specimen, followed by the hose clamp and rubber strip on the tab circumference.
The alignment stand base is then removed by un-bolting it from the rod portion. In
order to remove the rod without damaging the specimen, the rod is pressed through
the tab by bearing on the bottom of the end tab or end tab spacer (do not bear the
load on the free specimen end). Various lengths of steel rod are used to push the rod
completely through the specimen and out the bottom of the tab. If sufficient release
agent was used (WD-40), the tab spacer can be removed from the specimen by hand.
If not, the tab spacer can be manually pressed from the specimen using four pins
inserted in pin-holes at the bottom of the spacer.

Any adhesive residue on either the stand rod or the tab spacer should be removed
with a Scotchbrite pad or SiC grit paper (600 grit), and subsequently cleaned with
acetone. The alignment stand can now be re-asseinibled for its next use.

The excess adhesive on the inside of the specimen tab must be machined off to
allow for the attachment of the second tab and uninhibited insertion into the testing
machine. Due to the geomtery of the tab and spacer, the excess adhesive on the
inside of the specimen will be deposited only on the aluminum tab surface (and not
on the composite specimen). Thus, the composite tubular gage section will remain
unaffected by any adhesive removal process. If sufficient release agent was used, the
adhesive material should separate from the tab with minimal machining. To perform
the machining operation, the specimen is placed in a lathe (cantilevered), and the
excess adhesive is removed using a boring bar. Attention should be paid to avoid any
contact with the composite material. When clamping the free end of the composite
tubular part, use a fitted wooden plug to prevent crushing. After boring the inside
tab surface, residue and roughness should be removed using fine grit paper (600 grit)
as this surface is intended for pressure seal service.

Due to external adhesive overflow or leakage at the injection holes, there is often

adhesive residue on the outer tab surface as well. Since the specimen is already setup
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in the lathe, the adhesive residue on the outside surface can be removed by light
filling and various grit papers. A center should be used to support the cantelevered

specimen.

C.6.4 Tab Bonding (Side B)

To attach the second end tab, the previous procedure (for side A) is repeated. In-
stead of a tubular spacer, however, a second tab spacer is used to center the previously
potted tab at the top of the alignment stand (see figure C.16 - right).

Once both specimen tabs are attached, two final (but optional) machining oper-
ations may be required. If a large clamping force is required for the specimen (e.g.
for axial fiber dominated specimens), slits can be machined along the tabs in order
to reduce the clamping stiffness. Using a milling machine, the specimen is clamped
in v-blocks and machined using a slitting saw. Any number of slits can be imparted
but ensure an even distribution around the circumference of the tab. To ensure the
highest possible clamping force, these machined slits should penetrate through the
tab wall (and partly through the adhesive) but should not touch the tubular part.

For tests with large torsional loads, a 1/4 in. keyway can be machined into each
end of the specimen. This keyway matches a removable key located in the ends.
of the grip back plate. A milling machine with a 1/8 in. end mill cutter is used
to machine the keyway. A special jig is used to hold the specimen in an upright
position. Clamping force is applied only to both tab surfaces to prevent damage to
the composite section. At least two passes with the end mill cutter is required, and a

gage key should be continuously used to check the fit during the machining process.
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APPENDIX D

Datafiles for Cure Cycle Control Program (CCCP.EXE)

1. Master Datafile

2. Cure Cycle Datafile - Cartridge Heaters (CURE36.DAT)
3. Cure Cycle Datafile - Oven (CURE360V.DAT)

4. Control Datafile

5. Calibration Datafile



MASTER DATAFILE FOR CCCP.EXE

START CALIB:
thermocouple
thermocouple
thermocouple
thermocouple
thermocouple
thermocouple
thermocouple
calibration d

- PAGE 1 OF 2

#1 (O-Not Active, or Heater
§2 (0-Not Active, or Heater
#3 (0-Not Active, or Heater
#4 (0-Not Active, or Heater
#5 (0-Not Active, or Heater
#6 (0-Not Active, or Heater
#7 (0-Not Active, or Heater

calibration
calibration
calibration
calibration
calibration
calibration

datafile
datafile
datafile
datafile
datafile
datafile

atafile (thermocouple #1)

(thermocouple
{thermocouple
(thermocouple
(thermocouple
(thermocouple
(thermocouple

#2)
#3)
#4)
§5}
#6}
87

#)
#)
)
)
)
#)
#)
"CALIB.DAT"
"CALIB.DAT"
"CALIB.DAT"
"CALIB.DAT"
"CALIB.DAT"
"CALIB.DAT"™
"CALIB.DAT"

L1 O A T I T
O M MFHW

END CALIB:

START CONTROL:
heater #1 active
heater #2 active
heater #3 active
heater #4 active
heater #5 active
heater #6 active

switch
switch
switch
switch
switch
switch

(Y/N}
(Y/N)
(Y/N)
(Y/N)
(Y/N}
(Y/N)

nyw
N
wyn
TN
TN
N

control
control
control
control
control
control
control

thermocouple
thermocouple
thermocouple
thermocouple
thermocouple
thermocouple

datafile (heater #1)

{(for heater
(for heater
(for heater
(for heater
(for heater
(for heater

#1)
#2)
#3)
#4)
BS)
g6}

COoOO0OrHOW

TCONTRO

.DAT"

control datafile
control datafile
control datafile
control datafile
control datafile

(heater
(heater
(heater
(heater
(heater

cure datafile (heater #1
cure datafile (heater #2
cure datafile (heater #3

#2)
#3)
#4)
#5)
§6)

mcy

"Cu

"

)
)
)

cure datafile
cure datafile
cure datafile

(heater #4)
(heater #5)
(heater #6)

1 3
3 3

pulse frequency (in Hertz) = 2

END CONTROL:

START PRESSURE
pressure line
pressure line
pressure line
pressure line
supply pressu
supply pressu
supply pressu
supply pressu

END PRESSURE:

#1
#2
#3
#4
re
re
re
re

{0-Not Active,
(0O-Not Active,
{0-Not Active,
(0-Not Active,
(pressure line
(pressure line
(pressure line
(pressure line

"CONTROL.DAT"
"CONTROL.DAT"
"CONTROL.DAT"
"CONTROL.DAT"
"CONTROL.DAT"
RE360V.DAT™

RE36.DAT"

or Heater #)
or Heater §)
or Heater #)
or Heater #)

#1) = 70 psi
#2) = 0 psi
#3) = 0 psi
#4) = 0 psi

[T |

[oNoNoNe]
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MASTER DATAFILE FOR CCCP.EXE

START OUTPUT:

specimen
specimen
specimen
specimen
specimen
specimen

description
cescription
description
description
description
description

processing notes
processing notes
processing notes
processing notes
processing notes
processing notes
ocutput datzfile
output datafile
output datafile
output datafile
output datafile
output datafile
END OUTPUT:

(heater
(heater
(heater
(heater
(heater
(heater
(heater
{heater
{heater
{heater
(heater
(heater

({heater
{heater
(heater
(heater
(heater
(heater

§1)
§2)
#3)
#4)
#5)
#6)
#1)
#2)
#3)
#4)
§5)
#6)

265
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#1) = "Thermal Gradient Test"
§2) = "
#3) = "Thermal Gradient Test"
“4) = urn
§5) =" "
§6) =" "
= "2 F/m and 300F cure cycle"”
= "S50W Cartridge”
"therm3é.ovn"
"therm36.out"



CURE CYCLE DATAFILE FOR CCCP.EXE - PAGE 1 OF 1
CURE CYCLE FOR CARTRIDGE HEATERS (CURE36.DAT)

LN I N I R I R B Y N A ]

* % & 4 ¢ £ £ ¢ 4 ¢ &£ & X & ¢ #

START
RISE
RISE
DECAY

Heating Information:
1. Heating Process - "HOLD", "RISE", "DECAY"™

The following is defined only for HOLD cycle steps:
2. Heating Duration Time in the form "hh:mm:ss”

The following is defined only for RISE/DECAY cycle steps:

3. Heating Slope Type - "FORCED" (user specified), "NATURAL"
4. Heating Slope Ending Trigger Temperature

5. Units (C or F)

6. Heating Rate (only defined for FORCED RISE/DECAY}

7. Units (C/s, C/m, C/h, F/s, F/m, or E/h)

Pressurization Information:

8. Pressurization Action - "ON", "OFF", "CONTINUE"
n.b. CONTINUE indicates the pressure will remain in the
same state as the previous step.

The following is defined only for HOLD cycle steps:
9. Pressure Triggering Time in the form "hh:mm:ss" (used only
when the cycle is defined by HOLD)

The following is defined only for RISE/DECAY cycle steps:
10. Pressure Triggering Temperature

11. Units (C or F)

NOTE: When a field is not valid for the particular step, the

Moo " delimiter is included for parsing purposes.

CURE:

-------- FORCED 250.0 F 2.0 F/m --- mmmm e
-------- FORCED 285.0 F 1.0l F/m --- T
-------- NATURAL 150.0 £ =—=m—=- === -——- mmmmmm mee

END CURE:
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CURE CYCLE DATAFILE FOR CCCP.EXE —~ PAGE 1 OF 1
CURE CYCLE FOR OVEN (CURE360V.DAT)

*

+

Heating Information:
1. Heating Process - "HOLD", "RISE", "DECAY"

The following is defined only for HOLD cycle szeps:
2. Heating Duration Time in the form "hh:mm:ss”

The following is defined only for RISE/DECAY cycle steps:

3. Heating Slope Type - "FORCED" (user specifisd), "NATURAL"
4. Heating Slope Ending Trigger Temperature

5. Units (C or F)

6. Heating Rate (only defined for FORCED RISEsZECAY)

7. Units (C/s, C/m, C/h, F/s, E/m, or E/h)

Pressurization Information:

8. Pressurization Action - "ON", "OFF", "CONTINUE"™
n.b. CONTINUE indicates the pressure will rsmain in the

- same state as the previous step.

- The following is defined only for HOLD cycle steps:

* 9. Pressure Triggering Time in the form "hh:mm:ss" (used onl
- when the cycle is defined by HOLD)

- The following is defined only for RISE/DECAY cycle steps:

h 10. Pressure Triggering Temperature

h 11. Units (C or F)

h NOTE: When a field is not valid for the particzular step, the
- Mo " delimiter is included for parsir: purposes.
START CURE:

RISE  —--—=~--= FORCED 325.0 F 2.0 F/m --- = —————---
HOLD 01:00:00 - —— === mmm———-
DECAY ——=--=—-= FORCED 300.0 F 100.0 E/m --- =  —==————-—
HOLD 12:00:00 - —— == meeem————
DECAY -——-—=—- NATURAL 150.0 F --—-= ——- ——— s

END CURE:

{natural}

Y
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CONTROL DATAFILE FOR CCCP.EXE - PAGE 1 OF 1

START CONTROL:

max. allowable temperature = 400 €

max. allowable temperature difference |SP-TC| =
END CONTROL:

START OUTPUT:

output file write increment = 30 s
output file temperature units = "E"
END OUTPUT:

START ANALOG_OUT: (open loop - heaters 1 & 2)
starting temperature = 190 F

heater calibration constant = 0.0091 V/C
END ANALOG_OUT:

START DIGITAL OUT: (closed loop - heaters 3 to 6)
maximum allowable heater ON time = 10000 s
deadband temperature (on RISE) = 2 F
deadband temperature (on DECAY) = 2.5 F
maximum heater output = 1000 W
required heater output = 50 W

END DIGITAL_OUT:

4

C

2

E
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CALIBRATION DATAFILE FOR CCCP.EXE - PAGE 1 OF 1

START CALIB:
thermocouple reference voltage = 0 mV
thermocouple amplifier gain = 400
calibration equation output units = "C"

TC calibration polynomial coefficient (Oth order) = 0.226001
TC calibration polynomial coefficient (lst crder) = 25.488
TC calibration polynomial coefficient {(2nd order) = -0.565494
TC calibration polynomial coefficient (3rd crder) = 0.0146797

END CALIB:



270

APPENDIX E

Volume Fraction Worksheet



VOLUME FRACTION WORKSHEET

SPECIMEN:
SAMPLE:

BURN OUT TIME:
BURN OUT TEMP:

FIBER DENSITY (pPfibers) :
MATRIX DENSITY (Pmatrix)

SAMPLE SAMPLE SAMPLE
LENGTH 0.D. I.D.

BEFORE BURN-OUT:

CALC Veorar = (7/4) *((Doa) ® = (B1a) ) *L =
Merucible =

Merucible+sample =

CALC Mcomp = Meruciblessample — Mcerucible =

AFTER BURN-OUT:

S.

6.

7.

Merucible+fibers =
CALC M¢ipers = Mcrucible+fibers — Merucible =

CALC Mpacrix = Mceomp ~ Meibers =

DETERMINATION OF VOLUME FRACTIONS:

8.

9.

10.

i1.

12.

13.

CALC Vgipers = Meivers / Pribers =

CALC Vgrac.tivers = Veibers / Veoral =
CALC Vpaerix = Mumacrix / Pmacciz =

CALC Vfrac.matrix = Vmatrix / Viorar =
CALC Vygidas = Viotai — Veibers — Vmacrix =

CALC Vfrac.voids = Vvoids / Viotal =

271



272

APPENDIX F

ANSYS Batch Files

1. Mechanical Analysis
2. Thermal Analysis



ANSYS BATCH FILE - TUBULAR SPECIMEN MODEL (MECHANICAL ANALYSIS) - PAGE 1 OF 5

C++** ANSYS FE TUBULAR SPECIMEN MODEL - MECHANICAL ANALYSIS
C+++* 1/4 Cylinder Model (+/-45]s (lH:1lA)

/EFILNAME, P45_11
/TITLE, Tubular Specimen [+/~45]s (lH:1A)
/OUTPUT, P45 _11,0UT

Cv++ Input Parameters

Cv++ Element Mesh Parameters
THDIVS=16

TABDIVS=5

ESIZE1=0.005

ESIZE2=0.1

Ct++ Applied Hoop and Axial Stresses
SIG_HOOP=1.0e6
SIG_AX=1.0eé

C+*~~ Specimen Parameters

C+*+*+ note: layer angle given is in element C.S. which is rotated 90 to the pipe
Crw« (ie. pipe winding angle is 90 - theta given}

SPEC_ANG=45

SPEC_WT=0.07

SPEC_LT=0.00875

SP_MRAD=0.8

Cr++ Tab Parameters
TAB_LT1=0.10
TAB_LT2=0.08
TAB_LT3=0.06
TAB_LT4=0.04
TAB_LTS5=0.02
ADH _LT=0.025

C**+ Keypoints Along Cylinder (Z Coordinate)
TAB_Z0=-0.25

TAB_2Z1=-0.20

TAB_22=-0.15

TAB_Z3=-0.10

TAB_Z4=-0.05

TAB_2Z5=0

SPEC_21=1.0

SPEC_22=2.0

C**+ Calculated Parameters
N_AXTIAL=SIG_AX*SPEC_WT
P_HOOP=SIG_HOOP'SPBC_WT/SP_MRAD

Chww P 2 A A R I 22 A X S A 2 R 22 A2 22 R X222 X2 AR AR o adsd

C++* PRE-PROCESSOR

Crvw kR bk kbbb bbb r bbbtk rrrrr bbb rrbrrrrrrrdirere

/PREP7

C++*+ ELEMENT TYPE (Element 99 -~ Layered Plate Element:
Ct**

C++«+ Keyopt(2)
Cr++ Keyopt(3)
Cr++ Keyopt(4)
C+*v Keyopt(5}
Cv++ Keyopt (6}

0, constant thickness

1, integration point strain printout

0, no user subroutine for E.C.S.

stress and strain results to be curput

2, layer solutions at int. points in layers LPl and LP2
C+++ Keyopt(8) 0, store data for top/bottom layer only (post-processor)
Ce++ Keyopt (9} 0, evaluate stress/strain at top and bottom of layer
C**+ Keyopt(1l0) = O, no material property matrices printed

Cv+* Keyopt(ll) = 0, nodes located at midsurface

C*+*+* use if necessary e.g. KEYOPT,1,9,1 <~ Keyopt{9) = 1

L | | A T A
N
~

ET,1,99,,,1,,2,2
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ANSYS BATCH FILE ~ TUBULAR SPECIMEN MODEL (MECHANICAL ANALYSIS) - PAGE 2 OF 5

C++*+ MATERIAL CONSTANTS (define in Element C.S. where x -~ fiber direction,
Ceer Y - transverse direction and z - out-of-plane)
C+*+** All constants are defined in english units (ie. psi)

C+**+* 1. 3M-1003 E-Gl/Epoxy Composite

Chrer Note: define in Element C.S. where x -~ fiber direction,
Crwr y - transverse direction and z - out-of-plane
MP,EX,1,6.05E06

MP,EY,1,1.89E06

MP,EZ,1,1.89E06

MP,GXY,1,0.49E06

MP,GYZ,1,0.66E06

MP,GXZ,1,0.49E06

MP,PRXY,1,0.3

MP, PRXZ,1,0.3

MP, PRYZ,1,0.4

MP,ALPX,1,4.78E-06

MP,ALPY,1,12.17E-06

MP,ALPZ,1,12.17E~-06

Cw+* 2. Epoxy Adhesive (isotropic)
MP,EX,2,0.7E06

MP,EY,2,0.7E06

MP,EZ,2,0.7E06

MP,GXY,2,0.26E06

MP,GYZ,2,0.26E06

MP,GXZ2,2,0.26E06

MP, PRXY, 2,0.34

MP, PRXZ,2,0.34

MP, PRYZ,2,0.34

Cr*+* 3, 6061-T6 Aluminium (isotropic)
MP,EX, 3,10.3E06
MP,EY,3,10.3E06
MP,EZ,3,10.3E06
MP, GXY, 3,3.8E06
MP,GYZ, 3,3.8E06
MP,GXZ, 3,3.8E06
MP, PRXY, 3,0.33
MP, PRXZ,3,0.33
MP, PRYZ,3,0.33

Cr*+* REAL CONSTANTS (lay-up parameters)

Cr+** 1. TAB SECTIONS

Crtx Note: The tab section is compose of 5 stepped shell sections of
Cus* decreasing wall thickness from the grip to the gage section
Cwe+ which is used to simulate the aluminium tab. Each step is
Crw> represented by a separate REAL constant.

R,1,12,1,3,10

RMORE

RMORE, 3,,TAB_LT1,2, ,ADH_LT

RMORE, 1, SPEC ANG,SPEC_LT, 1, -(SPEC_ANG)},SPEC_LT
RMORE, 1, SPEC__ " ANG, SPEC LT, 1, - (SPEC_ ._ANG), SPEC_LT

R,2,12,1,3,10

RMORE

RMORE, 3, ,TAB_LTZ2, 2, ,ADH_LT

RMORE, 1, SPEC ANG, SPEC_LT,1,~(SPEC_ANG),SPEC_LT
RMORE, 1, SPEC ANG, SPEC LT,1,-(SPEC_ANG},SPEC_LT

R,3,12,1,3,10

RMORE

RMORE, 3, ,TAB_LT3,2,,ADH_LT

RMORE, 1, SPEC_ANG, SPEC_ LT, 1,-(SPEC_ANG),SPEC_LT
RMORE, 1, SPEC_ANG, SPEC LT, l,—(SPEC ANG) , SPEC LT
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ANSYS BATCH FILE - TUBULAR SPECIMEN MODEL (MECHANICAL ANALYSIS) - PAGE 3 OF §

R,4,12,1,3,10

RMORE

RMORE, 3, ,TAB_LT4,2,,ADH_LT

RMORE, 1, SPEC ANG, SPEC__ LT, 1,-(SPEC_ANG},SPEC LT
RMORE, 1, SPEC ANG, SPEC LT,1,-(SPEC_, ANG),SPEC LT

R,5,12,1,3,10

RMORE

RMORE, 3, , TAB_LTS, 2, ,ADH_LT

RMORE, 1, SPEC_ANG, SPEC_LT, 1, - (SPEC_ANG), SPEC_LT
RMORE, 1, SPEC_ANG, SPEC_LT, 1, ~ (SPEC_ANG) , SPEC_LT

C*+*+* 2. GAGE SECTION (composite tube only)
R,6,8,1,1,8

RMORE

RMORE, 1, SPEC_ANG, SPEC_LT, 1, - (SPEC_ANG),SPEC_LT
RMORE, 1, SPEC ANG, SPEC LT, 1,-{SPEC_ANG), SPEC LT

Cv+¥+ DEFIME CYLINDRICAL MODEL

C+*++ Explicitly define element orientation
LOCAL, 11,1
ESYS, 11

C*+*+* Define Keypoints
CSYS, 1
K,1,SP_MRAD, 0, TAB_20
K,2, SE_MRAD, 90, TAB_Z0
K,3,SP_MRAD,0,TAB_Z1
K,4,SP_MRAD, 30, TAB 21
K, 5, SP MRAD, 0, TAB_ Z2
K,6,SP MRAD,BO TAB 22
K,7, SP MRAD, 0, TAB__ Z3
K,8, Sp| _MRAD, 90, TAB 23
K,9,SP MRAD 0, TAB__ 74
K,1C- SP MRAD, 90, TAB 24
K,1l1, SP MRAD, 0, TAB_! Z5
K,12, SP MRAD, 90, TAB Z5
K,13,SP_MRAD, 0, SPEC_z1
K,14,SP_MRAD, 90,SPEC_Z1
K,15, SP MRAD, 0, SPEC_ z2
K,lo,SP MRAD, 90, SPEC 22

Cx++ Define Areas
A,2,4,3,1
A,4,6,5,3
A,6,8,7,5
A,8,10,9,7
A,10,12,11,9
A,12,14,13,11
A,14,16,15,13
AGLUE, ALL

C+++* Define meshing parameters

Cv+*+* 1. Define tapered element spacing at transition from tab to gage
Crr+ along symmetry liines

KSEL,S,LOC,Z,TAB_2Z5S

KESIZE,ALL,ESIZEL

KSEL,S,LOC,2,SPEC_Z1
KSEL,A,LOC,Z,SPEC_Z2
KESIZE,ALL,ESIZE2

LSEL,S,LOC, Z, ({TAB_Z5+SPEC_Z1}/2)
LSEL,A,LOC, Z, [ (SPEC_Z1+SPEC_2Z2)/2)
LDVA
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C+*+** 2. Define element divisions in tab steps along symmetry lines
LSEL,S,LOC, 2, ({TAB_Z0+TAB 21}/2)

LSEL,A,LOC, 2, ((TAB_Z1+TAB_22)/2)

LSEL,A,LOC,Z, ( (TAB_Z2+TAB_Z3)/2)

LSEL,A,LOC,2, ({(TAB_Z3+TAB_24)/2)

LSEL,A,LOC,2, { (TAB_Z4+TARB_25)/2)

LESIZE,ALL,,,TABDIVS

C+*++ 3. Define element divisions along tube circumference
LSEL,S,LOC,Y, 45
LESIZE,ALL,,,THDIVS

C+++ Attach Area Attributes
ASEL,S,LOC,Z,((TAB_ZO+TAB_ZI)/2)
AATT,,1,1,11

ASEL,S,LOC,2Z, ({TAB_Z1+TAB_Z2)/2)
AATT,,2,1,11

ASEL,S,LOC,Z, {(TAB_Z2+TAB_23}/2)
AATT,,3,1,11

ASEL,S,LOC,Z, { (TAB_2Z3+TAB_2Z4}/2)
AATT,,4,1,11

ASEL,S,LOC,Z, ( (TAB_Z4+TAB_2Z5)/2)
AATT,,S,1,11

ASEL,S,LOC,2, ({TAB_ZS+SPEC_21)/2)
ASEL,A,LOC,2, { (SPEC_Z1+SPEC_22)/2)
AATT,,6,1,11

C++* Select ALL entities
KSEL,ALL
LSEL,ALL
ASEL,ALL

C+*++ MESH and ROTATE NODEL C.S.
AMESH, ALL
NROTAT, ALL

FINISH

Cres tr v e kAR TR A r b r r A TR F AT VT LT T T ET T v TP e T rr e

C+++ SOLUTION

Crew thtewtiwrrhbhbwbhbbrbbrbbbbrrbrrbbbibbbrrrtrbrrrovrrrrbedvre

/SOLU
Ce**+ 1. Apply Displacement Type Boundary Conditions

C~** Fixed End/Clamped End
NSEL,S,LOC,Z,TAB_Z0
b,ALL,UZ,0

D,ALL,UX,0

Cc*** No rotation at ends; No displacements in theta at ends
NSEL,S,LOC,Z,TAB_ZO
NSEL,A,LOC,Z,SPEC_22
D,ALL,ROTX, 0

D,ALL, ROTY, 0

D,ALL,ROTZ,0

D,ALL,UY,0

Cv** Symmetry BC's along edges
NSEL,S,LOC,Y, 0

NSEL,A,LOC, Y, 90

D,ALL, ROTX, 0

D,ALL,ROTZ,0

D,ALL,UY, 0



ANSYS BATCH FILE - TUBULAR SPECIMEN MODEL (MECHANICAL ANALYSIS)

C*++ Select ALL entities
NSEL,ALL

Cv+v+ 2. Apply AXIAL FORCE Loading
LSEL,S,LOC,Z,SPEC_22
SFL,ALL, PRES, - {N_AXIAL})

LSEL,ALL

C+*++ 3. Apply HOOP PRESSURE Loading
ASEL,ALL
SFA,ALL, 1, PRES,P_HOOP

C*++ Set Output
OUTPR, ESOL, LAST

Cr** SOLVE MODEL AND SAVE RESULTS
SOLVE
SAVE

FINISH

~ PAGE S5 OF 5

277



278

ANSYS BATCH FILE - TUBULAR SPECIMEN MODEL (THERMAL ANALYSIS) - PAGE 1 OF 3

C*++ ANSYS FE SPECIMEN MODEL
C*++ 1/4 Cylinder Model [+/-4S5]}s Thermal Loading

/FILNAME, P45_T
/TITLE,Tubular Specimen {+/-45]s Thermal Loading
/OUTPUT, P45_T,OUT

C+++ Input Parameters

C+++ Element Mesh Parameters
THDIVS=10
ZDIVS=16

Cv+*+* Specimen Parameters

Cr+* note: layer angle given is in element C.S. which is rotated 90 to the pipe axis
Cr++ (ie. pipe winding angle is 90 - theta given)

SPEC_ANG=45

SPEC_WT=0.07

SPEC_LT=0.00875

SP_MRAD=0.8

Cv** Keypoints Along Cylinder (Z Coordinate)
SPEC_20=0
SPEC_22=2.0

o A r N R N A AN T A AP Ut bbb e bbb rr P rr b P rrrr b v rr v v s

Cv+* PRE-PROCESSOR

C‘-i* LA A A A S AL LAl sl sl el e s R S22 R RS2 RS2 R R 2y

/PREP7

Cx++ ELEMENT TYPE (Element 99 - Layered Plate Element}
c*tt -

C*+* Keyopt(2)
C+++ Keyopt(3)
C**+ Keyopt(4)
Cv*+ Keyopt(5)
Ct++ Keyopt(6)
Cv++ Keyopt{8)
Cr++ Keyopt(9)

0, constant thickness

1, integration point strain printout

0, no user subroutine for E.C.S.

stress and strain results to be output

5, layer solutions at int. points in ALL layers

0, store data for tcpsocttom layer only (post-processor)
0, evaluate stress/strain at top and bottom of layer

o non o
N
~

C+** Keyopt (10) = 0, no material property matrices printed
Cr++ Keyopt(ll) = 0, nodes located at midsurface
Cr*+ use if necessary e.g. KEYOPT,1,9,1 <- Keyopt(9) =1

ET,1,9%,,1,,2,5

Cr+* MATERIAL CONSTANTS (define in Element C.S. where x - fikber direction,
Cr¥w Yy - transverse direction and z - out-of-plane)

Cev+ 3M-1003 E-Gl/Epoxy Composite

Cv*+ Note: define in Element C.S. where x - fiber direction,
Crw y - transverse direction and z - out-of-plane
MP,EX,1,6.05E06

MP,EY,1,1.89E06

MP,EZ,1,1.89E06

MP,GXY,1,0.49E06

MP,GYZ,1,0.66E06

MP,GXZ,1,0.49E06

MP, PRXY,1,0.3

MP,PRXZ,1,0.3

MP,PRYZ,1,0.4

MP,ALPX,1,4.78E-0C6

MP,ALPY,1,12.17E-06

MP,ALPZ,1,12.17E-06

C++*+ REAL CONSTANTS (lay-up parameters)
R,1,8,1

RMORE

RMORE, 1, SPEC_ANG, SPEC_LT,1,~(SPEC_ANG),SPEC_LT
RMORE, 1, SPEC_ANG, SPEC_LT,1,-~(SPEC_ANG),SPEC_LT



ANSYS BATCH FILE - TUBULAR SPECIMEN MODEL (THERMAL ANALYSIS)
C+++ DEFINE CYLINDRICAL MODEL

Cv++* Explicitly define element orientation
LOCAL,11,1
ESYS, 11

C+*+ Define Keypoints
csys, 1
K,1,SP_MRAD,0,SPEC_20
K,2,SP_MRAD, 90,SPEC_2Z0
K,3,SP_MRAD,0,SPEC_22
K,4,SP_MRAD, 90,SPEC_2Z2

C*++ Define Areas
A,2,4,3,1

c+*+v Define meshing parameters

C+++ Define element divisions along tube symmetry lines
LSEL, S, LOC,Z, { (SPEC_Z0+SPEC_22)/2)

LESI2E,ALL,,,2DIVS

C+**+* Define element divisions along tube circumference
LSEL,S,LOC,Y, 45
LESIZE,ALL,,,THDIVS

C+*++* Select ALL entities
KSEL,ALL
LSEL,ALL
ASEL,ALL

C+++ MESH and ROTATE NODEL C.S.
AMESH,ALL
NROTAT,ALL

FINISH

- PAGE 2 OF 3

CHrr kT N N vk AU A r P T kT A A b rr v P I T T T crr b v v wr

C+v+ SOLUTION

CrrFr v e A W h A Ak wkkk bk ek kb r kb bk b r kv d v H AW r s rr kb rrr b

/SOLU
C++*v 1. Apply Displacement Type Boundary Conditions

Cr** Fixed End (No Clamping)
NSEL,S,LOC,2,SPEC_Z0
D,ALL,UZ,0

Cv++ No rotation at ends; No displacements in theta at ends
NSEL, S, LOC,Z,SPEC_ZO0

NSEL,A, LOC,2,SPEC_22

D,ALL,ROTX, 0

D,ALL,ROTY,0

D,ALL,ROTZ,0

D,ALL,UY,0

C+*+~ Symmetry BC's along edges
NSEL, S, LOC,Y,0

NSEL,A, LCC,Y, 90

D,ALL,ROTX, 0

D,ALL,ROTZ,0

D,ALL,UY,0

C+*++* 3Select ALL entities
NSEL,ALL
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ANSYS BATCH FILE - TUBULAR SPECIMEN MODEL (THERMAL ANALYSIS) - PAGER 3 OF 3

C++** 2. Apply THERMAL Loading
BF,ALL, TEMP,-250

C**+ Set OQutput
OUTPR, ESOL, LAST

Cv*+ SOLVE MODEL AND SAVE RESULTS
SOLVE
SAVE

FINISH



