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Abstract

Curing of fiberglass components involves processes
during vhich the polyester matrix shrinks, both chemically
and thermally, significantly more than the glass
reinforcement or the mold. Early in the developmen; of
fiberglass, research efforts focussed on the discovery of
coatings for the glass fibers which maintained the integrity
of the glass-matrix interface in spite of this shrinkage,

The characterization of differential shrinkage and its
2ifects has been a central problem in understanding
composite materials. The present status of understanding
this problem is reviewed in the thesis, Most of the
literature is found to éoncentrate upon thermal shrinkage
effects, which are of particular concern in aerospace
applications, The role of chemical shrinkage has not been
fully rationalized.

This thesis endeavors to investigate the magnitude of
chemical shrinkage effects both analytically and
experimentally, Such a study is particularly appropriate in
fiberglass, where the polyester resin undergoes of the order
of 9 v/o shrinkage during curing,

Computer codes for predicting the macro stresses caused
by differential shrinkage were acquired or developed from
the literature. Codes based on Classical Lamination Theory
and more rigorous elasticity solutions are compared. The

experimental work consisted of strain measurements on the
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ih:idebo£‘§iqminum mandrels over which fairly thick
hoop-oriented fiberglass layers were filament wound and
cured, Strain measurements were compared with *thermal
analogy" predictions, In the thermal analogy, chemical
shrinkage is simulated by removing the thermal shrinkage
capacity of all parts of a composite except the resin. A
temperature change consistent with a given amount of resin
shrinkage is applied, and the response of the system is
calculated,

As an additional exercise, a preliminary study of
microstresses within a layer of fiberglass wss attempted
using the finite element program SAPIV. (Bathe et al,, 1974)
Results were compared with the results of photoelasticity
studies presented in the literature,

The most signiticant finding of this investigation was
that the large predicted maecroscopic mandrel strains were
not present., A number of possible explanations are
considered, Crazing of the matrix, debonding of the aluminum
and composite, and a macroscopic stress relief mechanism due
to non-uniform curing are thought to be the most probable
causes of the observed results, Suggestions for further

confirming investigations are made.
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volume ftgctioh
failure stress/strain in 2-direction

through-the-thickness coordinate of a
laminate (equivalent to the 3-direction in
principal material direction space)

2. Sugerécrigts

3. Subscripts

o]

ij

R'M.

indicates a quantity which applies to the
midplane of a laminate

indicates that gquantity is due to thermal
effects

(overbar) indicates a tranformed guantity in
the cases of Q and §; indicates a total
quantity in the case of {N}

indicates the axial direction
indicates compression or composite

indicates a final value or the fiber
component of a composite

indicates glass (as in glass transition
temperature)

indicates the hoop direction

indicates the dimensions of a matrix (that
is, '"i' rows by 'j' columns)

indicates a quantity which applies to the
k'th lamina within a laminate

indicates the matrix component of a composite
indicates an original (time zero) value
indicates resin or matrix

indicates reference material
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indicates room temperature
indicates tension

indicates wire used to suspend samples in
Archimedean density tests

indicate quantities in a tranformed
coordinate system's directions (e.g., the
structural axes)

indicate quantities in principal material
directions; 1 indicates longitudinal
direction; 2 indicates in-plane transverse
direction

indicates the hoop direction
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Glossary of Tefms"l

Angle-plied: Adjective indicating that the unidirectional
reinforcement of a lamina is at some angle to
the laminate or structural axes.

Apparent mass: The mass of a body as measured in a
buoyant fluid more dense than air.,

Boundary element: Spring-like element applied to the
exterior of a finite element mesh to regulate

displacements (or forces),

Catalyst: A substance which increases the rate of a
chemical reaction, The catalyst is used in
small amounts and does not itself undergo a
permanent change in composition, (Scwartz,
1984) MEKP (methyl ethyl ketone
hydroperoxide) is commonly used to catalyze
polyester resin,

Chemical shrinkage: Shrinkage due to crosslinking,

Coefficient of thermal expansion (CTE): Usually, the
linear CTE is given in the literature. This
is the amount of expansion or contraction
undergone by a material for each degree the
material is heated or cooled,

Composite (material): Two or more different materials,
combined on a macroscopic scale, to provide a
material having superior properties to
defined criteria. (Powell, 1983)

Coupling agent: A chemical which reacts with the matrix
‘ and reinforcement to provide a strong
interface bond in a composite material.
(Schwartz, 1984)

Crazing: Microcracking of a composite which gives rise to
macroscale opacity.

Cross-plied: Refers to a laminate in which the uni-
directional laminae are arranged with the
fibers of . one layer perpendicular to those of
the next (that is, an angle-plied laminate
with all angles equal to 0° or 90°).

Curing: The process by which a liquid resin becomes a
solid. In polyester, this involves
crosslinking of styrene monomers among
polyester polymers,

Curing temperature: The maximum temperature reached during
curing.

xiv




Draving (process): The movement of molten glass through
‘ platinum}bushings to produce glass filaments,

Failure criterion: A rule for predicting when a lamina
or laminate will fail.

Failure envelope/surface: A surface in stress or strain
space which contains all the stress or strain
states for which a material or lamina behaves
linear elastically., (Jones, 1975)

Fiber: A hairlike piece or filament (as of glass),
usually of the order of 10 micrometres in
diameter,

Fiberglass: 1, Glass fibers, 2. A composite material in
which the reinforcement is made up of glass
fibers and the matrix is (commonly)
polymeric,

Filament: A fiber,

Filament-wound: Describing a body which has been produced
by wrapping resin-impregnated strands of
fibers (or prepreg tapes) around a form or
mandrel. Strand tension, winding rate, and
winding angle are closely controlled,

Finish: A material applied to fibrous reinforcements to
improve the physical performance of
composites., A finish usually contains
coupling agents. (Schwartz, 1984)

Finite element method: Technique for analyzing continuous
' media. A body is subdivided into small

sections or elements. Each element is
described by a number of nodes at which
certain degrees of freedom are defined. In
the finite element analysis of Section 3.2,
simple two-dimensional constant strain
triangles are used. The nodal displacements
are determined using linear elastic matrix
methods and the nodal stresses and strains
are then calculated from the nodal
displacements,

Force resultant (per unit width): For a laminate, a
stress term multiplied by the thickness of
the laminate, Mathematically,

N. = Ioidz

where N! is the force resultant, o, is the

corresp&nding stress, and z is the

through-the-thickness coordinate of the

laminate. The bounds on the integral are from

Xv



the“icwer‘surféceféf*the.léminétéaid“fﬁél£°§7< I
surface of the laminate. (Powell, 1983)

Gel point (or gel time): Point of inflection in the
viscosity versus time curve of a curing
resin, The gel point corresponds to the time
vhen a resin first exhibits a non-zero
stiffness, (Schwartz, 1984)

High-performance composite: A composite designed to
provide maximum stiffness and strength in the
directions of the greatest in-service loads.

Homogeneous: Uniform in composition.,

Hoop-wound: Describing a composite in which the
reinforcement is oriented perpendicular to

the axis of the body.
Hydrostatic tension: Tension in all 3 principal directions,

Interface: Boundary between reinforcement and matrix.

Interlaminar: Between layers,

Interphase: Phase between the interface and the bulk matrix
which contains a mixture of matrix and
coupling agent,

Interply: Between plies,

Isotropic: Having properties which are equal in all
directions,

Lamina(e): Layer or ply of a composite material. A lamina
may contain unidirectional (in-plane)
reinforcement or reinforcement which is
randomly arranged in the plane,

Laminar: Describing a composite material or body which is
made up of layers or laminae.

Laminate: An assemblage of laminae, in the form of a flat
plate or a cylinder, for example,

Linear shrinkage: Shrinkage in one of the principal
directions. For shrinkage of an isotropic
body subjected to a uniform temperature
change, the linear shrinkage is one third of
the volumetric shrinkage.

Longitudinal (direction, strain, stress): Describing a
property or quantity parallel to the
unidirectional reinforcement. (That is, in
the 1-direction in principal material

Xvi
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~coordinate space.) It should be noted that
the subscripts 1 ang 2 for stresses and
strains in composite materials always refer
to principal material coordinates and do not
imply principal stresses and strains.

Macromechanics: The study, at the structural level, of
the stress and strain behavior of a composite
material subjected to a load, For purposes of
a macromechanical analysis, a lamina is
regarded as being ",,.homogeneous from an
engineering point of view, but having
different stiffnesses and strengths in
different directions.," (Powell, p, 178, 1983)

Mandrel: Tubular form or structure on which a filament

~wound laminate is laid-up, May be made of
plaster or metal; may be coated with a
release agent or cardboard or be collapsible
for easy removal subsequent to fabrication,
"Poor mandrel design can result in..,
excessive residual stresses." (Schwartz, P.
4.58, 198¢)

Micellular (structures): In polyester, these are highly
crosslinked crystalline regions, Surrounding
the micelles are somewhat amorphous regions
ha;i?g much lower crosslink density. (Selley,
1987 ‘

Microcracks: Cracks whose dimensions are on the scale of
the fiber diameter in a fiber-reinforced
composite, They may run along the
fiber-matrix interface or through the matrix.

Micromechanics: The "...8tudy of,.,.internal stresses
{in composite materials} and the mechanics of
internal reactions and interactions of the
constituent parts due to imposed forces,"
(Marloff and Daniel, p. 156, 1969) The
equations of micromechanics are used to
calculate the properties of a composite based
on the properties, geometry, relative
proportions, and orientations of the
constituents,

Microstresses: Stresses between the reinforcement and the
matrix,

Moment resultant (per unit width): Defined similarly to the
force resultant, above, only the integrand
also contains the through-the-thickness
coordinate, That is,

M. = J(o.,2)dz

M; is thé moment resultant. The bounds of the

xvii



integral are the same ‘as for the force
resultant, (Powell, 1983) S

Nodal points: Points delineating finite elements.

Orthotropic: "Having 3 mutually perpendicular planes
o;ae}astic symmetry."” (Schwartz, p. G.19,
198¢

Photoelasticity: Technique whereby the distribution of
stresses in a material subjected to a load
can be determined from the appearance of the
material under polarized light. (Hendry,
1964) In photoelastic models of composite
materials, the refractive indices of the
matrix and inclusion materials must be equal,

Polymerization: "A chemical reaction in which the
molecules of a monomer are linked together to
form large molecules..,." (Oberholtzer, p,
32, 1988)

Plasticized: Describing a polymer to which has been added
a "..,.material of lower molecular weight to
reduce stiffness and brittleness, resulting
in a lower glass transition temperature for
the polymer." (Oberholtzer, p. 30, 1988)

Ply: Lamina.

Pot life: Time span during which catalyzed resin remains
fluid enough to be used in filament winding.

Radial stresses and strains: 1. On the micro scale, these
are stresses and strains perpendicular to the
axis of the reinforcement. 2. On the macro
scale, these are stresses and strains
perpendicular to the axis of a tubular body.

Residual stresses and strains: Stresses and strains
present in a body as a result of fabrication.
T.ey are due to chemical, thermal, and
perhaps other effects (such as tension in the
reinforcement) and are additional to the
stresses and strains due to in-service loads.

Resin: "A solid, semisolid, or pseudo-solid organic
material which has an indefinite (often high)
molecular weight, exhibits a tendency to flow
when subjected to stress, usually has a
softening or melting range, and usually
fractures conchoidally, Most resins are
polymers., In reinforced plastics the material
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used to bind tbgéther’the‘reidforcement"
mategial, the matrix." (Schwartz, p. G.23,
-1984) = . ~

Roving: "In filament winding a collection o. bundles of
continuous filaments either as untwisted
strands or as twisted yarns.,..Glass rovings
are predominantly used in filament winding."
(Schwartz, p. G.23, 1984)

Self-temperature-~compensated (strain gage): A gage in
which (for some temperature range) the CTE of
the backing material is closely matched to
the CTE of the substrate to which the gage is
applied

Sigmoidal: S-shaped,

Specific (strength, stiffness): A property normalized
to density, For example, the specific modulus
of glass fibers is the modulus divided by the
density of glass.

Stacked rosette (strain gage): Several strain gages,
one upon the other, each of which measures
strain in a different direction., In Section
3.3, a 2-gage rosette, with the gages
oriented at right angles to one another (one
in the hoop direction and one in the axial
direction), was used,

Stacking sequence: The order in which the laminae
within a laminate are assembled., For example,
vhen a laminate is assembled such that
"...the laminae and properties are symmetric
about the midplane..,." (Powell, p, 165,
1983), a symmetric laminate results. The
stacking sequence of a laminate influences
the type of behavior exhibited. For example,
a8 symmetric laminate made up of
unidirectional orthotropic layers will not
exhibit coupling between bending and
extensional deformations, (Jones, 1975)

Thermoplastic: A plastic which may be formed, melted,
reformed, and remelted repeatedly,

Thermoset: A plastic that cannot be melted down and
reformed once it is chemically or thermally
cured. In addition to being infusible, it is
also "substantially insoluble." (Schwartz, p.
G.28, 1984) '

Transverse (strain, strength): A property pertaining to
a plane perpendicular to the axis of the

Xix



reinforcement in' a’ unidirectional lamina or
laminate (Also, pertaining to'the 2-'and 3-
directions in a unidirectional lamina or
laminate,) a ; e

Transversely isotropic: Isotropic in a plane perpendicular
to the reinforcement in a unidirectional
lamina or laminate,

Viscoelastic: Describing time-dependent elastic
(recoverable) material behavior., Viscoelastic
behavior of a polymer reflects the ability of
the molecules to uncoil and recoil when a

load is applied and later released.

Viscous: Describing permanent (plastic) deformations.
Viscous behavior of a polymer during the
application of a load involves molecular
chains sliding past one another, The
molecules do not return to their original
positions when the load is released.

Void: "Air or gas that has been trapped and cured into
a laminate, Porosity is an aggregate of
microvoids, Voids are essentially incapable
of transmitting structural stresses or
nonradiative enerqy fields," (Oberholtzer, P.
45, 1988)

Volumetric shrinkage: True volumetric shrinkage is the
natural logarithm of the qQuotient of the
volume at any point in time and the original
volume. Engineering volumetric shrinkage is
the quotient of the change in volume and the
original volume,

XX



o 1. !ntroductxon - -

Dur;ng the past several decades, composite mater:als
have infiltrated many niches prevxcusly domznated by
traditional engineering materials, The gtowing use of
composites in aircraft provides a typical example. Consider
the McDonnell Douglas Harrier jump jet, where the sub-
stitution of fiber composites for metal parts led to a
doubling of load bearing capacity and range, (Jewett, 1987)
Chemical plant piping, storage tanks, automobiles, sports
equipment, and even musical instruments have felt the impact
of the growing use of composites in design, (Schwartz, 1984)
Depending upon the application, composites can provide
significant advantages over traditional materials in terms
of specific strength and stiffness, corrosion resistance,
fatigue resistance, cosmetic appearance, vibration damping,
and thermal properties, (Jones, 1975)

Despite the vast amount of ongoing research in the
field, the complexities frequently associated with composite
materials behavior prediction mean that, in many ways,
composites are less well understood than their traditional
counterparts. Because man-made composites afford the unique
opportunity to engineer both the material and the structure
or component into which it is incorporated, there is much
incentive for continued research aimed at expanding the

capabilities and possibilities of composite materials.,



1.1 ¢ontaxt of the Pioblem

One aspect of composite materials research which has
been the focus of considerable attention is the char-
acterization of residual stresses and strains, Mr. Al
Osborne, the Engineering Applications Manager of Fiberglas
Canada's Technical Research Centre in Guelph, Ontario, has
extensively observed and studied apparent manifestations of

residual stresses in fiberglass,
Figure 1
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Figure ! is taken ttom work done by Fxberglas Canada on

typxcal polyester resin used in f;lament-wound fiberglass
products., The resin vas catalysed and then cast into a bar
shape. The upper curve of Figqure 1 is the temperature versus
time curve for the curing process of the neat resin., The
lower curve represents. the linear shrinkage of the resin
casting during curing, From these plots, most of the
shrinkage in this experiment is seen to occur in the
vicinity of the maximum temperature. During this same
portion of the curing cycle, bubbles, cracks, and blisters
are reported to begin to form in filament-wound fiberglass
products. Such flaws have been recognized for many years and
have been thought to arise as a result of curing shrinkage
and thermal contraction effects,

On a macro scale, some imperfections in fiberglass are
identified as regions of opacity in otherwise translucent
preducts, "Opacity is due to crazes in the resin, or
debonding at the interface due to shrinkage stresses,...In
general, the mechanical performance of the laminate with a
given resin is roughly proportional to the translucency of
the finished fiberqlass-resin composite."” (Erickson and
Plueddemann, 1974) However, Osborne (1987i) suggests that
opacity is more of a cosmetic problem than an engineering
concern in Fiberglas Canada products. The properties
important to in-service applicationg do not appear to be
affected in products showing opacity compared with similar,

but more translucent, products.,



» Figure 2 following, .s a section of a filameni-wound, 
low-ptessure water pipe. The whitish areas 1ndzcate small
internal cracks, or crazing, Pigure 3 shqws a blow-up pf a
single crack., The crack is confined to the darker, weaker
material., Microflaws such as those shown in Figures 2 and 3
occur in an unpredictable manner. It has been speculated
that such microflaws are an inherent feature of fiberglass
(whether they are macroscopically evident or not) and that
such flaws are responsible for governing the practical
attainable strength of fiberglass, The empirical transverse
tensile strain limit (0,15%) governs the design of much
corrosion-resistant fiberglass equipment., If residual
fabrication stresses and strains are responsible for
confining this strain limit to its small value, there is
obviously a great deal of incentive to better understand and
eventually control residual stresses. (Osborne, 1987i) 1t
was within this framework of understanding that the program
of research described in this thesis was undertaken.

The US space program has served as the impetus for
concerted efforts at characterizing residual stress effects
in high-performance epoxy-matrix composites, By comparison,
little academic work has focussed on ubiquitous
polyester-based commercial composites, such as fiberglass.
Because the proportion of thermal to chemical shrinkage is
greater in graphite-epoxy than in fiberglass, it is possible
that the development and effects of curing stresses differ

between the two system., This points out the need for



Figuea 2

Appearance ofra‘Fibérglass Pipe Containing

Small Internal Cracks

(Internal pipe diameter is approximately 0,46 m,)



Figure 3

Magnified View of a Single Crack

in the Pipe Section of Figure 2

(Lamina thickness is approximately 0.5 mm;

fibers are the paler constituent.)



.‘;;jyiéal.éiaﬁinétion_of the residuél stress-brobléﬁ ih‘
fibefglass;: o | o |
Current methods for analysing composite materials are
sometimes based on the assumption that the material is free
of stresses and strains until it is physically or thermally
loaded. However, the nature of the fabrication process for
fiberglass means that stresses due to chemical énd thermal
shrinkage may be present before the material is actually put
into service. "In some cases curihg stresses have been
sufficiently large to cause fracture of layers within a
laminate, even at room temperature." (Pagano and Hahn, 1977)
Since residual stresses can significantly affect the
strength of a composite, it would be useful to have a
comprehensive mathematical model for predicting the
three-dimensional pattern of stresses and strains from the
cure cycle variables and the measured characteristicg of the
constituent materials. (Osborne, i1986) This thesis addresses

some aspects of providing this model.

1.2 Polymer-Based Composite Materials

A composite material is any one in which two or more
different materials are combined on a macroscopic scale to
provide a material having superior properties to defined
criteria, (Powell, 1983) Some of the possible combinations
include ceramic plus metal, ceramic plus ceramic, organic
plus plastic, and glass plus plastic. The constituents in

the latter category may be combined in a number of ways,




1‘Gless may he present either as chopped strands or es N
cont1nuous fibers and the glass £ibers may be tandomly or
purposefully or;ented. Oriented contznuous fabers within a
given lamina are usually unidirectional, but a bidirecticnal
arrangement may be achievari bty using woven cloth or lightly
pre-bound cross-laid roving. (Fsrratt, 1972) A number of
types of glass fibers are available (electrical, or E glass,
and high strength, or S glass, for example), and there are
many polymer systems which can make up the plastic matrix.
In this study, fiberglass (crosslinked polyester resin
reinforced with E glass fibers) will be the system upon
which most attention is focussed. Mention of other systems
will be made from time to time for illustrative purposes,
Furthermore, in this study, the morphology of greatest
interest is a laminated structure consisting of plies
containing long, oriented fibers, A filament-wound tube is
used as a test piece,

Less strong than § glass is E glass, a low alkali,
alumina borosilicate glass. It is less expensive, displays
good chemical resistance, and is well behaved during the
draving process., E glass is drawn through holes in
electrically heated platinum bushings or cisterns to produce
fibers 3 to 20 x 10°° m diameter. Typically, 204 or more
fibers result from a single bushing; these are gathered
together to form a strand, or "end", Roving used in filament
winding consists of a number of parallel ends. In 1980, E

glass reinforcing fibers sold for $0.84/kg to $0.95/kg (US).
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and the qitimgte st:ength is of the‘cgdgf of 1.7 GPa,
Youdé's mdduius in tension is approximately 70 GPa.
(Schwartz, 1984)

Commercially-available polyester resin is a“syrupy
solution of polyester polymers dissolved in an unsaturated
coreactant, The polyester polymers derive from a
stoichiometric mixture of unsaturated or saturated dibasic
acids (or anhydrides) and dihydric alcohols (or oxides). As
dictated by cost and performance criteria, st&rene is the
most common coreactant; it accounts for 35% to 45% by weight
of the liquid resin so as to provide a ratio of two styrene
monomers to each fumarate group present in the polyester
polymer chains. Polymerization is free-radical initiated,
The most frequently used initiator system is a mixture of
methyl ethyl ketone peroxide (MEKP) catalyst plus a
multivalent metal activator, such as cobalt octoate or
cobalt naphthenate. This initiator system is intended for
use between 25°C and 35°C. Other systems are available for
use within the range from 0°C to 175°C, (Selley, 1985)

' Fumarate groups and styrene monomers crosslink to
produce three-dimensional, overlapping micellular structures
with amorphous boundary regions of low crosslink density,
The activation energy for gelation and crosslinking is
estimated to be about 50 kJ/mole and the overall reaction
rate constant is 2,7 x 109exp(-17,000/RT) min'1. (Selley,

1985) Glassy, crosslinked solid polyester has a tensile



"'~5fstrength of 40 to 90 MPa and a Young s modulus of around 2

to 4. 5 GPa. (Parratt, 1972) S

F;ber-matrix debond:ng due to intetlaminar sheat
stresses is exacerbated by the low sghear strength of the
resin (of the order of 100 MPa or less) in addition to
imperfect adhesion and the stress-concentrating effects of
fibers and voids, For this reason, coupling agents, such as
silanes or chromium vinyl, are employed to link oxide layers
on glass fibers to organic groups in the resin. "Good
adhesion of polymers to minerals often requires,,. 100
monolayer equivalents, or more, of silanes on the surface,"
(Plueddemann, 1988) Coupling agents aid in bond strength
retention (even in the presence of water at the bond
interface) and in the enhancement of flexural strength,
(Parratt, 1972) It has also been observed that silane
coupling agents aid in preserving translucence during
composite fabrication, (Plueddemann, 1974) Several theories
have been advanced to'explain how silane coupling agents
might help a composite adjust to curing stresses,

The "deformable layer" theory suggested that a silane
finish facilitates the development of a flexible resin layer
at the fiber-matrix interface. By sohe mechanism, this layer
might provide for relaxation of curing stresses., However,
this early theory did "...not appear to be tenable in
glass-reinforced composites because of the known sensitivity
of rubbery polymers on glass to the debonding action of

water...." (Erickson and Plueddemann, 1974) The
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interdittusion model for the nicroscale structure of the
éompogite;interféée vas suéggsted b§ Plueddeh#nn (1988).
This model, which is applicable to glass-rginforced
composites, suggests that a chemically-bonded interface of
covalent oxane bonds lies adjacent to a diffused interphase
region of polymer plus coupling agent, as shown in Figure 4,
The nature of the interphase controls composite performance.
The capacity for bond reformation following bond breakage is
one way in which the interface and interphase regions could
accommodate resin shrinkage strains and thereby allow for

the relaxation of curing stresses,

Figure 4

Schematic of the Interphase
(Adapted from Plueddemann, 1988)
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2 nosidual Strossos in Polymcric Compositos

Resldual stresses in polymerlc compos1tes are commonly
characterized and analysed on two different levels.
Micromechanical analysis is useful for developing a
background understanding of the types and distributions of
strains and displacements experienced by individual fibers
and the matrix surrounding them., A more general macro-
mechanical treatment, in which the disparity between the
properties of the matrix and fibers is "smeared out" within
each lamina in order to simplify the mathematics, is suited
to considering the performance of engineering structures

made of composite materials.,

2.1 Micromechanical Analysis of Residual Stresses

The residual stresses present in an unloaded polymer
composite originate during and following cﬁre. The first
curing stress component is believed to be due to resin
shrinkage, The density increase of polyester resin during
crosslinking results from linear shrinkage of about 2% to
3%. Most of the styrene solvent in which the polyester resin
is dissolved crosslinks into the structure during curing,
(Osborne, 1987i) However, any mass loss, due to chemicals
being driven off by the curing exotherm, for example, will
contribute to the overall volumetric shrinkage of the resin.
"Polyesters are available with dissolved thermoplastic
additives which precipitate during cure to minimize

shrinkage and give smooth, fibre-free surfaces on

12



1aminates.ﬁ (Parratt, 1972) That is, with 1ess shrinkage of
the resxn, the fibers are less likely to stand out 1n relief
on the surface of a laminate. Despxtevthis, polyester
systems tend to display more shrinkage than other
thermosetting resins, This is likely accepted due to the
comparatively low price and adequate stiffness
characteristics of polyester,

Epoxy and polyester are the two most widely used
polymeric matrix materials, The volumetric shrinkage of
epoxy upon curing ranges from 1% to 3%, while that for
polyester ranges from 4% to 8%. (Powell, 1983; Schwartz,
1984; Hull, 1981) In 1987, general purpose epoxy cost
$3.30/kg (US) (Puglisi and Chaudhari, 1988) while general
purpose polyester sold for $1.10/kg (US). (Dudgeon, 1983)

Both external loads and internal residual stresses
contribute to the total state of stress of a laminatéd
composite, Curing ",,.microstresses are often sufficient to
produce microcracking even in the absence of external
loads,” (Hull, 1981) The portion of the curing shrinkage
which occurs while the resin is liquid does not lead to
stress build-up. However, if a strong resin-to-fiber
interfacial bond exists, both longitudinal and radial

stresses will develop during later stages of curing.



Figure 5
The Evolution of Longitudinal Residual Stresses

Between Glass and Polyester
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The evolution of longitudinal residual stresses is
easily visualized. Consider several adjacent parallel fibers
and the surrounding resin in a unidirectional fiberglass
composite as shown in side view in Figure 5. Further
consider only chemical shrinkage of the resin in the absence
of thermal effects. Assume that the left-hand side of the
above model is fixed. The resin would tend to shrink back to
plane "A" in the absence of external constraints. The
ﬁtesence of the glass fibers means that the resin will
displace less than if it were allowed to shrink freely., For
illustrative purposes, assume that the resin shrinks to

plane "B"., If the bond between the glass and resin is



.ggygpgj;ghéﬁ;:he élﬁssxvill ﬁlSé_bg forced to disﬁ}éce to
biape YB"f‘Thﬁt ig; cpmpatibility between the matrix and
keinfordement is m@intained. The net result is that the
glass is put into compression along the length of the fibers
wvhile the resin is put into tension,

From the above example, it may be appreciated that
resin shrinkage under the constraint of adjacent fibers and
laminae leads to a state of tension in the matrix.
Concurrently, the fibers are subjected to axial compression
and shear stresses are induced in the resin parallel to the
fiber-matrix interfaces. According to the classical
mechanical model of the state of stress under an applied
load of a long fiber within a resin matrix, the shear stress
attains its maximum value near the ends of the fiber and
diminishes to zero in the center, Shear-type curing
microstresses would be of particular concern in short fiber
composites (which contain a higher proportion of fiber ends
than continuous fiber composites) and this must be
recognized when interpreting the results of mechanical
properties tests, (Scola, 1974)

In addition to longitudinal stresses, radial sttessgs
are induced by resin shrinkage. Photoelastic studies
performed by Koufopoulos and Theocaris (1969), Marloff and
Daniel (1969), Daniel and Durellj (1962), and others have
revealed that both tensile and compressive radial stresses
may result from thermal and curing effects. Furthermore, the

sign and magnitude of these radial stresses are strongly




dependent upon fibar size, the volume fract;on of fibara,

tha arrangement of fibers, the total amount of shrinkaga
subsaquent to gelation, and the relative Young's moduli and
coefficients of thermal expansion (CTE's) of the fibers and
matrix, (Hull, 1981) Some limiting cases pertaining to a
single lamina are summarized below.

Begin by considering the case of minimum packing
density of fibers within a resin matrix. This may be
represented by a single fiber embedded in a large volume of
resin, In this scenario, constraints to resin shrinkage are
minimal. As it shrinks, the resin squeezes onto the fiber,
creating radial compression across the fiber-matrix
interface, Concurrently, tensile hoop stresses are developed
in the matrix adjacent to the fiber.

Next, consider the theoretical configquration in which
fibers assume the maximum possible packing density. Here,
each pocket of resin is constrained by stiff boundaries,
Since the fibers touch, the resin is unable to pull the
fibers any closer together as it shrinks, As a result of
curing, a tensile stress will develop, both in the resin and
at the fiber-matrix interface., (Hull, 1981)

Real systems fall somewhere between these two extremes
and are characterized by fibers randomly distributed
throughout the matrix. The nature of the curing stresses
developed depends on the local fiber configurations and the
values of the parameters listed above. For example, consider

adjacent fibers which are packed in a square array. This
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;pngigﬁrétion:wgg thévaubqut of a‘phctoelagticiiy study
ﬁ@rforﬁed by Kgufqpodlos and Theocaris (1969),‘

In this s;udy, it vas assumed that the thermal
expansion coefficients of the inclusion material
(unplasticized epoxy) and the matrix material (plasticized
epoxy) were the same. No reference was cited to support this
assumption, In general the plasticized form of a particular
resin would be expected to display a higher coefficient of
thermal expansion than the unplasticized form. For example,
consider polyvinyl chloride where ®rigid = 50 - 100 x 10°6
m/m/R and gy, 0o = 70 - 250 x 1078 m/m/R. (Juran, 1989)
Similar data were not found for epoxy. However, if the
thermal expansion coefficients of Koufopoulos and Theocaris'
plasticized and unplasticized epoxies had overlapping ranges
similar to PVC, then it is possible that Koufopoulos and
Theocaris did remove the differential thermal contraction
effects from their experimental set up., In any case, we
cannot be sure that the stresses they describe are due
solely to chemical shrinkage.

Koufopoulos and Theocaris' results suggest that tension
or compression can exist normal to the interface at point
'C' in Figure 6, below. A low volume fraction of fibers and
a high Ef/Em ratio favor a state of tension. Hydrostatic
tension exists at point '0' and radial compressive stress
prevails between 'A' and 'B'. The magnitude of the
compressive stress increases as the volume fraction of

fibers increases, (Hull, 1981)




Figure 6

A Square Array of Fibers in Resin

(Adapted from Hull, 1981)
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"bonded together to form a laminate lead rc a more

| complicated res;dual ltress pattern than that suggested
above. As vell, ‘the 1ncorporat;on of the free-edge boundary
conditlon introduces additional complications. The influence
of free edges was not dealt with in the above-mentioned
models but will be discussed in connection with the second
type of curing microstresses,

The differential thermal contraction which occurs after
the peak exotherm in the curing cycle of a typical polyester
resin gives rise to the second set of stresses associated
with curing, The linear CTE's of E glass and crosslinked
polyester are, respectively, 5 x 1076 m/m/K and 55 to 100 x
1076 m/m/K according to Plueddemann (1974). In the Superlam
program, Osborne (1986ii) provides an expansion coefficient
of 63 x 107° m/m/K for the Vibrin resin used in this work.
Hull (1981) cites a value of 150 x 10”° m/m/K for the CTE of
polyester and points out that upon cooling between the
post-curing temperature of 120°C and ambient, a
"...differential strain of the order of 1.5% which is about
75% of the strain to failure of resin in uniaxial
tension,,..." (Hull, 1981) is produced, giving rise to a
complicated stress state in a three-dimensional array of
fibers. On the macro scale, the CTE's of the laminae
comprising a laminate depend upon the volume fraction of
fibers, the fiber arrangement, and the Ef/Em ratio, Formulae

based on the physical properties of the constituent



conflguratlons. The CTE's for a lam1nate may then be

calculated usxng Class1cal Laminat;on Theory (CLT) and a
knowledge of the CTE's of the con3t1tuent laminae, See, for
example, Jones (1975) and Tsai and Hahn (1980).

Rohwer and Jiu (1986) analysed the "...self
equilibrating.stresses..." developed between fibers and an
epoxy matrix upon cooling to room temperature from the
curing temperature, They assumed that the curing temperature
represented the unstrained condition of the composite. This
-same assumption was used by Tsai and Hahn (1980), who
explained that epoxy systems undergo most of their
crosslinking at the peak curing temperature where the epoxy
can be "..,viscous enough to allow complete relaxation of
the residual stresses,” They reasoned that, so long as most
of the chemical shrinkage occurred at the curing
temperature, the curing temperature may be taken to be the
stress free state.

Using the finite element method to analyse regular
hexagonal and square arrays of carbon fibres in epoxy
matrix, Rohwer and Jiu (1986) predicted the room-temperature
thermomechanical stress distribution., In all cases, material
behavior was assumed to be linear elastic, the fibers were
assumed to be transversely isotropic, and the matrix was
taken to be isotropic., Of primary interest were the stress
and displacement fields near free edges, especially in the

vicinity of fiber to matrix interfaces. Due to the large
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'ffdiffcrence between the stiffnesses of the fibera and the o

’matrzx, h;gh 1nterfagxal stresses had been ant;capated.
chord;ngly, ;bgvresults‘showed s;gn;ficantvradiql and‘
téngential intgrfacial stiesses on free edges and large
interfacial shear stress gradients in tbis region, In
addition, high tangential and axial stresses were found to
occur in the matrix at some distance from fiber matrix
interfaces, (Rohwer and Jiu, 1986)

As with the example presented above, many resin
‘shrinkage studies in the literature focus on epoxy. In order
to be able to sort out which data and assumptions regarding
epoxy pertain to polyester, it would be useful to compare
some of the differences in curing behavior between the two
resins,

Firstly, the temperature and pressure excursions are
closely regulated for epoxy systems while, for general-
purpose polyester systems, the temperature increases freely
due to the exothermic curing reaction and the entire process
occurs at atmospheric pressure. As illustrated in the
eschematic of Figure 7.a, the usual cure cycle for epoxy
involves bringing the temperature up to the maximum, or
curing, temperature and then holding for several hours. The
natural curing exotherm of epoxy does not bear much relation
to the imposed curing conditions. For the types of
fiberglass products of interest in this study, the
temperature climbs due to the chemically-induced curing

exotherm, reaches a peak, and then decreases. The exotherm




'fyt,mp,g,ture may vary within the volume‘of materialp Withq.h,._

- center of thick sections becoming hotter than portions

exposedvto air or mold mgterials. The tgmpgrqtq:e‘curve for
pblyester is shown in Fiéurg 7.b, For epoxy'compqsites, the -
peak curing temperature is typically of the order of 70°C to
150°C above room temperature, For general-nurpose polyester
composites, the pertinent temperature difference ig between
40°C and 100°C., The actual temperature difference, which may
vary within a lamina, is influenced by the chemistry of the
resin and catalyst formulations, by the thickness of and
position within the laminate, and by the thickness and
material of the mold or mandrel., (Schwartz, 198¢)

The first portion of Figure 7.b corresponds to
polyester in the syrupy liquid state. According to Hull
(1981), "much of resin shrinkage occurs while it is still
liquid so that stresses do not develop.” Shrinkage of the
liquid polyester resin is not indicated by the results
presented in Figure 1. However, in the experimental scenario
associated with Figure 1, any densification of the liquid or
gel would have been counteracted, to some extent, by thermal
expansion eﬁfects prior to the peak exotherm., This example
underscores the need to separate the thermal and chemical
components of resin shrinkage for analysis,

Between time zero and the time of the peak exotherm of
Figure 7.b, polyester becomes a gel. If the gel can flow
viscously, shrinkage stresses would be able to relax away.

By the time the peak exotherm is reached, the polyester is a



3; rso1id (with‘a modulus lower than tﬁe room tempetature J; :°‘“T
value). Physlcal data for polyester in the gel state are
rare in the literature. Statistical dxstr;but;ons for
molecular weight and degree of crosslinking, for example,
are not readily available, If the polyestér solid, asAit
exists in the vicinity of the peak exotherm temperature,
cannot flow viscously, shrinkage occurring in this regime
will lead to built-in stresses.,

In contrast, most of the crosslinking (and hence curing
shrinkage) in epoxy is known to occur at the maximum
temperature, As mentioned above, the viscous behavior of
epoxy at the curing temperature allows almost all>of the
chemical shrinkage stresses to relax away. This was not

thought to be the case with glass-reinforced polyester.




Figure 7

Schematic Cure chles for Epoxy- and
| Polyester-Based Composites
a. Epoxy Matrix (Adapted from Tsai and Hahn, 1980),
b, Polyester Matrix
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Y 2 uacromochanical Troatmont ot Rosidual Strossol y

There are ‘two main mathematical approaches for dealing
with macrcmechanical residual stresses, The first is based
on Classical Lamination Theory (CLT), while the other is
based on elasticity theory, A brief summary of the nature
and limitations of each follows, Some of the basic

mathematics of CLT are reviewed in Appendix A,
2.2.1 Classical Lamination Theory

Stiffness

Stiffness analysis using CLT presupposes linear elastic
material behavior and small strains., The applicability of
these stipulations varies from system to system, For
fiberglass, the literature frequently employs the linear
elasticity assumption, In addition, the range of
deformations likely to be experienced in service falls
within the classification of small deflections,

Figure 8,a, below, shows tensile stress-strain curves
for several polyester resins of varying flexibility., Beyond
a few percent elongation, the most flexible resin, C, shows
marked nonlinearity, Tensile stress-strain curves for
several different fibers are given in Figure 8.b., In all
cases, the behavior is linear until failure. It should be
noted that the figures in 8.b are illustrative in that a
range of breaﬁing stresses exists for any particular type of

fiber. The strength of long fibers tends to be less than




.bffthat of sbort fibers because the ex:stenoe of flaws becomes
‘more probable the greater the gage 1ength. (Hull,:1981)
However, long f;bers are much more effectlve at impartxng
strength to a composite due to the deleterious end effects
associated with short-fiber reinforcements. Figure 8.c
depicts transverse tension stress-strain curves of
unidirectional laminae comprising E glass fibers and the
resing of Figure 8.a. Lamina behavior is nearly linear even
in the case of the lamina based on resin C. When considering
laminae composed of glass and polyester, deviations from
linearity are usually attributable to resin behavior,
especially in shear loading, (Hull, 1981) It will be assumed
that the polyester matrix behaves linearly throughout the
entire range of curing phenomena. As seen in Figure 8, this
assumption is a satisfactory one for the matrix in the solid
state., However, during part of the curing history, the resin

is a viscous liquid, Subsequent to gelation, resin behavior

is likely viscoelastic,




Figure 8

Tensile Stress-Strain Curves ‘
a, Polyesters, b, Fiber Materials, c. Fiberglass Laminae

(Adapted from Hull, 1981)
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equivalently, the K;rchhoff Love Hypothesis for shells),‘:'

‘lamxnae compr:s;ng a laminate are assumed to be petfectly
bonded, Furthermore, the bond interfaces are assumed to be
very narrow and non-shear-deformable, Consequently, laminae
are assumed not to slip with respect to one another and
displacements are assumed to be continuous across bond
interfaces. A further consequence of the Kirchhoff
Hypothesis is that shear strain terms inveolving the through-
thickness coordinate of the laminate, z, are assumed to be
zero, (That is, Yz = Vyz = 0.) (Jones, 1975) The remaining
strains are assumed to vary linearly through the thickness
of a laminate while the nature of the through-thickness
stresses depends on the relative mechanical properties of
adjacent layers, To simplify the kinematics, €, is qually

assumed to be negligible,
| Resultant Expressions for Laminates

Expressioﬁs for the strain and stress distributions for
a lamina and the force and moment resultants for a laminate
appear in Appendix A, Use of these expressions is greatly
simplified when the terms of the material stiffness matrix
are constant within each lamina. That is, when the
individual stiffness terms do not vary with location or
temperature. In the general case, however, the temperat&re
dependence of the material properties mdst be recognized,

Thus, suitable functions describing moduli, CTE's, and
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'iPoisscnis ratios are incorporated into the integratod

exptessions for fcrce and moment teaultants. As indicated in
Appendix A, the extensional atrains in the principal
directions are suitably adjusted by the addition of terms
involving CTE's and temperature differences when thermal

effects must be accounted for,
Curing Shrinkage

Based on CLT, curing shrinkage effects in an unloaded
laminate are sometimes modeled simply as thermal strains due
to cooling from the curing temperature to the operating
temperature, The fact that the chemical shrinkage component
is frequently disregarded in the literature was discussed in
a previous section,

In a study of graphite-epoxy laminates, Hahn and Pagano
(1975) assumed that low resin stiffness and the viscous
nature of polymer resins during crosslinking at high
temperature combine to yield a stress-free laminate at the
end of the first (crosslinking) stage of fabrication, They
developed a method of assessing residual thermal stresses
and strains based on total stress-strain-temperature
relations, Incremental relations may readily be derived once
a total relation has been formulated, An incremental
relation derived from a total relation includes a
stress-dependent term that is not considered by authors who

begin with an incremental approach.




“*Z;fThe total stress-strain-temperature 'elations propoac

by Pagano and Hahn (1975, 1977) are based on a decomposition‘f:Jw

of strain into mechanical and thermal components,

o T
ei = Gi + ei oooovoovooccovoooooo[1]

In the general case, the mechanical strain component depends
upon both stress and temperature while the thermal strain is

8 function of temperature alone. That is,

eio = gi(ai,T) and eiT = fi(T)............[ZJ
Thus, when considering a small change in strain, de,
instantaneoﬁs coupling expansion coefficients (the partial
of mechanical strain with respect to temperature) as well as
familiar CTE's (the partial of the thermal strain with

respect to temperature) are invoked,

dei = (agi/an)daj + (asi/aT)dT + (dfi/dT)dT'vov[3]

For the simple case in which the mechanical strains are
linear in stress (i.e., ’ia = sij(T) o4) the error in
neglecting the coupling expansion term (i.e., agi/aw =
deia/dT = (dsij/dT) aj) can be quite significant when the
difference between the curing and operating temperatures is
large} Still considering this simple case, when the
stiffnesses are not temperature dependent, the total strain
theory reduces to the incremental sirain theory. In
practice, the material properties required for stress

analysis are temperature dependent and the inclusion of the

coupling expansion term is necessary. (Hahn and Pagano,



-»1975);;_; i i | |

| The above ccmments may be elucidated by considering a
, brief numerzcal example such as that presented by Hahn and
Pagano (1975), Consider a boron/epoxy laminate having a
transverse modulus which varies linearly with temperature

according to
E'Eo-aT'.""O"'D.O..Qvl"0..'.'[4]
Eo = 20,26 GPa, a = 63,67 MPa/°C

The transverse CTE of this material is 29.2 x 10~ m/m/K,
Further consider the case where the total strain is
zero, That is, the mechanical strain is equal and opposite
to the thermal strain, If the coupling expansion term
discussed above is neglected, then substituting in the above
expression for the transverse Young's modulus and replacing
(dti/dT) with a gives the following solution for the

transverse stress:
0="a(T'T°) (Eo-a/z (T+T°))oooeve'eoo[5]

The inclusion of the coupling expansion term leads to the

following formulation
g = -a(T - To)(Eo - aT)....................-[6]

For a curing temperature of T, = 177°C and an operating
temperature‘of T = 24°C, the transverse stresses calculated
in the two instances are, respectively, 61,9 MPa and 83.7
MPa, That is, the error due to neglecting the coupling

expansion term is approximately 26%. (Hahn and Pagano, 1975)




In the Standakd thermomechanical CLT development, the

in-planefprincipal material direction stresses for a

particular lamina can be expressed as follows:

{Ui} = [Qij] {Gj}oovvoooo"ocvcvvov[71
where i,j = 1,2,3 and

31 = 91 - a1ATooo'ov'vvoovov-oov[7va]

82 = 92 - azATooovooovvvooo'ovov[7vb]

€3 = 7129oovovo'ovO'o'n'ovovo'vo[7OCJ

Above, ¢ represents mechanical strain, e represents total
strain, y represents shear strain, and aAT represents
thermal strain,

In their work on residual stresses in composite shells,
Morozov and Popkova (1986) experimentally determined the
magnitude of fabrication-induced residual strains in
unidirectional glass-epoxy laminae after curing. These
strain terms were factored into their CLT analysis in the
same fashion as thermal strain terms, Thus, the formulae for
€, and €5 become

61 = e1 - a1AT - f1o..v.-..-.......[8.a]

62 = - azAT - fzooooo'ooooooooo'[aub]

€2
The shearing strain, Yig7 is not affected,

Based on work by Brivmanis (1966), the longitudinal
fabrication strain‘component, f1, was said to be due solely
to the pretensioning of the reinforcement, with no

contribution from resin shrinkage. The transverse



vlfabrication strain component fz,vwas tound by Morozov and

| ‘Popkova (1986) to arise from both chemlcal and thermal

sh;;nkage effeqts. Both quantltiesvmust be determ;ned;
exberiment#lly'férva particular material system and set of
fabrication paraméters. Note that for this epoxy-based
system, the resin shrinkage is hypothesized to be
anisotropic. This is the only reference cited which suggests

this possibility.




Strength

| Once the stlffness ana1y51s of a laminate has been
formal;zed the next task is to be able to pred;ct the
strength of a laminate basgd on the strengths of the
individual laminae., In order to do this, the state of stress
in each lamina must be known; residual stresses must be
incorporated when either the operating temperature of a
laminated composite is far below the curing temperature or
when significant resin shrinkage stresses are present,

In general, a phenomenological approach is pursued,
That is, laminate behavior is studied without having a
detailed knowledge of the cause of the observed effects,
(Jones, 1975) The interpiay of modes and mechanisms of
laminate failure are very subtle and complex and as yet not
completely understood, Thus, any analysis must necessarily
involve a good deal of simplification, The major parameters
which must be accounted for in laminate strength analysis
are laminae strength, stiffness, and thermal properties;
orientation and stacking sequence of the layers; and the
curing temperature. (Jones, 1975)

Regardless of the failure criterion employed, the
procedure for strength analysis and failure prediction
involves mathematically raising the load applied to a
laminate until one of the layers fails. At this point,
stresses in the remaining layers are recalculated and the
possibility of additional lamina failures is assessed. When

no other lamina failures are predicted based on the original
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1024 applied, the load is increased and the procedure is
;gbeéteq;_Lamﬁnatélfailu;e ensues after a sufficient
Eraction of the iamipae havevféilgd. ?he §ropQrtiQn of
lﬁmina‘faiiures whicb leads to laminate failure will, in
turn, depend on the type of composite and the type of
application for which the composite is designed,

Several "biaxial strength theories for an orthotropic
lamina" (Jones, 1975) are documented below., The simplest
possible criteria to employ are the maximum stress criterion
and the maximum strain criterion, These assume no
interaction between the failure modes and so axial, shear,
and transverse failure are assumed to occur independently of
~one another., The Tsai-Kill criterion is slightly more
complex than either of the preceding two and, in certain
cases, the predictions match observations quite closely,
This relates to the fact that the variation in strength with
angle of orientation is smooth (rather than cusped) and that
interaction among the failure modes is accounted for. The
Tsai-Wu criterion is yet more general, It offers better
curve-fitting capability than any of the preceding and may
be readily incorporatgd into a computer program due to itsg
tensor format,

According to the maximum stress failure criterion,
failure occurs when the stresses in the principal material
directions exceed the strengths in those directions. That
is, failure occurs if one or more of the following

inequalities is not satisfied:




;a;‘< é;: 05 < ! |f 2] < s (Tension)........[S]
ai > x'? oé (Compressicn)......;...[101
Thls criter1on assumes no interaction between fa:lure modes
and, thus, is actually three subctiteria (one for axial
failure, one for shear failure, and one for transverse
failure), The above comments also apply to the maximum

strain failure criterion, where failure ig predicted if one

or more of the following is not satisfied:
€ < Ropi €3 <Y g l745] < §, (Tension).....,.[11]
¢1 > ch; 52 > Yec (ComprQBSion)'o09000000[12]

The Tsai-Hill criterion stated in Equation 13, below,
reveals interaction among the failure strengths, X, Y, and
§. In addition, strength varies smoothly with angle as the
angle of orientation of the x-y axes with respect to the
principal axes grows beyond zero., This is more realistic
than the assumed behavior of the two preceding criteria,
where the strength versus angle curves are cusped. (See

bones; 1975, pp. 71-83)
(0,/0% = (0,0,/%83) + (0,/0)% + (1,,/8)% = 1 ...113]

Finally, the Tsai-Wu tensor theory (or quadratic

failure criterion) takes the following form:

Fiai+Fijaiaj= 1'.0."0".'.!'0.'[14]
For the general case, i,j = 1,2,...,6

For an orthotropic material, i,j = 1,2,6

The presence of additional terms beyond those present in the
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7Tsai-Hill thecry increases both the complexity and the B

_curve-fitting ability of this cr;ter;on. Standatd tensor
transformst;on lsws are valld. Also, the same symmetry
propert;es wvhich apply to the stiffness and compliance
tensors also apply to the Tsai-Wu failure criterion. (Jones,

1975)
Interlaminar Stresses

A major shortcoming of CLT is its failure to adequately
deal with interlaminar stresses. Contrary to physical
evidence, such as debonding at free edges, the shearing
stresses on the z-plane in both the x- and y-directions are
assumed to be zero, Secondly, Jones (1975) points out that
wvhen a symmetric angle-plied laminate is subjected to an
extensional force in the x-direction, CLT suggests the 
existence of non-zero shearing strains (712) in the laminae.
"The shearing stresses that correspond to suchlshearing
strains are not physically possible at the [free] edge of a
lamina...." Finally, CLT does not predict extensional
stiffness changes due to alteration of a laminate's stacking
sequence, Observed extensional stiffness effects are thought
to be due to interlaminar normal stresses, which are not

accounted for in CLT. (Jones, 1975)

2.2.2 Elasticity Approach

In general, an elasticity problem involves the solution

of 15 partial differential equations in 15 unknowns, The



stress sttain), and kinematlc (or strain-displacement): the

unknowns are stresses. strains, and displacements. Although
1t is more complicated than the CLT apptoach, the elasticity
approach to the residual stress problem does offer certain
advantages, A three-dimensional stress state which includes
through-thickness interlaminar stresses may be calculated,
As previously mentioned, a tubular géometry is of particular
interest in this study. For thick-wélled tubes, interlaminar
Stresses become increasingly important since they contripute
to the delamination problems associated with the free edges
of such tubes. The elasticity approach algo accommodates
important curvature effects and allows for the inclusion of
through-thickness expansion effects, (Hyer and Cohen, 1984)

Hyer and Cohen (1984) studied cross-ply graphite-epoxy
tubes subjected to a spatially uniform temperature below the
cure temperature, By employing a number of simplifications,
they were able to reduce the elasticity equations to
ordinary differential equations. These were solved ply-
by-ply and the results were used to assess the effects of
stacking arrangement on the distribution of residual
stresses, The elasticity results were then compared to CLT
results,

It should be noted that only thermal effects were
considered, That is, densification residual stresses were
assumed to be negligible, As well, material properties were

assumed to be independent of temperature due to the



funaveilabil:ty of deta for the vetietxon of elestic

ptoperties with temperature. Some further essumptlons
employed by Hyer and Cohen (19841) are as followe:

1. Sttesses and strains were taken to be invariant along the
axis of the tube. (i.,e., the problem vas reduced to a planar
elasticity problem,)

2. Derivatives of all stresses, strains, and displacements
with respect to the circumferential coordinate were taken to
be zero due to the axisymmetric nature of the problem,

3, Circumferential displacements were set to zero due to the
simple.cross-ply arrangement considered, )

The usual types of boundary conditions were applied,
Continuity of tractions and displacements between successive
layers' cylindrical surfaces was enforced as was the
condition that free surfaces are stress-free. Following
application of the boundary conditions, the resulting system
of algebraic eqoations was solved for AT = -278°C and an
outer radius to wall thickness ratio of 12.5. A total of
three configqurations was considered by Hyer and Cohen
(1984i): (0/90/0/9°)t' (90/0/90/0)t, and (90,),. Additional
results for different configurations were provided by Hyer
and Cohen (1984ii),

For axial stresses, the agreement between the CLT and
elasticity solutions was quite good. For hoop stresses,
however, CLT predicted a constant stress within the 90°
plies while the elasticity solution showed a linear

variation of stress in these layers. Consequently, the



"elasticity approach psodicted the existence of compressive
hoop stresses of much greater magnitude at the ply |
1nter£acss. From the CLT results, the maximum and minimum
hooprstresses vere of the order of 80 MPa and -80 MPa while
the elasticity solution hoop stress results ranged from
about 80 MPa down to about -160 MPa. (Hyer and Cohen, 1984¢)

CLT assumes that no radial stresses are present in the
tube. The elasticity solution, however, predicted the
existence of radial stresses having a magnitude of several
MPa., Furthermore, the radial stress distribution was found
to be quite sensitive to the stacking sequence, Depending
upon the stacking arrangement, either tensile or compressive
interply stresses were predicted. (Cohen and Hyer, 1984),
(Hyer and Cohen, 1984)

Rousseau, Hyer, and Tompkins (1987) extended the
generalized plane strain elasticity solution of Cohen and
Hyer (1984) to include angle-plied lamination sequences and
temperature-dependent material properties, Axisymmetric,
thermally-induced stresses and strains were studied in
graphite-epoxy tubes proposed for use as truss elements in
the US/International Space Station. The cure temperature of
the composite was taken to be the stress-free state.
Residual stresses due to chemical shrinkage were not
accounted for, Analytically, it was predicted that even
tubes with a balanced, symmetric wall construstion would
exhibit thermally-induced hoop-axial shearing deformations

("due to the radial difference in location of off-axis
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'°v[engle-l plies.") (Rousseau et el.,.1987) A shell like

approach would not heve revealed this phenomenon due to the
way in which the stiffnesses of the laminae are "1umped"
togetner at the midplane coordinate of the laminate, (See,
for example, Appendix A which illustrates how laminate force
and moment resultants are expressed in termg of midplane
strains and curvatures in CLT,)

Other significant results for the tube geometries and
lamination sequences considered by these researchers include
the following:

1. The predicted thermal twist was slightly lessened by the
inclusion of temperature-dependent material properties while
the predicted axial strain was 25% higher,

2, The stresses predicted in 51 x 10" thick aluminum
coatings on the inner and outer surfaces of the
graphite-epoxy tubes exceeded the yield strength
(approximately 75 MPa) of the aluminum alloy 6061, Metallic
coatings were being considered for use in protecting against
radiation, free-atomic oxygen, and excessive thermal
gradients, Stresses in the coatings were due to axial and
hoop deformations of the graphite-epoxy tubes considered.

3, The presence of aluminum coatings affected the sign and
magnitude of stresses within the composite, Radial stresses
were changed from tensile to compressive due to the
coatings., Although the predicted radial stresses were small,
radial compressicn could help deter propagation of

delamination cracks.



Due to the seriousness of the thetmal fatigue ptoble ‘

that could result from thermal twist cf the tubular truss
members, the experimental work of Rousseau et al, (1987)
focussed maxnly on this phenomenon. Eighteen specimens vere
tested in an environmental chamber. Using electromechanical
transducets, fairly good agreement between predicted and
measured twist responses was achieved, Hovever,
thermally-induced axial deformations, measured both with
displacement transducers and with strain gages, were found
to exceed predicted levels by a factor of three. Further

investigation is required to explain this finding,

2.3 The Importance of Moisture Effects

Thus far, primary emphasis has been focussed on how
thermal effects influence the residual stress state in
laminated composites, In practice, moisture effects may also
be of considerable importance in predicting lamina and
laminate properties and behavior. Farley and Herakovich
(1977) found that small, uniform moisture concentrations
were beneficial in alleviating the effects of residual
thermal curing stresses, Chamis et al. (1977) treated
moisture and thermal effects in a mathematically similar
fashion in a computer program for predicting the
hygrothermomechanical response of laminated composites,

Further comments are found in Appendix B,



3.{Ex§orimontal Work
Setting the Context

Curing shrinkage of polyqster resin in a fiberglass
compoéite is often described as comprising two main
components. The first is chemical shrinkage. This is a
natural éonsequence of the exothermic process whereby
styrene monomers crosslink among polyester molecules., The
second, thermal shrinkage, occurs as pdlyester resin cools
from the peak exotherm temperature to ambient temperature,
In all of the discussions which follow, ambient temperature
(25°C) will be used as the reference temperature,

The ultimate goal to which this experimental work is
aimed is to be able to quantitatively describe and predict
the stresses and strains induced in a fiberglass body due to
the curing shrinkage of the polyester resin, The first step
in accomplishing this goal is to acquire a comprehensive
understanding of the changes undergone by the neat resin as
it cures. Following this, the second step would be to
develop a picture of the effects of resin curing shrinkage
on a composite material composed of resin plus
reinforcement, Here, the in situ effects of liquid resin
transforming to a solid in the presence of obstacles (stiff
reinforcing fibers) would have to be considered, Finally,
the third step would involve calculating the beha§ior of a
structure with a given geometry and composition from

information on material behavior. This information is
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summarized below. Poss;ble meens of addressing the veriousl__
points are noted 1n parentheses. Several of these approeches

are pursued in the body of the thesis,

Pieces of the Resin Shrinkage Puzzle

1. Behavior of the resin alone (Archimedean Density

Measurements)

11. Microscopic view of the behavior of resin
surrounding a regular array of fibers (Finite Element

Models, Photoelasticity)

I11. Macroscopic descriprion of curing shrinkdge of a
laminate of a given geometry and subject to specific
boundary conditions (Strain Gaging an Aluminum Mandrel
Overwrapped by Fiberglass; Thermal Analogy using the
computer codes CYLAN (Whitney et al., 1987), ELAS2

(Rousseau et al., 1987), and Superlam (Osborne,

1986ii))

BEach of these points will be discussed in subsequent
sections, but, first, it would be useful to review some of
the fundamental changes which occur in neat resin during
curing, Refer to Figure 9, following. It should be noted
that the plots are representative of the effects which occur
but do not pertain to a specified grade of polyester or to a

specific volume and geometry of material.




Figure 9
Schematic of Changes in_Neat Polyester During Curing

a, Temperature versus Time, b. Volume Shrinkaga versus Time,

¢. Stiffness Development versus Time
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o As revealed in Figure 9 ", tempereture v{wsus reaifi
'curing time curve for polyesterdhes a cheracteristic peaked
shepe with the maximum denoted as the peak curxng
temperature or as the peak exotherm, As the percentage’of B
catalyst is increased, a shift in the curve to a higher peak
exotherm and a shorter curing time ie expected, The slope of
the curve on the ascent towards the maximum also increases
as the amount of catalyst is increased. That is, the curing
reaction occurs more rapidly, Curing is essentially complete
@ short time after the peak exotherm is reached,

Figure 9,b shows the possible appearance of the trend
in cumulative volumetric shrinkage of resin as a function of
time and of percentage of catalyst, The curve has a
sigmoidal shape., Very little if any shrinkage occurs prior
to the onset of rapid crosslinking, Cumulative shrinkage is
not arrested once crosslinking is complete due to the
existence of the thermal component which comes into play as
the resin cools to ambient temperature. A simple method for
determining the magnitude of total volumetric shrinkage
derives from the fact that a density increase accompanies
the increase in degree of crosslinking, This density
measurement technique is documented in a subsequent section.

Figure 9,c illustrates the development of stiffness as
a function of time and percentage of catalyst, By
definition, a liquid is unable to withstand shearing
stresses, The first portion of the curve indicates a Young's

modulus of zero and corresponds to resin in the liquid




tatate. Aa curing progreaaea and the resin begins to gel, ita

a abmlity to reaiat ahear atress develops. Vratsanoa and™.

Farrms (1986) equate the gel point with the attainment of a
non~zero modulus value. During crosslznking,‘the mcdulua
increases concurrently with the increasing.effective
molecular weight. As the fully solidified polyester cools to
ambient temperature, the stiffness increases in accordance
with the observation that modulus increases with decreasing
temperature,

Assuming that the temperature, shrinkage, and modulus
versus time trends had been mapped cut for a particular set
of variables (i,e,, type of polyester resin, proportion of
catalyst, heating rate, and cure temperature) one would next
require a scaling criterion. That is, one would need to know
how information regarding a small test sample could be
related to the sorts of volumes of resin that would be
required in the production of a particular commercial
product. In a small sample, the peak exotherm temperature
would be less than in a large body where the outer portions
effectively insulate the inner parts,

For a dynamic analysis of the problem, it would be
necessary to carefully delineate the transient portions of
the curves in Figure 9, For a static analysis, only the
steady state values of the solid polyester's total
volumetric shrinkage and Young's modulus are required, These
data would be required to calculate the original (that is,

post curing) stress state of a control volume of composite



material To descr;be the relat;onsh:p between the
volumetric shr1nkage of neat res;n and the volumetr;c -
shrxnkage of res;n when 1t is part of 3 compos;te matetial
the composite material must be fully characterized. That 13,
the fraction and distribution of the reinforcement must be
known ahd the moduli, Poisson's ratios, and thermal
expansion coefficients of the composite material must be
measurable or calculable, The critical isgue is to discover
rules for combining data on resin shrinkage with the
geometric and physical data on the glass fibers and the
polyester resin so as to determine how the composite
material responds when the resin cures,

As a first approximation, resin shrinkage might be
assumed to be isotropic, Successive developments of the
resin shrinkage problem will have to address the
distribution of shrinkage strains throughout a control
volume and also the issue of what proportion of the
shrinkage strain is stress-inducing. The analysis of the
thermal component of the curing shrinkage is well-documented
in the literature. It remains to separate out the chemical
shrinkage component, .

Appendix A shows how thermal effects may be included in
CLT. Laminate midplane strains and curvatures are calculated
by multiplying the inverted laminate stiffness matrix by the
thermal force and moment resultants. The total strain for
each layer is calculated from tle midplane quantities. The

residual strain is found by subtracting the free thermal




strains trom the total stta;ns. The simplest app;pq;h to
dealxng with the chemical shrinkage effects has been to dtaw
an analogy with the thermal shrinkage component of curing

shrinkage. This technique was suggested by Osborne (1987i),

-

The Thermal Analogy

The thermal analogy on the microscale (ag exemplified
by the finite element analysis of a single fiber and
surrounding resin in Section 3.2) must be differentiated
from the thermal analogy on the macroscale (as used to
predict experimental strain values in Section 3.3)., On the
microscale, the thermal analogy involves setting the CTE of
the fiber reinforcement to zero and leaving the CTE of the
resin as it is. A temperature change consistent with a given
amount of resin shrinkage is applied and the response of the
matrix plus reinforcement is observed. The fiber and resin
retain their identities, thereby preserving the microscale
inhomogeneity of the composite.

In macromechanical analyses of unidirectional
fiber-reinforced composites, the distinction between the
matrix and fibers is "smeared out" to simplify the
mathematics., Properties of the reinforcement and the matrix
are averaged using the equations of micromechanics (see, for
example, program INPUT in Appendix D), and the composite is
treated as a homogeneous, orthotropic body. When the thermal
expansion properties are averaged, the contribution of the

fibers is set to zero for purposes of the thermal analogy.



The standatd linear elastic thermemechaeical stress and

strain analysis 13 then carr:ed out using the modxfied
lamina thermal p:opert;es. AS a simple illpstretion, |
consider a ﬁhidirectional planer laminaveohpoaed of 50 v/o
glass and 50 v/o polyester. In a two-dimensional enalysis,
the CTE's for the principal material directions of the

lamina are calculated as follows: (Powell, 1983)

a1 = (V Efaf + V E a )/ (VfEf + VmEm)oo'cco'[15]
a, = Vfaf + V a, + vaf £t vam“m - (vaf + vam)a1.[16]
The pertinent data for this example are
Vf = Vm = 0,5
By = 72 GPa and E, = 3.4 GPa

Ve = 0.25 and Vo = 0,35
ap = 5 x 10'6 m/m/K and ap = 63 x 10'6 m/m/K

Therefore, @, = 7 6 x 1076 m/m/K and ay = 44,5 x 10 -6 m/m/K
That is, if the lamina is subjected to a uniform temperature
change, the ratio of transverse thermal strain to
longitudinal thermal strain is 5.9:1., In executing a thermal
analogy, the CTE of the fiber material is set to zero and
the resulting lamina strain for an imposed temperature
change is taken to be resin densification strain. To
simulate the effect of, for example, 3 linear % shrinkage of
the matrix, a temperature change of -476 K (i.e., (-0.03
m/m)/(63 x 10°© m/m/K)) would be applied to the composite,
The densification coefficients in the principal lamina

directions, as calculated from the above data are



f, . 2.8 % 10 5 m/m/x and fz . 42.1 % 10 -6 m/m/K.

In a CLT analyaxs, these quant;tiea receive the same
mathgmatxcalkggpatment 88 CTE's, The ratio of the transverse
to the iohgitudinal curing strain is 15:1, That is, the
thermal analogy for the above example suggests that 94%
(15/16 x 100%) of the free chemical shrinkage will occur in
the transverse directions within the unidirectional lamina,
The complications associated with describing and
predicting chemical curing effects are the incentives to use
a thermal analogy as a first approximation. However, the
assumptions implicit in the analysis techniques used will be
carried through into the thermal analogy. For example,
linear elastic material behavior was assumed in all of the
computer programs used. This is a very rough approximation,
for, as we have seen, some densification occurs while the
resin is semi-solid, The possibility that some of the
chemical shrinkage-induced residual stresses are able to
relax away means that perhaps only a fraction of the total

volumetric shrinkage will ultimately lead to stresses.

3.1 Neat Resin Curing Shrinkage: Archimedean Density Tests

The preliminary characterization of the curing behavior
of neat polyester resin comprised a series of resin
shrinkage tests. The objectives of the tests were to
determine the volumetric shrinkage of polyester resin as a
function of time and to determiﬁe whether gelation of the

resin occurred prior to the peak curing exotherm, Since the
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mount of catalyst

v f

Preceding data may be infiusnced by the s
used;tbié p;féme;gr:wasﬁeld between 0,25% and 0.28% for
all ot‘the éxpe#imental.work. ‘

Total volumetric cufing shrinkage derives primarily
from density changes of resin during curing but is also
affected by mass loss (due to volatilization, for example),
In the present worﬁ, attention focussed on the
time-dependent density change. This was easily determined by
suspending a small quantity of catalysed resin in a liquid
of known density and by following the change in the apparent
mass of the resin during the curing reaction. Hence the term

"Archimedean" to describe this series of tests,

Raw Materials

Two types of polyester resin, both of which are
Fiberglas Canada products, were studied, The first, Vibrin
1029, is a general-purpose commercially-available laminating
polyester, Although the formulation is proprietary, it is
known that Vibrin 1029 contains 35% to 45% styrene; the
balance is made up of maleic anhydride, propylene glycol,
promoters, and other additives. The second, Vibrin 1030, is
chemically similar to Vibrin 1029 except for the addition of
a small quantity (less than 0,2%) of wax. The wax migrates
to exposed surfaces during curing, By suppressing oxygen
inhibition of crosslinking, a monomolecular layer of wax
prevents tacky, undercured surfaces., (Selley, 1987) MEKP was

used to catalyse both types of resin. Fiberglas Canada



indicates that their work has shown no difference in.

shrinkage behavior between Vibrin V029 and Vibrin 1030,
(Osborne, 1989)

The density of Vibrin 1029 at 22°C as measured using an
Anton-Paar densitometer is 1110 kg/m3. The Anton-Paar
densitometer is shown, following, in Figure 10, Due to the
difficulties associated with removing wax from the
densitometer, the density of Vibrin 1030 at 22°C was
determined by weighing an accurately known volume of resin.
Three different vessels were used to provide the known
volume: a 10 mL syringe, a 50 mL volumetric flask, and a 50
mL pycnometer. The average density from these determinations
is 1100 kg/m3. These density values agree with the
expectation that chemically similar resin solutions should

have similar densities,



Figure 10

Anton-Paar Densitometer




s iy R B N L U
T e S A R I S

 A§§atatul and ?ochniﬁuos

The first set of tests began with the determination of
the apparent mass of Vibrin 1029, In the first trial, the
resin was held within a small glass container, This proved
satisfactory for keeping the mass of the system constant,
but shrinkage of the resin avay from the sides of the
container during curing made it difficult to determine the
apparent mass of the polyester resin as a function of time,
In subsequent trials, both with Vibrin 1029 and -Vibrin 1030,
small, polyethylene.zip Lock bags were used to contain the
resin, Although such bags could act as semi-permeable
membranes, thereby allowing mass to enter or leave the
system, the ptobiem of gaps opening up between the resin and
its container was eliminated,

In the Vibrin 1029 trials, the bags were suspended from
the hook of a Sartorius 2003 MP1 digital electronic balance.
The suspended pan was removed from the balance in order to
accommodate the water bath within the balance enclosure, A
small weight was used to replace the mass of the pan,

Using Archimedes' principle, the expected mass of a bag

conta1n1ng freshly catalysed resin is given by

e A LR & & 2
m, = the apparent mass of the resin, bag, and wire
m, = the mass of the resin, bag, and wire
Py = the density of the suspending liquid

V = the volume of the resin, bag, and wire



v f‘mres/pres * mbag/pbag wire/”wire"""'[‘ell

In general, the volume of the suhmerged wire vas negligible
compared w1th the volumes of the resin and plaatic bag.
Comparing the calculated and measured apparent masses at the
start of each run, it was found that the measured value vas
1.5% to 1,8% smaller than expected., Entrainment of air in
the bag along with the resin would increase the submerged
volume of the system, thereby lowering its apparent mass.
However, even with close attention paid to minimizing the
amount of air, the above mentioned discrepancy persisted,

A second set of shrinkage tests was pursued using a
different apparatus to determine if the systematic errors
could be eliminated. The waxed version of the all-purpose
polyester resin was used for the second set of tests,

Four trials were completed using the Vibrin 1030 resin.
A Sartorius E 5500 S digital electronic balance was mounted
on bricks and bags of resin were hung from a hook attached
to the underside of the balance. This is shown, following,
in Figure 11, The buoyant medium, an ethanol-methanol-water
mixture (p = 810 kg/m3, as measured using an Anton-Paar
densitometer), was situated in a one-litre container beneath
the balance. This mixture was chosen over water due to its
lower density. Increasing the spread between the density of
the resin and that of the liquid bath resulted in larger
apparent masses. In the four trials using Vibrin 1030, the

error in the original apparent mass ranged from -0,2% to



"7-0 7%. This renge of error wes deemed more acceptable than

the previous range. Thus, only qualitative obaervations on
the Vibrin 1029 runs w111 be presented, fcllow:ng. Both
qualxtat:ve and quantitative results will be presented for

the Vibrin 1030 runs,

Results

in the trials using Vibrin 1029, the apparent mass
began to climb rapidly about one hour after the resin vas
catalyzed, In the Vibrin 1030 trials, the apparent mass
began to increase rapidly about 120 minutes to 150 minutes
after catalysis of the resin, One possible cause of the
difference between these time ranges could stem from the
different heat transfer coefficients between resin and water
and between resin and alcohol. For each of the Vibrin 1030
trials, the final resin density (as determined 24 hours to
72 hours after the resin was catalysed) was 1200 kg/m3. See
Table 1, following,

Figure 12 illustrates the sigmoidal shape of the change
of apparent mass with time curve, Control samples held in
alcohol were observed to gel and become rubbery well in
advance of the steeply sloped portion of the curve, For
example, gelation was observed in the Vibrin 1030 control
samples between 110 minutes and 120 minutes, By the time the
middle of the oblique portion of the curve «38§ reached, the
control samples were rigid to the touch, The curve shown in

Figure 12 is based on data from Run 3 using Vibrin 1030,



Data tor all of the rung plot up in the same basic ahapo.iww
| The apparent mass drops slightly between 50 minutes and |
150 minutes in Figure 12, Chemical gnd‘thptmgl effects
oppoae one another during the heatinglpor;ioh of the curing
cycle. The drop in apparent mass could reflect the
thermally-induced drop in density temporarily overriding the
increase in density due to crosslinking., It should be noted
that, over the course of the experiment, the drop in density
due to thermal expansion of the crosslinking resin is offset
by the increase in density due to thermal contraction of the
fully crosslink:d resin, The two effects would exactly
cancel one another if the CTE did not vary as the resin
changed state and temperature. In addition to the above,
thermal effects are small in these experiments as compared
to thermal effects encountered in fabricating fiberglass
composites., This is due to the heat capacity of the liquid
medium in which the curing resin was suspended and the
improved heat removal provided by the set up., Typically, the
alcohol temperature fluctuated only 4°C between time zero
and the time of the peak exotherm. Because of tbe‘ébove, any
thermal component of the densification shrinkages listed in
Table 1 is assumed to be negligible,

For the run of Figure 12, the peak exotherm was
attained on the range of 150 minutes to 200 minutes.
Temperaturé measurements were taken by periodically stirring
the liquid in which the control samples were placed and then

measuring the temperature of the liguid. It would be
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preterable, ;n subsequent work, to know the actual resin
temperature during curing. This could be accomplxshed by
inserting a thermocouple into the control sample subsequent
to leation,rok by sealing a £bormocouple within the sample

prior to immersion in the alcohol bath,

Figure 11

Apparatus for Archimedean Density Tests




Figure 12

Apparent Mass Versus Time Curve for Neat Resin
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Shrinkage Results Using Vibrin 1030

bénsification ‘

Trial mo,res mf,res catalyst P Shrinkage
1 40,37 38,74 0.25 1200 8.7%

2 44.51 43.25 0.25. 1200 8.7%

3 40,09 39,01 0,27 1200 8,7%

4

46.71 45.79 0.27 1200 8,7%

Whether control samples were placed in air, water, or
alcohol, some loss of resin was observed, From the above
table, between 2% and 2.5% mass loss wag typical, Judging
from the odor of the specimens, it would appear that styrene
accounts for a portion of the lost mass. The density of the
alcohol was tested after a specimen had been submerged in it
for 24 hours and no significant change was noted, Thisg is
likely due to the fact that of the order of a gram of resin
was lost in a litre (810 g) or more of alcohol. Some
stickiness remained in the extremities of the sample bags
even after a day or two, The curing reaction may have been
much slower in the corners of the resin mass, Some
incompletely cured resin would have been lost when the solid
resin chunk was removed for the final density determination,
§till, the resin caught along the seams of the bags was
typically only a few tenths of a gram,

Since the mass of resin lost due to natural curing
process effects was not explicitly determined from the
experiments, the densification component of true volumetric

shrinkage is given in the abcve table, The mass loss




'component can be calculated as ln(mf/m ). This 'ﬂuld be
added to the den51f1catlon component in Table 1 to find
total true volumetric curing shr:nkage, accordlng to the

following formula:
ln(Vf/V ) = ln(mf/m ) = 1U(Pf/P )000'0000'[19]

(By contrast, the engineering volumetric shrinkage is

calculated as shown below:
AV/V = (mfp /mopf - 1o'o'oo'oo'onooo[2o]

The engineering densification component is -8.3% for all
trials using Vibrin 1030,)

Figure 12 presents the relationship between apparent
mass and time during the curing of Vibrin resin, Ideally,
the plot of cumulative volume shrinkage versus time would
also be available, If the resin temperature, average alcohol
temperature, and resin mass were known for each point in
time, the apparent mass versus time curve could be
transformed to a true shrinkage versus time curve using the

following formulaes
p(trT) = palc(T)/(1-ma(t)/m(t))ootvoooooo'o09[21]

p(t,T) is the density of the resin at a given
time and temperature

Palc is the density of the alcohol at a
given temperature

m and m, are the mass and apparent mass

of the resin at a given time. These
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the resin, bag, and wire.

Having calculated resin density for each point in time, true

volumetric shrinkage could be obtained from the following:
In(vit, TI/V,) = “ln(o(t,T)/p ) + In(m(t)/m,)...[22]

As the resin densified and shrank in volume, a gap
tended to develop below the seam of the bag. Over time,
alcohol was drawn into the bag through imperfections in the
closure, To avoid this, the apparent mass in alcohol was
monitored for three to four hours, after which the bag was
removed and allowed to complete its cure in air, It should
be noted that by the time the bag was withdrawn from the
alcohol bath, the resin was solid and cool to the touch and
its density had reached 1190 kg/m3 (almost the maximum
~value), To perform a final measurement, the polyester pellet
was removed from the polyethylene bag, Wire was used to
suspend the solid pellet in the alcohol. The mass of the
pellet was easily and directly measured, The density of the
polyester was calculated by dividing the mass by the volume

as calculated using the following formula:

vres = (1/palc) (mres - ma + mwire)ooooooo'[23]
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3.2 y§g;9qog§§§iggl_§pg;isis of Curfn§ Shrinkaéo‘b:iné tho

Finite Element Nethod | |

Having congidpted tbe magnitqgg:of‘tbg chgmical»guring
shrinkagg of Vibtin ;esin in the abqence;of constraints,
attention wiil next focus upon the deveiopment of
microresidual stresses which evolve as Vibrin resin
crosslinks in the presence of stiff glass fibers. "Knowledge
of the internal state of stress..;contributes to the
evaluation of average (macroscopic) response and,..provides
the basis for understanding failure modes and establishing
failure criteria," (Marloff and Daniel, 1969)

Photomicrographs reveal that the microcracks
responsible for the characteristic opaque appearance of
filament-wound composites run predominantly transverse to
the fibers within a lamina., (Fiber-direction cracks caused
by high shearing stresses at fiber ends are not significant
in continuous-fiber composites.) Osborne (1987), Hull
(1981), and Plueddemann (1974) all present photomicrographs
showing transverse cracks., (See, for example, Figure 3,)
Tensile hoop stresses within the matrix and strain
magnification effects in the matrix are instrumental in
producing such cracks. It is interesting to note that the
cracks caused by curing shrinkage (as in Figure 3) closely
resemble those due to loading a fiberglass sample to failure
(as is the case for the photos presented by Hull, p. 152,
1981). |



!stahlishing the Parameters for the Analysis

o The most. su;table scale for studying res;n shrinkage 7
crécks 13 of the order of the size of the mzcroconstxtuents,
namely the f;ber diameter and the resin pocket size, The
fiber diameter ig typically of the order of 10 x 10°%
while the extent of the resin-rich zones is sengsitive to
manufacturing variables and can reach several fiber
diameters in commercial composites,

Early photoelastic studies of arrays of fibers in a
thermosetting resin matrix attempted to characterize the
magnitude and distribution of curing shrinkage stresses on a
micro scale., Due to the mathematical and statistical
complexities associated with trying to analyse a truly
random array of fibers, such studies tended to concentrate
on idealized arrangements such as square and hexagonal
arrays. A portion of a reqular square array is shown in
Figure 13.,a., In addition, a portion of a single, uni-
directional lamina was usually considered so as to avoid
introducing complicated boundary conditions., Small strains,
linear elastic behavior of both fibers and matrix, and
temperature independence of elasticity constants were
assumed.

SAPIV, a simple finite element package, (Bathe et al,,
1974) was chosen to execute an analysis of a reqular square
array within a fiber composite. It was hoped that the use of

the thermal analogy in a finite element analysis would



'generate results sxm;lar to the photoelast;c results 1,,. -

presented by Koufcpoulos and Theocaris (1969) and also
prov;de information to tie in the results of the |
experxmental work with the objective of develop1ng 8
mathematical :qol for predicting the effectg of chemical
curing shrinkage. It should be noted that this is a
stiffness analysis. Failure mechanisms and processes were
not addressed in this work,

The fundamental element in a square array congists of a
single fiber and surrounding resin, as shown in Figure 13,b,
following., As a simplification, strains in the y-2 plane
were considered and the x-direction strains were assumed to
be negligible, The motivation for pursuing this plane strain
analysis is twofold, Firstly, it was desired to formulate a
two dimensional problem for the first attempt at the
analysis, Secondly, based on the nature of the material,
plane strain is a reasonable first approximation, Logically,
localized curing shrinkage deformations should be most
pronounced in resin-rich directions. The high axial
stiffnees of the glass fibers relative to the matrix
suggests chat the strains in the fiber direction will be
small compared with transverse (y- and z- direction)
strains. It is recognized that, in practice, compressive
axial curing stresses can lead to detrimental effects such

as fiber buckling.
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Figure 13
Geometric Details for Finite Element Analysis
8. Cross Sectional View of a Square Array of Fibers in Resin

b. Blow-up of an Individual Cell in the Square Array

Showing One Symmetry Element




Figure 14
Discretized Finite Element Mesh of a Symmetry Element

8, Showing Element Numbering,

b. Showing Boundary Element Numbering
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. A fiber diameter of 16 R 10 é m and a cell dimensicn of
20 x 10 -6 m vere chosen, Th;s ‘geometry, as illustrated 1n
Fxgure 13.b, results in a fiber volume fraction of about 0.5
and yiglds convenient units for inbuts to the computer
program, As well, a fiber volume fraction of 0.5 falls
within the range of typical values for fil&ment-wound
fiberglass products.

The basic square array element may be subdivided by
lines of symmetry into 8 portions, The analysis of one such
Subsection is mathematically equivalent to analysis of an
~entire square array element, The wedge shown in Figure 13, b
was discretized to produce a finite element mesh having 103
nodes. A total of 105 triangular elements and 3¢ boundary
elements resulted, Figures 4.2 and 14,b show the numbering
of the triangular and boundary elements, respectively. The
boundary elements' stiffnesses were taken to be about a
million times the magnitude of the largest term in the
element stiffness matrix for glass. .

The boundary elements were supplied along the edges
labelled 1, 2, and 3 in Figure 13,b in order to enforce the
required boundary conditions, Edges 1 and 2 are roller-type
boundaries ¢oincident with the symmetry lines used to
subdivide the original square array element, No forces are
permitted parallel to edges 1 and 2 and no displaceinents are
permitted perpendicular to these edges.

The boundary conditions to be supplied along edge 3 are

somewhat more complicated than the above. Referring to the
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thtee-dxmensional f;nite element enalysis pursued by Rohwet'
' and J;u in the1t study of edge eftects in fiber composites
(1986), the necessary conditions for edge 3 are as follovs,
The edge must temein straight (ehd pafellel te i;é»originel
orientation), displacements normel fo the edge must not be
prevented, and the normal force resultant along the edge
must be zero. The first two conditions were met by
specifying equal applied displacements for each nodal point
along edge 3, The final integral condition was satisfied
iteratively by perturbing the edge 3 displacement until the

sum of the y-forces along edge three was equal to zero,

Details of the Computer Runs

A preliminary analysis of this finite element problem
comprises several computer runs; Appendix C contains sample
data files and a listing of the outputs for which graphical
results are presented, following, in Figures 15 through 18,
The first run constitutes a test case to be used for
comparison purposes, In the test case, the physical division
of the mesh was retained, but only one material was
specified, A uniform temperature change was applied, as was
an arbitrary uniform displacement (-0.125 x 10"6 m) along
edge 3. From the nature of the inputs, uniform stress
outputs were expected. The uniformity of the stresses
throughout the mesh is a measure of the confidence which can
‘be placed in the results of the other runs, Severe stress

gradients, which are most likely to occur in the vicinity of
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the fiber matrix 1ntet£ece, would 1ndicate that the mesh is

not sutficiently refined. : _ - 7

As expected, the results of the test run show fa;rly ,
un:form stresses, except in the vicinity of the fiber-matr;x
interface, where the division of the mesh becomes less
reqular. The centroidal in-plane principal stresses ranged
from 234,77 MPa to 234,98 MPa, while the stress acting on
the y-z plane ranged from 266,33 MPa to 266,44 MPa, The
lowest stress levels were present in element 36 and the
highest levels were present in element 39,

The second run is analogous to a shrink fit situation,
No boundary elements are employed to restrain the elements |
along edge 3, The resin is allowed to shrink freely onto the
glass fiber under the imposed temperature change. The output
from this run shows the position the resin would assume if
it were not influenced by surrounding material, The resin
displacement profile along edge 3 shows a smooth gradation
from -0.224 x 1078 m at the top right hand corner of the
mesh to -0,127 x 10" % m at the lower right hand corner of
the mesh, This is shown in Figure 15, following,

The average displacement corresponding to the free
shrinkage displacement profile was dztermined by calculating
fAydz/!dz'along edge 3 using Simpson's rule, This value,
-0.181 x 107° m, was used as the imposed displacement for
the third run. In run 4, an imposed d1splacement of -0,17 x

10 -6 m was applied to edge 3,
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For runs 3 and 4, the stresaes at the 11 nodes dotining'

edge 3 were calculated by averaging the y-direction -
centro:dal stresses of the 'nearest nexghbor' elements of
each node. Then, usxng 51mpsqn 5 rulg, tbg y-dlrect;on "
stresses along edge 3 were integrated with tespect to the
z-coordiﬁate. (The mesh is of unit thickness in the
x-direction,) The values of the integral were -164 N/m and
33 N/m for runs 3 and 4, respectively, Linear interpolation
between these two results suggests that -0,1718 x 10 % m
should be used as the next trial displacement, Eventually, a
displacement of -0,1717 x 10" © m (which yielded a force
resultént of -2 N/m) was chosen as the required displacement
to approximately satisfy the integrated boundary condition
along edge 3,

In Section 3.1, polyester resin was found to shrink
approximately 9% by volume upon curing., If a body composed
wholly of resin shrinks 9%, then a body containing half
polyester and half glass would be expected to shrink ¢,5%,
This assumes that the glass fibers do not alter the total
shrinkage of the crosslinking resin and that no external
constiraints are operative,

If shrinkage is uniform, then 4.5% volume shrinkage
corresponds to 1.5% shrinkage in each principal direction.
If a condition of plane strain exists, 2.25% shrinkage would
be expected in each of the principal in-plane directions.
The average displacement from the shrink fit case mentioned

above corresponds to 1,81% linear skrinkage in the square
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array element.vwhls indicates that the presence of L

reinforcement prov:des an 1nternal constre1nt to resin
shrlnkege. Since one of the boundaty condit;ons requiree
that a un1form net displacement occur on edge 3 of the mesh.
it is natural to choose a d1splecement value on the range of
zero to -0,181 x 10 -6 m. The closer the value is to zero,
the greeter the degree of external constraint to resin
shrinkage which is built into the analysis, An imposed
displacemr ' of zero indicates total restraint and would
lead to the prediction of very large'teneile stresses in the
resin elements., However, the preceding discussion revealed
that all of the stated boundary conditions are met for only
one displacement (approximately -0,1717 x 10" m) within the
range of possible displacements.

Figures 16 and 17 show stresses along edges 1 and 2 of
the wedge-shaped region delineated in Figure 13,b, For the
most part, compressive stresses exist within the fiber
elements and tensile stresses are present in the matrix
elements., The radial stress along edge 1, however, becomes
increasingly compressive towards the matrix end., In Figure
17, the hoop stress curve shows a sharp jump in the stress
level upon moving from the glass into the polyester
elements,

The tensile strength of general purpose polyester
ranges from 40 to 90 MPa: the compressive strength ranges
from 90 to 250 MPa. The shear strength is typically less
than 100 MPa, The tensile strength of E glass is typically



ﬁwithin the renge of 1400 to 2500 MPa. (Hull,;1981)

the predicted stresses ate well below the strength o; E o

AL of

glass. Thus, attentzon will be focussed on the weaker matrix
material, The shear stress levels withzn the matr;x elements
are bplow 100 MPa in all of the flgures. The hoop stresses
within the polyester elements along edges 1 and 2 aﬁproach
or exceed thg tensile strength of the material, As vell, the
matrix compressive stresses along edge 1 fall within the
failure stress range quoted above. Stress levels are
especially high aléng the radial ray in which the fibers
have the highest linear density (that is, along edge 1),
This direction also happens to be that in which the finite

element mesh is gstiffest.



Figure 15

FteeAShr'in‘kage Displacement Profile of Edge 3‘
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Figure 16 -

Stresses Along Edge 1 for an Applied Displacement of
-0.1717 x 10”® m Along Edge 3
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Figure 17

Stresses Along Edge 2 for an Applied Displacement of
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Figure 18

Stresses in the Vicinity of the Fiber-Matrix

Interface for an Applied Displacement of -0.1717 x 10°° m

Along Edge 3
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The g;fessgs acting within the feinfpfqement and m#trix
elemehts near the interface are shown in figure 18. Again,
bredominantly compressive stresses persist in the
reinfcrcement. Radial stresses in the matrix change
character from tensile near edge 2 to compressive near edge
1. The matrix hoop stresses are tensile along the whole of
the interface. As well, it should be noted that shear
stresses assume much higher levels than in the preceding

plots, both in the matrix and in the reinforcement,

Comparison with Literature Results

The literature contains many studies of microresidual
stresses in regular arrays of fibers in thermosetting resin
matrices (e.g., Marloff and Daniel, 1969) Unfortunately, few
studies look beyond thermal effects., By comparison,
Koufopoulos and Theocaris (1969) attempted to remove
differential thermal contraction effects in their study of
curing shrinkage stresses in a square array of unplasticized
epoxy fibers in a plasticized epoxy matrix, They suggested
that it is the amount of resin shrinkage and the ratio of
the fiber modulus to the changing resin modulus which
controls the residual stress distribution in a square array.

Figure 6 shows the geometry of the test region
considered by Koufopoulos and Theocaris. Segments PBA and
PCO and arc BC in Figure 6 are equivalent to edges 1 and 2
and the interface, respectively, in the preceding finite

element analysis. Koufopoulos and Theocaris found
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comptessive radial stresses Betwgen points A and B and
tensile or combressive radial stresses at point C. Tensile
stresses were more likely for low Vf and high Ef/Em. The
magnitudes of these stresses increased with increasing fiber
content and modulus ratio until the utresses were large
enough to initiate cracking, In the finite eiement analysis,
compressive radial stresses were found in the resin along
edge 1, and these were sufficiently large to initiate
interface cracks. From Figure 17, it may be seen that the
hoop stress curve shows a sharp jump into the tensile regime
at a location equivalent to point C in Figure 6., Tensile
hoop stresses were also predicted for point C by the finite
element analysis.

The stress state at point O in Fiqure 6 (or,
equivalently, the final data points of the curves in Figure
17) is biaxial tension according to Koufopoulos and
Theocaris., The finite element result show that both the
hoop and radial stresses are of the order of 60 MPa and the

shear stress is negligible at point O,



3.3 nacéo Shrinkago Analysig: Strain Gaéing Euﬁérimcuts

Only when constrained do chemical and thermal shrinkage
iead to stresses. Constraint can exist both on the micro
scale (due to the presence of stiff reinforcing fibers, for
example) and on the macro scale (due to geometric tactors,
such as the presence of an underlying layer, for example),
Both micro and macro effects are invoked in the fabrication
of filament-wound fiberglass tubes, The regions of opacity
caused by curing shrinkage effects often become apparent
prior to removal of the finished product from the mandrel,

Thus, the motivation for studying filament-wound
fiberglass tubes is due not only to the wide range of
applications for such structures, but also to the fact that
the fabrication process interacts with the resin shrinkage
phenomena we wish to study. The experimental scenario in
experiments 1 and 2 was therefore taken to consist of a
number of hoop windings of fiberglass on an aluminum
mandrel, This scenario is readily amenable to analysis by
three available computer programs. (Further details on these
programs are available in Appendix D.) The exclusive use of
hoop 'windings greatly simplified the nature of the apparatus
required to produce lab-scale filament-wound tubes. For
balance and comparison, Experiments 4 and 5 focussed on cast
polyester tubes, Experiment 3 was also an all-polyester run
but has been deleted., Leakage of resin from the enclosure
rendered the strain gage readings void., The raw materials

and experimental apparatus for each set of experiments will
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be outlined, ih turn, after discussing the expected results,
Thermal Analogy Predictions

Neat resin shrinkage tests (detailed in Section 3.1)
indicated that Vibrin resin catalysed at a rate of 0.25% to
0.27% displays on the order of 9 v/o sihrinkage., Since linear
shrinkage in one of the three principal coordinate
directions is a third of the volumetric shrinkage, the
thermal analogy for this system involves applying to the
laminate a temperature change corresponding to 3%.1inear
resin shrinkage, For polyester resin having a CTE of 63 X
1076 m/m/K (35 X 1076 in/in/°F) the pertinent temperature
change is -476°C (-857°F),

Table 2, below, is a compilation of mandrel surface
strains predicted by the three available computer programs
for tubes having wall thicknesses of 7,62 mm (0.3 in). The
first set of strains relates to a hoop-wound laminate laid
up on an aluminum mandrel while the second set of strains
derives from the scenario of an unreinforced resin tube cast
surrounding an aluminum mandrel. Since the thermal analogy
is intended to explore the effects of chemical curing
shrinkage, only the shrinkage capacity of the resin was
retained., That is, the CTE's of both the aluminum mandrel
and the fiber reinforcement were set to zero in executing

this macro scale thermal analogy.



Table 2 -
Thermal Analogy Strains at Inside of Mandrel

* Resin-containing layer thickness = 7,62 mm (0.3 inches)
¢ Strains are given in microstrains

Fiberglass, Vf-O.SO Pure Resin
Program €y € €y s
CYLAN -8700 - 700 -8800 ~-6900
ELAS?2 -8200 400 -7800 -6200
Superlam -9500 -1100 -4200 -4300

The predicted hoop-axial shear strains for each case in
the preceding table are zero, In addition to the in-plane
strains, ELAS2 also provided radial strains, For the tﬁo
cases presented above, the predicted radial strains are 3900
and 6900 microstrains, respectively, The details of tube
geometry for the above results are given in Figure 19,
following. It should be noted that the ratio of radius to
wall thickness is less than 10; thus, a condition of plane
stress in the fiberglass tube cannot reasonably be expected.
Both CYLAN and Superlam are based on a plane stress
analysis; their results are included for comparison but must
be interpreted with this limitation in mind.

Compared with thermal analogy predictions of chemical
residual strains, it was anticipated that thermal residual
strains would be small, Table 3, following, contains
predicted thermal residual strains due to cooling from the
peak exotherm to room temperature. Except for the hoop
strain in the composite tube, the strains in Table 3 are

significantly smaller than those in Table 2. The two
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:e@@g?#;quzdi:féfeﬁqes f—GQ Kvébé ~80 K) employed in
moéellin§ the thermél curing strains are reasonable values
for 1amihates and pure resin, fespectively. (Compare with
the experimental peak exotherm temperatures for composite
and neat resin tubes in Tables 5 and 6,) To obtain the

| results of Table 3, the shrinkage capacity of the aluminum
mandrel was retained and the temperature difference was
applied uniformly over the mandrel and resin-containing
layer, All values quoted below are mechanical strains (total

strain minus free thermal expansion or contraction).
Table 3
Thermally-Induced Strains at Inside of Mandrel

* Resin-containing layer thickness = 7,62 mm (0.3 inches)
*% Strains are given in microstrains
*#% AT for fiberglass = -40 K; AT for pure resin = -80 K

Fiberglass, Vf=0.50 Pure Resin
Program €y €5 €y €0
CYLAN - 200 500 - 200 - 900
ELAS2 ~ 400 600 - 800 - 700
Superlam - 400 600 - 700 - 700

If predicted thermal analogy strains and predicted
thermal strains are superposed, the net strain values are as
shown in Table 4, below. The thermal analogy strains
dominate all responses except the predicted hoop strain for

the mandrel overlain by the composite tube,



Table ¢
Thermal Analogy (Polymerization) Strains
Plus Thermally-Induced Strains

¢ Resin-containing layer thickness = 7,62 mm (0,3 inches)
% Strains are given in microstrains
ts¢ AT for fiberglass = -40 K; AT for pure resin = -80 K
for calculation of the thermal component of net strain

Fiberglass, Ve=0,50 Pure Resin
Program €y €9 €y €0
CYLAN ~-8900 - 200 -9000 -7800
ELAS2 -8600 1000 -8600 =-6900
Superlam -9900 - 500 -4900 ~5000

It was hoped that by recreating the above scenario
experimentally, hoop and axial strains could be measured on
the inside surface of the aluminum mandrel during and
following curing of the hoop-wound fiberglass layers, A
comparison of the strain level after curing with the
predicted results, above, was expected to provide some

insight into the applicability of the thermal analogy.



86
Figure 19

Tube Geometry for Thermal Analogy Runs

Aluminum Mandrel! , 1.24 mm thick
r=508 mm

Resin-containing Layer
7.62 mm thick



The ﬁaﬁ iaiqfialf

In Exﬁegiments 1 through 5, the alumibuh ﬁandf@is used
were nominally 0.102 m (4 in) outside diameter and 1.2¢ mm
(0,049 in) wall thickness alloy 6063 cut to 0,304 m (1 £t)
lengths., The mandrels were precipitation heat treated at
177°C (350°F) for 8 hours to achieve "T6" condition, a
fully-hard state in which the tubular mandrel possessed its
maximum yield strength, Alloy 6063 contains approximately
0.7% magnesium and 0,4% silicon, At room temperature, alloy
6063-T6 has a tensile strength of 240 MPa (35 ksi) and a
yield strength of 212 MPa (31 ksi), (Lyman, 1961) Linear
elastic mate:ial behavior can be expected of this alloy up
to about 0,3% strain,

Several criteria were important in selecting the
mandrel geometry and material, First, the internal diameter
had to be large enough to permit placement of strain gages,
The internal diameter could not be too large, however, as
this would increase the amount of material required to wind
a laminate of a given thickness, The greater the amount of
fiberglass involved, the larger the apparatus required and
the longer the production time. Second, the wall thickness'
had to be large enough to give the mandrel adequate
structural stiffness yet small enough to serve as an
effective window through which curing strains could be
monitored and measured. Third, the mandrel had to be long

enough so that strain gages mounted at the center of the



threa times the tube 8 outsxde dxameter vas thought auitable

to accomplish this goal, A well-characterized material, such
as an isotropic metal, was deemed most suitable, Of all such
materials, aluminum alloys used in aircraft applications
were the only ones commonly used in tubes meeting the
desired geometric criteria, '

In Experiments 1 and 2, E glass roving of <esignation
P30-2200-475 was chosen as the reinforcement, P30 indicates
that the strands comprising the E glass roving are
untwisted; 2200 is the tex, or weight of the roving in grams
per kilometre, 475 is Fiberglas Canada's product style
number, This fairly heavy roving was chosen to help keep
" winding times and material handling problems to a minimum,
The spool of roving used in the experiments can be seen in
Figure 21, The polyester resin used for all of the runs was
Vibrin 1029, a multi-purpose grade; MEKP catalyst was used
at a rate of between 0,26% and 0.28%. As previously noted,
the density of the liquigd resin, as measured by an

Anton-Paar densitometer, was 1110 kg/m3 at 22°C,

\



Abparitus

In an,indﬁstrial filament-winding oéeration, strands of
glass fibers are fed through a resin bath and subsequently
wound onto a rotating mandrel at a feed rate which produces
the desired wind angle in the product, The various
production parameters are usually computer controlled. The
glass fibers may be pretensioned upon removal from the
supply spool or just prior to application to the workpiece.
The glass fibers are made to travel over bends of
sufficiently small radius of curvature and from sufficiently
steep angles of approach to cause the sizing to crack. This
allows full separ~tion of the glass filaments and enhances
wetting of the glass by the resin, A simple schematic of

hoop winding appears in Figure 20,



Figure 20

M

Hoop Winding Schematic

(Adapted from Schwartz, 1984)




Once catalysed, a pool of polyester resin has a finite o

pot llfe (t;me span dur;ng vhich it 13 fluzd enough to be

" used in lay;ng up a lamlnate). Thus, industrial scale
products tend to be produced in a step-wase fashion, A
number of closures (+/- 6° layers) are wound and allowed to
set. Subsequently, more layers are applied using a new batch
of resin if a thick-walled product is to be produced. This
piecemeal production strategy also prevents too great an
exotherm building up (as would be the case if a large number
of layers were applied at one time).

The laboratory-scale apparatus used in the resin
shrinkage Experiments 1 and 2 is an analog of its more
elaborate industrial counterparts. Roving was fed from the
supplyvspool over the edge of the white polyethylene basin
containing the resin and then threaded beneath two 25.4 mm
(1 inch) diameter polyethylene rollers separated by 120 mm
(4.72 inches). This was the "wet-out" section of the
assembly. Next, the saturated glass was distributed by a
rotating acrylic screw of 31.8 mm (1.25 inch) diameter and
having 276 threads/m (7 threads/inch). After passing over
the screw, the glass was wound onto an aluminum mandrel
rotating at the same angular speed as the threaded rod. The
actual winding rate varied during the production cycle due
to the manual nature of the operation. The average rate waé
about one hertz, Several views of the experimental apparatus
are shown in Figure 21, following, and the filament-wound

tube from Experiment 1 is shown in Figqure 22,



Figure 21
Experlmental Fllament-W1nd1ng Apparatus tor Hoop-Wound Tubes

(Length of aluminum. mandrelwis%o 304.m,).




Figure 22
Experiment 1: Hoop-Wound Tube, Chart Recorder, and

Amplifier-Conditioner Unit




A f1lament-winding apparatus was not requitedlln |
Exper;ments 3 through 5 where the object1ve vas to measure
strains induced in an aluminum mandrel due to curing of an
unreinforced (100% polyester) tube. To produce such a tube,
liquid resin was cast into an annulus surrounding the
instrumented mandrel. The outer portion of the enclosure to
contain the resin consisted of 3.8 mm (0,15 in)-thick
corrugated cardboard. In Experiment 3, the cardboard vas
impregnated with wax to resin-proof the sides and to seal
the enclosure against resin leakage, In Experiments ¢ and 5,
the cardboard was coated with a thin layer of polyester
resin catalysed at 0.25%. In Experiment 3, the bottom of the
annulus was closed off with a torus of cardboard and a wax
seal, Due to problems with leakage, the bottom closure was
modified in the last two runs, There, a rubber gasket sealed
with silicone RTD was wound around the mandrel and the
cardboard enclosure was held against the gasket with the aid
of a hose clamp. This latter type of enclosure is shown,
following, in Figure 23,

Since minimal stiffness was desired, cardboard was
chosen as the enclosure material. Ideally, it was hoped that
the enclosure would be flexible enough to follow the curing
displacements of the resin without greatly influencing the
strains that the shrinking resin would impart on the inside

surface of the mandrel.



Figure 23

Cardboard Enclosure of the Type Used for Neat Resin Tubes

in Experiments 4 and 5




, fr¢m the computer prog?gms use§ in T$b1e3 2 ;hroughy@,
it w&s found that doui.ling the thickness of tbe'resin tﬁbe
augments predicted strains by a similar factor., However, it
* should be noted that a balance must be struck between the
magnitude of the strain signal and the cracking tendency of
the tube, A thick-valled resin tube is more susceptible to
cracking than its thin-walled counterpart due to a more
severe curing exotherm and the less ready dissipation of
heat from a thicker body. Cracking relieves built-up curing
stresses and strains., This would tend to cause a smaller
strain signal from a thick-walled cracked tube than from a
thin-walled tube which remains intact following curing,
Massive cracking resulted when a 15.24 mm (0.6 in) thick
tube was cast in Experiment 3, Thus, in Experiment 4 the

annulus thickness was reduced by a factor of 2.
Instrumentation

In Experiment 1, Micro-Measurements stacked rosette
gages of designation CEA-13~125WT-350 were mounted in the
hoop and axial orientations at the center of the aluminum
mandrel, Some details of strain gage application are
included in Appendix E, A two-wire assembly was employed in
the first run,

In Experiment 2, two stacked rosettes were mounted on
the outside of the aluminum mandrei. These were separated by
90° around the circumference of the tube, A three-wire

assembly was employed to help minimize spurious temperature



effects. Prior to winding the second tube, the second
mgpd;e;, with its_qxte;nally mounfed gages, wés:takgn
through several temperature excursions similar to those
wvhich might be undergone during curing. The furnace used for
this procedure is shoﬁn, following, in Figure 24, This
exercise served as a check of the use of a 3-wire assembly
in reducing spurious temperature effects., The decision to
use two stacked rosettes situated 90° apart stemmed from the
concern that the wall thickness of the mandrel was not
uniform. The eccentricity of the aluminum mandrel is typicai
of extrﬁded products, The fattest portions of the mandrel
wall (about 1,42 mm or 0,056 in thick) were located roughly
90° from the thinnest portions (about 1,19 mm or 0.047 in
thick),

The external gages on mandrel 2 served merely as
calibration gages and were removed prior to winding tube 2,
Four single (unstacked) gages (two each in the hoop and
axial orientations) were mounted inside mandrel 2 using a
3-wire assembly. Single gages were chosen over stacked gages
to help minimize self-heating of the gages. The use of these
CEA-13-062UT-350 gages was continued in Experiments 3 and 4,
but only two gages were used in each of these runs. The
decision to use but a single hoop and a single axial gage in
these runs arose because it was found that the strain

signals at the thick and thin locations of the mandrel were

not very different,
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Figure 24
Experiments 2 - §5; Recorder, Amplifier-Conditioner Unit, and

Furnace Used to Test Temperature Response

of Instrumented Mandrels




| In Expet;ments 1 and 2 the stra;n gage lead wxros were
tucked inside the mandrel and secured in place using masklng
tape prior to winding the fiberglass tubes. After ccmplet;on
of the tubes, excess resin was allowed to drip off and the
tubes were slowly rotated to keep resin from poclzng along
the bottom seam of the horizontally-disposed tubes, The
tubes were then removed from the filament-winding apparatus
and supported on steel ring stands before the gages were
connected to the signal-measuring equipment. In Experiments
3 and 4, the strain gage input plugs were connected to the
Vishay 2120 strain gage conditioner and amplifier before the
resin was cast into the annulus surrounding the mandrel, The
signal conditioner/amplifier unit employed a Vishay 2110
power supply.

In Experiment 1, output was fed to a Cole-Parmer
8376-30 2-pen chart recorder, as shown in Figure 22, and
temperature readings at the mandrel surface in the vicinity
of the gages were relayed using a Cole-Parmer digi-sense
thermocouple, Model 8529-00, In all subsequent work, the
strain gage signals and the temperature signal from a K-type
thermocouple vwere sent to a 13-channel Yew portable hybrid
recorder, Model 3087, The Yew recorder is shown in Figure

26,



"noiults

: The tﬁo hoop-wound Eibergl#ss tube samples causgd very
small mandrei-straiﬁs compared to those pkgdicted. In fact,
the final strain valugs are more than an order of magnitude
smaller thap the thermal strain component of the net curing
strain, The measured strains were predominantly tensile hoop
strains and compressive axial strains on the inside surface
of the aluminum mandrels, Thé strain and temperature versus
time curves for Experiment 1 are shown in Figure 25. Note
that time zero corresponds to the point at which the resin
vas catalyzed. Qualitatively similar strain behavior was
shown in Experiment 2,

Several distinguishing features of the hoop-wound tube
results warrant scrutiny, Firstly, prior to the attainment
of the peak exotherm, both the hoop and axial strain
responses show a rapid increase in the magnitude of strain
levels culminating in several closely-spaced peaks. These
are, perhaps, a macro scale manifestation of a micro scale
stress relief mechanism, The average of the strain levels at
these peaks and the range of times over which the peaks
occurred are tabulated below, The magnitude of the hoop
strain response is approximately double that of the axial
response in both experiments,

Secondly, the strain levels at the times of the maximum
temperatures (as measured on the inside surface of the
mandrels) were much lower than the peak strains listed

above. This reflects the fact that strain levels had begun

T ee



Strain (Microstrains)

Figure 25

Strain and Temperature Versus Time

For Experiment 1

uo-T_——_—————___roo

LEGEND
1204 o Hoop Strain Versus Time

O Axial Strein Versus Time

60- & TYemperature Versus Time

70

»
(-]
Temperature (*C)

~60+ 40
~120+4 30
-3180 ¥ e y L . - 2 ()

) 20 40 60 a0 100 120 140 160 180 200

Time (min.)



uF’*ﬁéﬁdiiw

e P
s i

[ ol

tp ﬁéca§ t¢wa£§g gbgir_fingl_véluesiptior to the»attainment

of the peak exotherm., See Table 5, helqw." | |

Thirdly, both’hoop and axial :inal strains @erg_
negligibly small, Final hoop and axial strains in Exberiment“
1 were ¢ microstrains and -13 microstrains, respectively, at
1440 minutes and in Experiment 2 were 10 microstrains and -5

microstrains, respectively, at 1232 minutes.

Table 5§
Strain Data for Filament-Wound Tubes

¥ Strains are given in microstrains

Time to Peaks €g €y Time Tmax € €y
Exp't (min,) ’ (min,) (°c)
1 105 to 107.5 156 -67 45 49 -13

—
— —
o

2 87.5 to 106 88 -50 . 52 23 -3

Experiments 4 and 5 considered 100% polyester tubes
cured surrounding an instrumented mandrel. The strain and
temperature versus time curves for Experiment 4 are shown,
following, in Fiqure 26, AS in the first two experiments,
the hoop strain response exceeded the axial response. Hoop
strains were predominantly negative, while axial strains
wavered back and forth between low positive levels and low
negative ones before finally settling at negative values,
Several strain peaks occurred in the vicinity of the maximum
temperature. In Experiment 4, the average peak hoop strain
is -179 microstrains and the average peak axiai strain is 22

microstrains. These peaks occurred between 100 minutes and
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113 minutes. It should be noted that the peak hoop strains

,ére'not extrema of £hé hoop strain curves,‘phly;noticeable :
discontinuities, Strain levels at the peak exotherm as well

as final strain values are given in Table 6,

Table 6
Strain Data for 100% Polyester Tubes

* Strains are given in microstrains

Exp't Time Temp. € € Time € ¢
(min.) (°C) 6 X (min,) 8 X
4 104.5 109 -105 M 1253 -298 =20
5 85.5 106 -29 32 1091 -~69 -24

The final experimental hoop and axial mandrel strains are,
respectively, 4 and 30 times smaller than the predicted
thermal curing strains listed in Table 3, In turn, the
predicted thermal interaction strains are an order of
magnitude smaller than the predicted strains due to resin

densification,




Strain (Microstrains)

Figure 26
Strain and Temperature Versus Time

For Experiment ¢
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o ln-Situ nonsity ct nosin in Y Composito

| The results of the thermal analogy runs presented
earlier suggested that gsizeable strains wvould be present ob
the irside surface of the mandrel during and after curing.,
In all of the experimental trials, however, the measured
strains were considerably smaller than the predicted values,
In investigating the reasons for the discrepancy, one
possibility which was considered was that the magnitude of
the shrinkage displayed by the resin in the composite tubes
could be different from the amount displayed by neat resin,
The density of cured resin is an inferential measure of the
amount of chemical shrinkage which took place,

Thus, a series of measurements were undertaken in order
to ascertain whether the total volumetric shrinkage of resin
within a composite differed from that observed in the neat
resin, These tests were performed by determining the mass
and volume of composite samples. After burning off the
resin, the mass and volume of the glass were determined. By
difference, the mass and volume of the resin, and hence the
density, were calculated, Further details of the
measurements and calculations for the burn-off tests are
found in Appendix G. For comparison, the densities of neat
resin tube samples are also included below. The standard
deviations for the density values tabulated below are 0.3%

to 1.1% for experiments 1 and 2 and 0,1% to 0.2% for

experiments 3 to 5,




Table

Resin Density Results

[+]
Exp t % Catalyst Tna ( c) twall(mm) \/’ resm(kg/m )
1 0,27 45 7.6 0.55 1260
2 0,28 52 6.4 0.51 1240
3 0,26 T 64 7.6 0.00 1210
¢ 0.26 109 15. 0.00 1210
5 0.27 106 7.6 0.00 1210

The resin densification shrinkages consistent with the
resin densities‘given in Table 7 are 12,7 v/o, 11,1 v/o, and
8.6 v/o for experiments 1, 2, and 3 through 5, respectively.
This suggests that at least as much resin densification took
place in the composite as in the neat resin., Various sources
of experimental error could contribute to the values being
larger than those for the neat resin, More measurements were
required to calculate the density of resin within the
composite as compared with the density of neat resin and
there is a possibility that some glass was carried away by
air currents in the furnace during burn-off. In addition,
the mass of the glass fibers may have been reduced as a
result of removal of the coating, Thomason and Morsink
(1988) found that coatings on epoxy-compatible E glass
rovings could account for 0.2% to 1.0% of the mass of the
rovings, An artificially low mass (or volume) of glass will
lead to an,inflated resin density and, hence, an
overestimation of the amount of resin shrinkage. Resin

density is calculated as

pr = (pc = xgpg)/xrovocuooooco1'000'[24]




f ‘¢f; ééﬁiv#iéntiy;
= (ﬂ -m/v )/ (v /v )010'000000000[251

vhere the denszty of the composite (p.) is determined from
the apparent mass; the volume of the composite (Vc) is
determined from the mass and density of the composite; the
density of the glass (pg) is‘known; and the mass of the
glass (mg) is found from the burn-off test, x is the volume

fraction of either glass or resin., Note that xg tx, =1,




3.4 Discﬁglign and Cohélu;ipns

| Sihce,this theais serves as a critical investigation
and assessment of the thermal analogy's utility in gaining a
better understanding of the mathematical manipulationg of
resin curing stresses and strains, it is worthwhile to
highlight some merits and potential pitfalls of the thermal
analog}. | |

Both thermal and chemical curing shrinkage can lead to
complex microresidual stress and strain distributions in
composite materials. The complexity of the effects is
certainly of interest, but so, too, is the identification
and description of the relationship between the causes and
the effects. Three points which differentiate thermal and
chemical shrinkage warrant discussion.

Firstly, chemical shrinkage of the resin is less
clearly amenable to succint mathematical description than
thermal shrinkage. Consider the calculation of total strains
in a homogeneous mass of polyester, The total thermal strain
is simply the product of the change in temperature and the
tendency of the material to expand or contract. This
tendency, the coefficient of thermal expansion of the
material, is tabulated in the literature for a wide range of
materials. In general, the CTE depends on temperature,

The amount of chemical shrinkage at any location in a
body of resin changes with time during the curing process,
1f coefficients of chemical shrinkage were available in the

literature, they would likely be complicated functions of



chenical conposition (e.g., percent catalyst, percent
monomer), feactionvrate, and tembe:aiﬁfo. For a given cure
cycle, reaction rate, the degrge of crosslinking, and
temperatbre change are time-dependent, The time-dependent
chemical shrinkage is complicated by the fact that the resin
undergoes a change of state from liquid to gel to solid
during crosslinking, In any case, the wagnitude of chemical
shrinkage stresses locked into a mass of polyester resin
depends on the nature of the material behavior at the time
the shrinkage occurred, If the resin undergoes viscous flow,
the stresses induced by densification strains could relax
away. Since the calculation of total chemical shrinkage has
not been formalized, this quantity may be determined oy
experimental measurements for a given chemical composition
and set of curing variables. In addition to stress relief by
viscous flow, other stress relief mechanisms could become
operative during or following curing (e.q., crazing).

Secondly, the mathematics for calculating the fraction
of total thermal strain which induces residual stresses in a
composite is well-established for simple cases, both on the
micro- and macro-scale.

Thirdly, the inherent nature of the shrinkage process
may differ between thermal and chemical shrinkage, Consider
the cross-sectional view of circular fibers embedded in

polyester resin, as shown in Figure 27, below.
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Figure 27

Cross Sectional View of Polyestor Matrix between Fibers

matrix

The CTE of the resin at point "O" is the same in both the x-
and y-directions. Thermal shrinkage thus tends to be
isotropic within the plane at point "O". (Overall, the
thermal strains in a control volume of the composite are not
uniform due to the mismatch in mechanical properties between
the matrix and the fibers,) It is not known whether the
tendency towards chemical shrinkage is the same in both the
x- and y-directions at point "O"., Fluid flow in the resin,
micro stress fields due to prestress in the fibers, and
stress fields as they develop during curing might influence
a "preferred orientation for crosslinking", leading to
anisotropic densification, This point requires further

investigation,




~ Utility of the Thermal Analogy on the Micro Scale

The finite element analysis of SBCtioﬁ 3.2 wﬁs,a
simplified look at the utility of_the.thermal analogy on the
micro scale.

The high resin stress levels predicted by the finite
element analyses suggest that widespread microcracking would
occur in a fiberglass composite (based on a square array of
fibers and a volume fraction of 0.5), In addition, the
finite element analysis considered only local boundary
conditions., Long-range effects of adjacent laminae or of a
particular structural geometry would likely compound the
stresses predicted. In any case, a composite which behaved
as predicted would be unlikely to have sufficient infegtity
to be a useful engineering material.

To reconcile the knowledge of the driving force for the
development of large microstresses with the observation that
fiberglass is a useful material, there must be an internal
mechanism to soften the effects of curing shrinkage, The
role of an interphase region of modified resin in providing
microresidual stress relaxation has been mentioned by
Plueddemana (1974, 1988), Within the present finite element
analysis, a modified resin layer having properties
intermediate between those of glass and polyester could help
smooth out the the variation of curing stresses across the
fiber-matrix interface. The introduction of temperature- and

time-dependent material properties and responses are logical




turther improvements.v

A further criticism of the present use of the thermal
anaiogy on the micro scale is that a temperature change
corresponding to the full amount of curing shrinkage
observed in the neat resin was employed, This is similar to
stipulating that all of the resin shrinkage occurs
subsequent to gelation, In fact, some of the shrinkage may
occur while the resin is liquid, that is, when the shrinkage
has no potential to induce stresses, The use of room
temperature properties in a static analysis exacerbated the
above problem, Obviously, a detailed characterization of
resin behavior during crosslinking would be useful in
delineating the gel point and the resin properties at, and
subsequent to, gelation, Vratsanos and Farris (1986)
suggested the technique of impulse viscoelasticity for
monitoring the property changes in thermosetting resins
during curing, Further comments on their work appear in

Appendix H.
Utility of the Thermal Analogy on the Macro Scale

In the Archimedean density tests, bags of Vibrin 1030
resin were, more or less, able to shrink without outgide
hindrance during curing. 8.7 v/o densification shrinkage was
measured in all the neat resin samples in Section 3.1. The
Vibrin 1029 tube samples produced in experiments 3 to 5 in
Section 3,3 showed 8.6 v/o densification shrinkage.

Extensive cracking was observed in the neat resin tubes. In



| turn, the cracking prohebly contributed to the relin t

shrinkage achieving the same velue in the tubes as vell as
in the unccnsttained bags of resin.

The polyester matrix within the hoop—wound tiberglass
tubes of experiments 1 and 2 in Section 3.3 experienced both
external geometric constraints (due to the tubular mandrel)
and also internal constraints (due to the presence of stiff
reinforcing fibers), The greater degree of resistance to
shrinkage, as compared with that in the experiments
involving unreinforced resin, would suggest a reduced level
of net shrinkage. (Recall Figure 5, where the fibers were
forced into compression and the matrix into tension because
the resin was unable to shrink to its equilibrium state,)
Hovever, if all of the chemical shrinkage occurred while the
resin was fluid, then a reduced net shrinkage would be
unlikely in the fiberglass tubes compared with the neat
resin, As nell, cracking of the neat resin tubes would not
have occurred due to chemical shrinkage, but could could
have been caused by differential thermal contraction. The
fact that cracks were observed in the neat resin tubes in
the vicinity of the peak exotherm contradicts the
possibility of cracking being due soley to thermal effects.

Contrary to expectations, the resin in the fiberglass
tubes was found to display at least as much densification as
the neat resin. Concomitant with this were an absence of
macro scale cracks and negligibly small mandrel strains (see

Table 5) at the conclusion of the experiments, Even the peak



’fdmandrel sttains were sevetal ordars of magnitude smaller

’than those predicted by the thermal analogy. Despita the _
large.amoant of cracking in the tubes of Experiments ¢ and
5, the final hoop strain levels were higher for these neat
resin tubes than for the composite tubes!

Based on the Archimedean density tests, it was expacted
that most of the chemical shrinkage effects would present
themselves prior to the peak exotherm. In agreement with
this expectation, the largest measured strain responses for
the filament-wound tubes occurred just before the peak
exotherm, See Figure 25, The strain response prior to the
peak exotharm is much smaller than the thermal analogy
predictions would suggest., Failure to attain higher levels
might be ascribed to a macroscopic stress relief mechanism,
The basis of the proposed mechanism is non-uniform curing
due to temperature gradients through the thickness of the

body.,
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In a tairly thick-walled tube whose oxterior (aa well

- as the 1nner surface of the aluminum mandrel) is euposed to
air currenta, the maximum temperature at some time during
curing would occur in the insulated interior as ‘ghown in
Figure 28, The interior would thus tend to solidify sooner
than the cooler outer portions of the composite tube, |
Shrinkage deformations of the core would exert pressure on
the more fluid resin at the boundary layer, thereby causing
the resin to flow, Less stress would be transfefred to the
mandrel under these circumstances than if the entiret§ of
the composite cured at once, Several limitatiohs of this
stress-relief mechanism include the fact that the cufing
resin is quite friable (Selley, 1987) and the fact that
resin flow is restricted by the presence of the fibers.

Thermal expansion effects, which oppose chemical
shrinkage effects during the ascent to the peak exotherm,
wouid tend to further reduce mandrel strains compared with
thermal analogy ptedictions.

Just prior to the peak exotherm in Figure 25, the
magnitudes of both the hoop and axial mandrel strains drop
suddenly. Perhaps this reflects the onset of crazing, The
thermal analogy results from ELAS2 (See Appendix D) show
tensile axial strains through the composite wall and tensile
hoop strains in the composite near the mandrel. It isg
conceivable that, upon reaching a critical tensile strain,
the resin underwent localized microcracking to relieve the

tension. This would help to explain the sudden change in



f;-mandrel strain levels. Another possibility is that the drop
‘f 1n strain 1evels just prior to the peak exotherm was ‘
1nf1uenced by a momentary release of the bond between the
composite and the mandrel, The stipulation of "momentary"
debonding is necessary Lecause it was found that the
fiberglass and mandrel were well-bonded when tubes 1 and 2
were sectioned for the burn-off tests of Section 3,3. The
tubes were cut into rings, and then the rings were cut up
before the composite and aluminum layers could be pried
apart, Only if the bond between the fiberglass and the
mandrel had momentarily relaxed and then reformed could the
strong adhesion between the two materials be explained,

'The change in measured mandrel strains between the peak
exotherm and the conclusion of the experiment does not agree
well with the predicted thermally-induced mandrel strains as
given in Table 3, The existence of microcracks in the resin
is not accounted for in the model, This fact might
contribute ¢o the observed discrepancy.

In contrast to the fiberglass tube trials, there is no.
parallel occurrence of significant strain levels prior to
the peak exotherm in the 100% resin tube trials. See Figure
26, Perhaps this result obtains due to the factors which
tend to produce severe microcracking of the resin during the
early stages of curing. The two main factors are the large
disparity between the modulus of the aluminum and that of
the rubbery crosslinking resin and the geometric constraints

to resin shrinkage.




S

A8 vell, a macroscopic stress relist mechanism, similar
U;ovfﬁatsuggpsied}fo; the fil&ment.wound tubes, is not
likely teﬁﬁble in the #ll-resin tubes. The pure resin within
the annulus between é cardboard enclosure and a mandrel
sealed to prevent resin leaks was much more insulated than
the fiberglass tubes, which were exposed to air currents as
they cooled, Thus, the temperature gradient through the
all-resin tube walls was probably smaller, even so the
measured peak curing temperature was higher,

The final compressive mandrel strains are likely caused
by cooling of the assembly after the peak exotherm. Even 8o,
the final strains do not approach levels suggested by the
thermal analyses.

In connection with the filament-wound tubes, it should
be noted that any microresidual stress relief mechanisms
(due to viscous flow of the curing resin, for example) do
not prevent overall shrinkage of the resin, The presence of
geometric and material constraints would thus lead to

macroscale interaction strains,

3.5 Recommendations

In subsequent work, it will be necessary to establish
the relative significance of chemical and thermal residual
stresses in fiberglass (both on the micro and macro scales)
and to identify the factors which control the proportions.
In determining the significance of thermal effects, it might

be worthwhile to investigate whether consideration of



~ trens;ent temperature gradients and timen and e |
- temperature-dependent meterial properties and responses |
improves the agreement between observations and predictions,
Some more epecific suggestions for the.finite elehent
analyses and instrumented mandrel experiments are presented

below,

FPinite Element Analyses

Mesh refinement might be useful in improving the
quality of the results obtained from the micro scale thermal
analogy analysis, For some regions (for example, a traverse
across edge 1, which involves only two matrix elements) too
few matrix elements exist in the trial mesh to produce a
good stress profile plot, Sharp changes in hoop stress were
noted in the vicinity of the fiber matrix interface for
traverses along edges 1 and 2 of the region of analysis.
Mesh refinement could elucidate the character of stress
functions in these regions. In addition to (or in place of)
mesh refinement, further work might employ a different type
of element with more complex interpolation functions to
encourage convergence of the finite element solution to the
exact solution. For example, quadratic serendipity elements
could be used.

Subsequent work might focus on different geometric
configurations, Beyond reqular arrays, random arrangements
of fibers and matrix could be considered. A useful example

would be to model a region containing a microcrack within a



t:materiel whose cur:ng history 18 well-cherecterized. The Sl
‘»peremetere of the thermal anelogy (magn;tude of temperature
chenge, megnitpde of effective In situ thermal expeneion
coefficients, ete.) could be perturbed'untileagreement
betveen the predicted stress distribution and the observed
state of the material is obtained,

élene strain was chosen ee a reasonable two-dimensional
solution to model resin shrinkage, as the axial stiffness of
the reinforcement suggests that curing shrinkage effects
will manifest themselves primarily in the resin-rich
transverse directions. A generalized plane strain solution,
in which the material is afforded the capacity to undergo a
uniform strain parallel to the fiber direction, might be
considered in future work., If generalized plane strain is
found to be inadequate to model fiber-direction effects (due
to pretensioning of the reinforcement, for example), then
the merits of a truly three-dimensional analysis will have
to be weighed against gqreater complexity, labor, storage

requirements, and computation time.

Instrumented Mandrel Experiments

Several causes for the small observed strains in the
hoop-wound tube experiments (Section 3.3) were suggested in
the preceding section, One of the stress relief mechanisms
proposed is based on non-uniform curing of the composite,
This could be investigated in a number of ways., Two

instrumented mandrel experiments are suggested below., Both



.,3experiments are designed to minlmize the li,,

'1ffluid resln 1ayer adjacent to the mandrel.{Without 2
mechanism to relieve stresaes induced by the first part of
the composxtg to set up, larger strains would be anticipated
on the inside surface of the mandrel,

One technique involves winding a thick-wvalled
fiberglass tube.on an insulating ceramic mandrel, During
curing, the highest temperatures would be expected in the
composite nearest the mandrel. Thermocouples could be
embedded at various locations within the composite tube wall
to characterize the temperature distribution, If the
material adjacent to the mandrel cures first, then larger
strain signals (compared with those in Section 3.3) should
be observed on the inside of the mandrel prior to the peak
exotherm,

It might also be useful to wind a very thin laminate
onto an aluminum mandrel, If the wall thickness of the
composite is such that the temperature is quite uniform
throughout at any given time during curing, then larger
mandrel surface strains would be expected,

Finally, in any sdbsequent instrumented mandrel
experiments, it is suggested that reference gages be used to
correct measured strains for thermal effects, (Rodsseau et
al., 1987) A reference gage would be mounted on a material
having a well-characterized CTE and would be located
proximal to the mandrel gages so as to experience the same

change in temperature, Measured total strain would then be
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- cgrrgctéd'fbr thermal effects as shown below:

“true ~ ‘total ~ { ftotal, m.M. T %.M.ATp,M, ) -[26]
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Aﬁbondiu A: Classical Lamination Theory

Classical Lamination Theory is a plane stress solution. Mathematically,

Ox = Ox (X,y)
Oy = Ox (X,y)
Tay = Tay (X,¥)
C=Txa=Tye=Yxz=VYyz =€, =0

Tay = Yay (Ox,COy)

Begin with an assumed form of the strain distribution (linear in the through-the thickness
coordinate of the laminate):

(e) = e} +2{K")

ef) ={ v

Uy +Vx

W oxx

(KO ={ wyy l

2w,,‘y
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o  Stress is éxi;iéésed in terms of strau\as foiloWsi
| (@)« = [Qi)x fe)x

Qi =T! QjRTR"!

c? §2 2cs
[M=] ¢ -2cs
~sC sc  ¢2-g2

¢ =cos (0) and s =sin (6)

E - viEp 0
[Qy) = Wllﬁz—l - V21 E; E; 0
0 0 (1-v12va1) Gia
100
[Rl=f010
002

Force and moment resultants are expressed as follows (in the structural X-y axes):
%

N
(NJ,iMl= Y | (ok(l.2)dz
k=1Jz, v

N rA
A;; BijD;; = (1, %,%—) Y @iz 22, 23) I .




~ Toaccount for thermal strains,

: €1 -Qy AT‘
{0} = Qij{ eg— ayAT |
‘ Y12 !

€x - Oy AT ‘
{o) = Qyj{ e, -oyAT
'y,y-m,yAT[

(N} =[A]{e°} + [B) {K?} - {NT)
{M} =[B] {e%} +[D] {K°} - {mT}

b
jt

(), () < j

=

| o N [*
[Qij]k{ ay } AT(1,2)dz= Y f [Qk {a)k AT (1, 2)dz
k

Qxy k=1 Jz.,

Replace {N} by {NT} + (N} in the
preceding relationships



“‘l‘*Aprﬁdik.B: deitﬁbdrtihco offudisturo Effects

fKriz and Stinchcomb (1982) found that hoisture
absorption leads to the degradation of the matrix and of
fiber-matrix interfaces, This results in a drop in lamina
properties, Loos (1981) and Springer (1981) measured weight
and property changes in polyester-E glass and vinylester-g
glass composites as a function of time spent in various
media., Humid air, distilled water, éalt water, and a number
of types of fuel served as the test environments, The nature
of the material tested, the temperature of the environment,
and the type of environment were found to influence the
weight change and mechanical properties., Furthermore, it was
found that the effects of temperature and environment on
mechanical properties were particularly significant,
Clearly, the results indicated that moisture absorption was
related to the change in mechanical properties, but no
clear-cut correlation between the two could be established
from the results,

The specimens described above were analysed as-is
following completion of the tests. Other specimens were held
under the test conditions for 6 months after which they were
dried for 3 weeks at 66°C before being tested. Drying did
not lead to a complete restoration of strength or of modulus
from the levels observed in the first group of samples to
the original levels. Thus, changes in material properties

were concluded to be (to some extent) permanent. (Springer

131



”ﬁf“iSQ;fﬁ

'et el., 1981)

In the;r stud;es, sPringer et al, assumed thet moisture

ebsorption wvas goverened by Fick's law, Agreement between
theory and experiment was fairly good until the predicted
maximum weight change was attained, The development of
internal and surface microcracks was thought to be
responsible for matrix material losses and ultimately for
the deviation from Fickian behavior. In regions where the
process of moisture absorption can not be described by
Fick's law, the authors suggest that test data is necessary
to establish long-term material behavior. (Springer et al,,
1981)

Chamis et al. (1977) presented an integrated theory for
predicting the hygrothermomechanical (HGTM) response of
laminated fiber-reinforced composite materials and for
predicting the effects of hygro and thermal factors on
mechanical properties, Graphite-epoxy was the system
considered., It was assumed that only the HGTM properties of
the resin were affected by moisture and that these effects
could be expressed in terms of the laminate's operating
temperature and the reduced glass transition temperature of
the wet resin,

Micromechanical relationships for volume, density,
elastic constants, coefficients of thermal expansion,
coefficients of moisture expansion, and strengths of wet
resin were summarized, Magnification factors to account for

the presence of voids and residual strains were included.



The resin was modelled as being essentially 1ncompressible

(1.e., no volume expans;on of the resin as the compos1te
eupands due to the influx of moisture) and tesin behavior
was classified as being either v;scoelestic or viscoplastic.
Good agreement between predicted and measured
micromechanical properties was achieved. (Chamis et al,,
1977)

The macromechanical behavior of a lamina was described
as

{ey} = [E)17'0 0y} + AT ey} + my{8;)
The similarities between the last two terms allowed the
authors to lump the thermal and moisture effects and to use
a pre-existing computer program which dealt only with
thermal effects, It should be noted that a CLT approach was
employed. The results of the study showed that voids present
in the resin matrix tended to collapse at moisture contents
of 21% and that nonuniform through-thickness moisture
profiles caused severe laminate warpage. (Chamis et al.,
1977)

Farley and Herakovich (1977), recognizing the inability
of CLT to predict interlaminar effects, employed an
elasticity approach to study the influence of temperature
and moisture gradients on interlaminar shear stresses near
free edges of a composite laminate, In earlier studies,
these authors had found that free edge boundary layer
regions were especially likely to contain transverse and

lateral moisture gradients., For simplicity, a long,



~ finite-vidth planar laminate comprising homogeneous,

ispttobic layers and disblaying liqegr‘elgstié material
beﬁgvioi was chosen as the test confiéurgtioh. Uniform axial
méchanical loads and gradient hygrothermal loads were .
considered using the displacement formulation of the Finite
Element Method, it vas found that moisture-induced stresses
could be larger than thos@ due to mechanical and thermal
loads and that slight changes in moisture gradients had
significant effects upon the calculated stress
distributions. Interface morphology, material properties,
and laminate stacking sequence were also found to influence
the results,

Under conditions of uniform hygrothermal and mechanical
loading, a uniform moisture content of 0.5% was found to
cancel out the effects of the residual thermal curing
stresses associated with a curing to operating‘;gmperature
difference of 82.5 K. Thus, small, uniform moisture
concentrations were found to be beneficial in alleviating
the effects of residual curing stresses. At higher moisture
contents (e.g., 1%) however, hygral stresses were found to
far exceed the thermal curing stresses. (Farley and
Herakovich, 1977)

In comparing temperature and moisture effects, it was
pointed out that the relatively high coefficient of thermal
diffusivity of graphite-polyimide composites enables them to
reach a uniform temperature quite quickly., In contrast, the

attainment of a uniformly saturated moisture condition may



‘requxre several years at ambient temperature. The
kimpl;cataon of th;s 13 that a gradient type analysis is
frequently appropriate, even under controlled 1anoratory
conditions, '

Farley and Herakovich (1977) compared the stress
effects due trn various moisture gradients to the stress
state in a uniformly saturated composite, A uniform moisture
gradient was found to cause a stress distribution similar to
that of the base case except in the boundary layer region,
For two-dimensional moisture gradients, the interlaminar
normal stress distribution was significantly affected by the
location of the gradient while interlaminar shearing
stresses were less affected as compared to the base case, It
was also noted that once steep moisture gradients had passed
through a boundary layer (i.,e,, near the free edges of a
laminate) the interlaminar stresses attained a state like
that in the base case.

Farley and Herakovich (1877) recommended that
hygrothermal loading be considered in addition to mechanical
loading for any stress analysis of composite structures with
free edges., They also pointed out that it would be desirable
to have results which reflect nonlinear material behavior
and also which include the variations in material properties

due to hygrothermal effects,




Abﬁondiu C: Finite Elomcnghgpg;ysis Data Files and SAPIV
Outputs

The first section of this appendix contains listings of
the data files used to perform the analysis documented in
Section 3,2, The data files pertain to the following four

cases, respectively:

1, The "test case"” using a uniform material; used to assess
 the suitability of the mesh for the analysis,
2. The data corresponding to free shrinkage of the resin
onto the fiber, |
3. The data corresponding to an imposed displacement of
-0.181 x 10°% m along edge 3 of the region of analysis,
4. The data corresponding to an imposed displacement of

-0.1717 % 10”8 m along edge 3 of the region of analysis,

The second section of this appendix contains a listing

of the SAP IV output corresponding to case 4, above.
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Data Fi{le for Case 1

Plane Strain Solution using 20 Elemants
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Data Ff{le for Case 2
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Data Ffle for Case 4

Plane Strain Solution using 2D €laments
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Three different programs were used to execute the
thermal analogy of Section 3.3, The three programs are as
follows:

1. Superlam, a proprietary software package which performs
plane stress analyses of flat.plate and cylindrical
composite laminates using Classical Lamination Theory.
The assumptions disscussed in connection with CLT in the
body of the thesis apply to this program as well,
(Osborne, 1986ii)

2, CYLAN, an analysis program for composite cylinders
developed at the University of Delaware Research Center
for Composites Manufacturing Science and Engineering. The
program uses Vlasov-Ambartsumyan shell theory, Some of
the éssumptions used include constant shell thickness,
small displacements and small in-plane strains, negligble
transverse shear strains, constant mid-plane radius,
transverse normal strains independent of the laminate
through-thickness coordinate, and Hookean behavior.

(Whitney et al., 1987)

3. ELAS2, a generalized plane strain elasticity solution for
cylindrical composite shells. The standard small strain

and linear elastic material behavior assumptions apply.

221



'?f Physica1 data used in ELASa aro tempete ue
”i(Rousseau et al., 1967) | | P
Pettinent results from the thermal analogy runs
using the first two programa are presented in the body‘df
the thesis, Listings of INPUT (a module used to calculate

laminé properties for input to ELAS2), ELAS2, the ELAS2
data files, and the ELAS2 outputs for the thermal analogy

runs follow,
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THIS INPUT MODULE IS USED TO CALCULATE THE AVERAGED -
THREE-DIMENSIONAL MECHANICAL PROPERTIES REQUIRED BY THE
PROGRAM 'ELAS2" WRITTEN: BY HYER ET AL.

DOUBLE PRECISION Q(6,6),QB(6,6),QRAN(6,6)

DOUBLE PRECISION ET(6)

DOUBLE PRECISION E1,E2,G12,P12,EF,PF,AF,WF,VF,GF
DOUBLE PRECISION EM,PM,AM,WM,VM,GM

DOUBLE PRECISION Al,A2,F1.F2

DOUBLE PRECISION T,TR,C,C2,C4,S1,812,514,H1,H2,DT

DOUBLE PRECISION DEN,Z,21

DOUBLE PRECISION DD,SS1,852,S5,ERAN,GRAN,NURAN,E3RAN
DOUBLE PRECISION ERAN2,GRAN2,NURAN2,DD2,DD1,CC,ARAN
DOUBLE PRECISION N1,N2,N3,NUTRAN,NUR,NURTKF,KMKT

DESCRIPTION OF VARIABLES AND ARRAYS

Q - STIFFNESS MATRIX OF .A LAMINA (6 BY 6)

QB - TRANSFORMED STIFFNESS MATRIX OF A LAMINA (6 BY 6)
QRAN - STIFFNESS MATRIX OF A RANDOM 1-2 PLANE LAMINA
(6 BY 6) '

EF - FIBER YOUNG'S MODULUS (PSI OR Pa)

PF - FIBER POISSON'S RATIO

AF - FIBER COEFFICIENT OF THERMAL EXPANSION
(in/in/degree F OR m/m/degree C)

WF - FIBER WEIGHT FRACTION IN A PARTICULAR LAMINA

VF - FIBER VOLUME FRACTION IN A PARTICULAR LAMINA

GF - FIBER SHEAR MODULUS (PS! OF Pg)

EM - MATRIX YOUNG'S MODULUS (PS! OR Pa)

PM - MATRIX POISSON'S RATIO

AM - MATRIX COEFFICIENT OF THERMAL EXPANSION
(in/in/degree F OR m/m/degree C)

WM - MATRIX WEIGHT FRACTION IN A PARTICULAR LAMINA

VM - MATRIX VOLUME FRACTION IN A PARTICULAR LAMINA

GM - MATRIX SHEAR MODULUS (PSI OR Pa)

El - LONGITUDINAL YOUNG'S MODULUS OF A LAMINA
(PSI OR Pa)

E2 - TRANSVERSE YOUNG'S MODULUS OF A LAMINA
(PS! OR Pa)

P12 - PRINCIPAL POISSON'S RATIO OF A LAMINA

PRAN - 1-2 RANDOM PLANE POISSON'S RATIO OF A LAMINA

PRAN=P12=P2] .

G12 - PRINCIPAL SHEAR MODULUS OF A LAMINA (PSI OR Pa)

GRAN - 1-2 RANDOM PLANE SHEAR MODULUS OF A LAMINA

Al - LONGITUDINAL COEFFICIENT OF THERMAL EXPANSION OF
A LAMINA (in/in/degree F OR m/m/degree C)

A2 - TRANSVERSE COEFFICIENT OF THERMAL EXPANSION OF A
LAMINA (in/in/degree F OR m/m/degree C)
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'l'!'!ROUGH k'l'l-!E T!jUCKNBSS COBFF[CIENT»;. OF 'l'HERMAL
EXPANS!ON BREE . ‘

ARAN - 1.2 RANDOM PLANE coamcuam oF maamz. Expmslon"

: ARAN:AI:AZ _
T - ANGLE THBTA. OF REINFORCEMENT OF A LAMINA. DEGREES
TR - ANGLE, THETA, OF REINFORCBMENT OF A LAMINA, RADIANS
C,C2,C4 - COS(T), COS(T)**2, COS(T)**
S1,812,514 - SIN(T), SIN(T)**2, SIN(T)v*4
HI.HZ - SMALLER AND LARGER POSITION VALUE OF LAMINA

(in OR m)

DT - CHANGE IN TEMPERATURE ACROSS THE LAMINATE
M - TOTAL NUMBER OF LAMINAE IN LAMINATE
K - LAMINA NUMBER

SUMMARY OF ORIENTED LAMINA SYMBOLS:

YOUNG'S MODULI: E1,E2E3

SHEAR MODULL: G12,G13,G23

POISSON'S RATIOS: P12,P21,P13,P31,P23,P32

CTE'S: Al,A2,AMET(1),ET(2),ET(3),ET(6)

SUB-SYMBOLS: KF,KM,GF,GM,ETA6,ETA4,ETAK,D],
N1,D2,N2,D3,N3,KT,ZM

SUMMARY OF RANDOM 1-2 PLANE LAMINA SYMBOLS:

YOUNG'S MODULI: ERAN,E3RAN,ERAN2
SHEAR MODULL GRAN,GRAN2,G13RAN,G23IRAN
POISSON'S RATIOS: NURAN,NUTRAN,NURAN2
CTE'S: ARAN,ARAN3

SUB-SYMBOLS: DD,S§1,882,58,DD2,DD1,CC

READ(7,1) M,DT
FORMAT (12,D10.2)

DO 200 N=1M

READ(7,2) K
FORMAT (15)

DO 4 I=1,6
DO 3 J=1,6
Q(L)=0
QB(1,))=0
QRAN(1,1)=0
CONTINUE
ET(1)=0
CONTINUE

READ(7,5) H1,H2



"FORMAT (DW0S)

210 .- FORMAT. (Dld.!,_l')"s‘,S,Dll.9.DS.3.DS.3)
' ' READ(7,20) EM,PM,AM,VM
2 FORMAT (D14.3,D$.3,D11.9,D5.3,DS.3)
READ(7,30) T
30 FORMAT(D10.5)
C
Cc
TR=0.017453'T
C=DCOS(TR)
C2=Cr%2
C4=C2"2
SI=DSIN(TR)
SI2=§l*"2
S14=S§[2¢92
[ o
C
WRITE(R,89)
89 FORMAT('l','ORIENTED LAMINA PROPERTIES")
Cc
C MOST OF THE FORMULAE FOR THE THREE-DIMENSIONAL
o MECHANICAL PROPERTIES OF UNIDIRECTIONAL LAMINAE
C COME FROM THE ROOK "The Rehavior of Structures
C Composed of Composite Materials” BY VINSON AND
C SIERAKOWSKI, pp. 39-40. **THE EXPRESSION FOR
C POISSON'S RATIO 23 FOR A UNIDIRECTIONAL LAMINA
C IS TAKEN FROM ‘Engineer's Guide to Composite
C Materials', pp. 3-12 ¢
C
(o

KF=EF/(2.*(1.-PF))
KM=EM/(2.°(1.-PM))
GF=EF/(2.°(1.+PF))
GM=EM/(2.%(1.+PM))
ETA6=(1.+(GM/GF))/2.
ETA4=(3.-4'PM+ (GM/GF))/(4.*(1- PM))
ETAK=(1.+(1.-2.*PF)*(GM/GF))/(2.4(1.-PM))
El=(VF*EF)+(EM*VM)
P12=(PF*VF)+(PM*VM)

P13=P12

D1=VF+ETA6'VM
N1=(1./GF)*VF+(ETA6*(1./GM)*VM)
G12=DI1/N1

G13=G12

D2=VF+ETA4*VM
N2=(1./GF)*VF+(ETA4*(1./GM)*VM)
G23=D2/N2

D3=VF+ETAK'VM
N3=(1./KF)*VF+(ETAK*(1./KM)*VM)
KT=D3/N3
ZM=1.4(4.'KT*P12*P12)/E1
E2=(4.°KT*G23)/(KT+2ZM*G23)
E3=E2




U PA=PIVEVEL
PR VFOPR4+VM(2°PM- P21)
o PN=PIYEVEL . -
P32=PRMRY/E2
A1=(AF'EF‘VF+AM'EM'VM)/EI
A2= (14 PF)*AF*VF + (14-PM)*AM*VM-A1*P]2
Ad=A2
ET(1)=C2AL+812'A2
ET(2)=SI2°A1+C2'A2
ET(3)=A3
ET(6)=2'SI'C¥AL-2951°CYA2
WRITE(8,31)
3 FORMAT('0':2X, LAYER ' 6X, E1',9X, 'E2' 9X, E3'9X, 'G12",
+ 9X,'G13'9X,'G23")
WRITE(8,32) K,E1E2,E3,G12,G13,G23

k) FORMAT(0',6X,12,3X,6(D10.5,1X))
WRITE(8,33)
3 FORMAT('0',4X, P12',7X, 'P21",7X, 'P13',7X, 'P31",7X, 'P23’,

+ 7X,'P32'9X,'A1",9X,'A2' 9X,'A3")
WRITE(8,34) P12,P21,P13,P31,P23,P32,A1,A2,A3
FORMAT('0",2X,6(D9.4,1X),3(D10.5,1X))

ag

WRITE(8,90)
FORMAT('¢",RANDOM LAMINA PROPERTIES')

THE MICROMECHANICAL EQUATIONS FOR THE MECHANICAL
PROPERTIES OF A RANDON 1-2 PLANE LAMINA COME FROM
HULL (1981), PAGES 79-100 EXCEPT FOR THE FORMULA FOR
POISSON'S RATIO 23 WHICH IS AN ADAPTATION OF THE
FORMULA GIVEN BY CHAMIS (SEE ABOVE).
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 DD=1-(P12°P21)
* §S1=E1+E2+(2°P12°E2)
§S2=E1+E2-(2'P12°E2)
$S=El1+E2
ERAN= (S81/DD)*((S52+4*DD*G12)/(2°88 + 851 +4'DD*G12))
GRAN=(§82/(8°'DD))+G12/2.
NURAN =(ERAN/(2*GRAN))-1.
NUTRAN = VF*PF+ VM*(2*PM-NURAN)
E3RAN=1./(VF/EF+ (VM/EM))-
ERAN2=0.375°E1+0.625°E2
ERAN3=0.375EF*VF +0.625* EM*VM
GRAN2= (E1/8.) +(E2/4.)
NURAN2=(ERAN2/(2*GRAN2))-1.
DD2=0.5*(E1-E2)*(A1-A2)
DD1=El+(1+2*P12)*E2
CC=DD2/DD1 '
ARAN=0.5*(A1+A2)+CC
ARAN3=A3
WRITE(8,35)
35 FORMAT('0',2X,'LAYER ',7X,'ERAN",6X, 'E3RAN’,
+ 6X,'GRAN'6X,'GI3RAN',6X,'G23RAN")
G13RAN=0.5%(G23+G13)
G23RAN=G13RAN



" WRITE(8,36) K.Elum E3RAN, GRAN m:m/w cmRAN .
FORMA’!‘('O sx,lz.sx.smm s IX)) : '
- WRITE(8,37) - .
FORMAT( '0',4X,'PRAN",7X, ’P23RAN' JX,
'ARAN',7X,'ARAN3") h
wamz(s.ss) NURAN,NUTRAN,ARAN,ARAN3
FORMAT('0",2X,4(D10.§ J1X))
WRITE(8,39) :
FORMAT('0',4X,'ERAN2",7X,'GRAN2",8X,'NURANZ',8X, 'ERAN3")
WRITE(8,40) ERAN2,GRAN2,NURAN2,ERAN3
FORMAT('0",1X,2(D10.5,3X),D12.6,3X,D10.5)

DEN=1.-P12'P21-P23'P32-P31°P13-2°P21*P32*P]13
Q(1,1)=E1%(1.-P23*P32)/DEN

Q(1,2)=E1*(P21 +P31*P23)/DEN
Q(1,3)=E1*(P31+P21*P32)/DEN

Q2.)=Q(1,2)

Q(2,2)=E2*(1.-P31*P13)/DEN
Q(2,3)=E2*(P32+4P12*P31)/DEN

Q(3.1)=Q(1,3)

QG3.2)=Q(2.3) |
Q(3,3)=E3*(1.-P12*P21)/DEN

- Q(4,4)=G23

Q(5,5)=G13
Q(6,6)=G12

ER=E3RAN/ERAN
NUR=NURAN*NURAN

NURT=NUTRAN'NUTRAN
DENR=1.-NUR-2°NURT-2*NURAN*NURT'ER
QRAN(1,1)=ERAN*(1.-NURT*ER )/DENR

QRAN(1,2) =ERAN*(NURAN +NURT*ER )/DENR

QRAN(1,3) =ERAN*(NUTRAN®ER +NURAN*NUTRAN*ER )/DENR
QRAN(2,1)=QRAN(1,2) .

QRAN(2,2) =ERAN*(1.-NURT*SR )/DENR
QRAN(2,3)=ERAN*(NUTRAN°ER +NURAN*NUTRAN®R )/DENR
QRAN(3,1)=QRAN(1,3)

QRAN(3,2)=QRAN(2,3)

QRAN(3,3)=E3*(1.-NURAN**2)/DENR

QRAN(4,4) =0.5*(G23+G13)

QRAN(5,5) =QRAN(4,4)

QRAN(6,6) =GRAN

QB(1,1)=Q(1,1)*C4+2%(Q(1,2) +2*Q(6,6) )*C2*S12+Q(2,2)*S14
QB(1,2)=(Q(1,1)+Q(2,2)-4°Q(6,6) )*C2*S12+ Q(1,2)*(C4+814)
QB(1,3)=Q(1,3)°C2+Q(2,3)*SI2

ZZ=81"C*(C2-512)*(Q(1,2) +2°Q(6,6))

QB(1,6) = -C*S12°S1*Q(2,2) +C2°C*SI*Q(1,1)- 2Z
QB(2.2)=Q(1,1)*814+2*(Q(1,2) +2°Q(6,6) )*SI2°C2+ Q(2,2)*C4
QB(2,3)=812°Q(1,3) +C2'Q(2,3)

QB(3,3)=Q(3.3)

QB(2,1)=QB(1,2)
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- QB(3,1)=QB(1,3)
QB(6,1)=QB(1,6)
QB(3,2)=QB(2,3)
QB(2,6) = -C*C2°81*Q(2,2) +C*SI2°81°Q(1,1) + 2Z
QB(6,2)=QB(2,6)

QB(3,6)=(Q(1,3)-Q(2,3))°C sl

QB(6,3)=QB(3,6)

QB(4,4)=Q(4,4)*C2+Q(5,5)*812

QB(4,5) =(Q(5,5) -Q(4,4))*C*s!

QB(5,4)=QB(4,5)

QB(S,5)=Q(5,5)*C2+Q(4,4)°s12

Z227=(C2-812)*(C2-812) .
QB(6,6)=(Q(1,1)+Q(2,2)-2°Q(1,2))*C2°S12+Q(6,6)*22Z

WRITE(8,45) K,T
FORMAT('1",)LAYER NUMBER 'l2,3X,'AT ANGLE 'DI12.6)
WRITE({8,46)
FORMAT('0',1X," T ' T '6X,'Q(PSI)’,14X,'QBAR(PSI)",
+ 11X,'QRAN(PSI)")
DO 60 1=1,6
DO 50 J=1,6
WRITE(8,70) 1,J,Q(1,]),QB(1,1),QRAN(L,])
CONTINUE
CONTINUE

FORMAT ('0',213,3D20.10)

CONTINUE
ENDFILE (UNIT=8)

sTOP
END
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PROGRAM ELAS2 ‘ S
ELASTICITY SOLUTION FOR AN ANGLE-PLY TUBE W/THERMAL
AND MECHANICAL LOADS

CARL ROUSSEAU AND DR. MIKE HYER
ESM DEPT.
VIRGINIA TECH

IMPLICIT REAL*8 (A-H), REAL'S (M-Z)
COMMON /IN/ANGLE(15),T(15),CB11(15),CB12(15),CB13(15),

+ CB16(15),CB22(15),CB23(15),CB26(15),CB33(15),CR36(15),
+ CR66(15),RO(15),R1(15),ALPAX(15),ALPAO(15),ALPAR(1S),
+ ALPAXO(15),DT,P,TW J,IMAT
COMMON  /SOLN/BC(32,32),ET(32,1),V(15),V1(1$),V2(15),V3(15),
+ V4(15),21(15),22(15),23(15),24(15),25(15),26(15),27(15)

COMMON /OUT/R(150),EPSX(10,15),EPSO(10,15),EPSR(10,19),
GAMX0(10,15),81GX(160,15),S1GO(10,15) ,SIGR(10,1S),
TAUX0(10,15),EPS1(10,15),EPS2(10,15),EPS3(10,15),
GAM12(10,15),81G1(10,15),81G2(10,15), 81G3(10,15),
TAU12(10,15),RR(10,15)

DIMENSION SIGB(15),2Z(15)

P1=3.1415927

++ + +

CALL INPUT

DO 10 I=11

SIGB(1)=((CB23(I) - CB22(1))*ALPAO(I) + (CB33(I) -
+ CB23(I))*ALPAR(l) + (CB13(1) - CBI2(I))*ALPAX(I) +
+ (CB36(I) - CB26(I))*ALPAXO(1)) * DT

V({1)=DSQRT(CB22(1)/CB33(1))

Vi(D=1. + V()

vI(D=1. - Vv(I)

Vi(h=2. + v(I)

Vé4(h=2. - V{I)

ZZ(1)=CB33(I) - CB2(I)

Z1(N=(CB12(1) - CBI13()) / 2Z(1)

Z2(1)=(CB26(1) - 2°CB36(I)) / (3°CB33(1)+2Z(1))

Z3(1)=SIGB(1) 7/ ZzZ(D)

Z4(1)=CBl12(I) + CBI1}(1)

Z5(1)=CB26(1) + CB36(I)

Z26(1)=CB23(1) + CB33(I)

Z1(1)=CB2(1) + CB23(I)

BC(1,1)=CB13(1) + Z6(1)°Z1(1)

BC(1,2)={{ZA(1) + CB33(1))*Z2(1) + CB36(1))*RI(1)
BC(1,3)=(CB23(1) + V(1)°CB33(1)) * RI{1)**(-V2(1))
BC(1,4)=(CB23(1) - V(1)*CB33(1)) * RI(1)**(-V1(1))
ET(1,1)=(CBI3(1)*ALPAX(1) + CB23(1)*ALPAO(1) + CB33(1)*
+ ALPAR(1) + CB36(1)*ALPAXO(1))*DT -26(1)*Z3(1)
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DO 12 N=5242

BC(L,1) = 0.
BC(2,1) = CBLY(J) + 2Z6())*Z1())
BCQ22) = ((26() + CB3I())*Z2(])) + CBI6())*RO())
BC(2,(11-2)) = o.
- BC(2,(2°1+1)) = (CB23(J) + V(I)*CB33(1)) * ROU)**(-V2(}))
BC(2,(2°7+2)) = (CB23(1) - V(J)*CB33(J)) * RO()**(-V1(J))

ET(2,1) = (CBI3(J)*ALPAX(J) + CB23(J)*ALPAO(]) + CB33(J)*
+ ALPAR(J) + CB36(I)*ALPAXO(J))*DT - Z6(1)*Z3())
BC(@,1) = 0.

BC(3,2} = 0.

BC(4,1) = 0.

BC(4,2) = 0.

ET(3,1) = P/ 2/ P]

ET(4,1) = TW/ & P

DO 30 1=1]

BC(3,1) = BC(3,1) + (CBII(I) + ZI(1)*Z4(1)) * (RO(I)**2 -

RI(**2) 2.

BC(3.2) = BC(3,2) + ((CBI3(1) + z4(1)* Z2(I) +CBI16(1))*

(RO(I)**3 - RI(1)**3) / 3.

BC(3,(1+2'1)) = (CBLAI) + V(I*CBI3(N) * (RO(I)**VI(I) -

RI(D**VI(D)) 7 V1Q)

BC(3,(242°1)) = (CBIAI) - V(I)*CBI3(I)) * (RO()**V2(I) -

RI(D)**V2(1)) 7 Vv2(1)

ET(3,1) = ET(3,1) + (DT*(CBLI(I)*ALPAX(I) + CBIl2(I)*

ALPAO(I) + CBI3(I)*ALPAR(I) + CBI6(I)*ALPAXO(1)) -
Z3(1)°Z4(1))*(RO(1)**2 - RI(I)**2) / 2.

BC(4,1) = BC(4,1) + (CBI6(I) + ZI(1)°Z5(1)) * (RO(I)**3 -

RI(I)**3) 7 3.

BC(4.2) = BC(4,2) + (CB66(I) + Z2(1)* (Z5(1) + CB36(1)))*

(RO(1)**4 - RI(1)**4) / 4,

BC(4,(1+2°1)) = (CB26(I) + V() * CB36(I)) * (RO()**V3(I)

- RI(D**VID) 7 V3(D)

BC(4,(2+2°I)) = (CB26(I) - V(I) * CB36(I)) * (RO(I)**V4(I)

- RI(D)**V4(1)) 7 V&)

ET(41) = ET(4,1) + (DT*(CBI6(I)*’ALPAX(I) + CB26(I)*

+

ALPAO(I) + CB36(I)*ALPAR(I) + CB66(I)*ALPAXO(I)) -
23(1)*Zs(1)) * (RO(I)**3 - RI(I)**3) / 3.

DO 34 KK=52'142
DO 34 LL=1,2%J+2
BC(KK,LL) = 0.

DO 40 K=1,J-1

BC((4+K),1)
BC((4+K),2)

(ZI(K) - Z1(K+1)) * RO(K)
(Z2(X) - Z2(K+1)) * RO(K)**2
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K)) = RO(K)*V(K)
BC((4+K),(24+2%K)) = RO(K)**(-V(K))
BC((4+K),(3+2°K)) = -RO(K)*V(K+1)

- BC((4+K),(142°K))
BC((4+K),(4+2°K)) = -RO(K)**(-V(K+1))

ET((4+K),1) = (Z3(K+1) - Z3(K)) * RO(K) _
BC((3+1+K),1) = CBI3}(K) + Z6(K) * ZI{K) - CBIMK+1) -

+ Z6(K+1) * Z1(K+1)
BC((34J+K),2) = ((26(K) + CBRIMK)) * Z2(X) + CBI6(K) -
+ (Z6(K+1) + CB33(K+1)) * Z2AK+1) - CBI&(K+1)) * RO(KK)

BC((3+J+K)(142°K)) = (CB23(K) + V(K)'CB33(K)) *
+ RO(K)**(-V2(K))

BC((3+J+K),(2+2°K)) = (CB23(K) - V(K)*CB33}(XK)) ¢
+ RO(K)**(-VI(K)) ‘

BC((3+J+K),(3+2'K)) = -(CB23(K+1) + V(K+1) * CB33(K+1)) *
+ RO(K)**(-V2(K+1))

BC((3+J+K),(4+2K)) = -(CB23(K+1) - V(K+1) * CB33(K+1)) *
+ RO(K)**(-V1(K+1))

ET((3+J+K),1) = DT * (CBI}K) * ALPAX(K) - CBIMK+1) ¢

+ ALPAX(K+1) + CB23(K) * ALPAO(K) - CB23(K+1) * ALPAO(K+1)
+ + CB33(K) * ALPAR(K) - CB33(K+1) * ALPAR(K+1) +

+ CB36(K) * ALPAXO(K) - CB36(K+}1) * ALPAXO(K+1)) -

+ Z6(K) * Z3}(K) + Z6(K+1) * Z}K+1)

. WRITE(6,19)

FORMAT('PLY LAMBDA/)

DO §2 I=1)J
WRITE(6,20) 1,V(1)

CONTINUE

FORMAT(12,D16.8)

WRITE($,22)
FORMAT(//'BC(1,]) EPS-0 GAM-0 A(l THRU 21)7)

DO 35 K9 = 1,291+2

WRITE(6,45) (BC(K9,L9),L9=1,(2°J+2))
CONTINUE
FORMAT(6D16.8)

WRITE(6,32)
FORMAT(//°ET(1,1)'7)

WRITE(6,42) (ET(K8,1),K8=1,(2*]42))
FORMAT(D16.8)

SOLVE BC*X=ET USING GASION (REDDY)

CALL GASIJON (2°J42,BC,32,ET.32)
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CALL OUTPUT

CALL RESLTN

$*SUBROUTINE FAIL ONLY WORKS FOR LAMINATES OF ONE MATERIAL

READ FLAG 0=NO FAILURE CRITERION: 1=TSAl-WU
INPUT FI AND FIJ

READ(5,*) FL

PRINT*, FL

IF(FL.EQ.0) GOTO 101

CALL FAIL (FL,))
CONTINUE

sTOP
END

SUBROUTINE INPUT

IMPLICIT REAL*8 (A-H), REAL*8 (M-2)

COMMON /IN/ANGLE(15),T(15),CB11(15),CB12(15),CB13(15),
CB16(15),CB22(15),CB23(15),CB26(15),CB33(15),
CB36(15),CB66(15),RO(15),RI1(15),ALPAX(15) ALPAO(1S),
ALPAR(15),ALPAXO(15),DT,P,TW,], JMAT

DIMENSION  E1(15),E2(15),E3(15),G12(15),NU23(15) , NU32(15),
NU13(15),NU31(15),NU12(15),NU21(15),ALPA1(15),
ALPA2(15),ALPA3(15),C11(15),C12(15),C13(15),C22(15),
€23(15),C33(15),C66(15),B11(15),B12(15),B13(15),
B22(15),B23(15),B33(15),R66(15),
THETA(15),ALFA1(15),ALFA2(15),ALFA3(15) KMAT(15)

PI=3.14159265

+ 4+ +

4+ 4+ 4+ +

MATERIAL PROPERTIES

READ(5,*) ), JMAT,RI(1),DT,P,TW
WRITE(6,15)
FORMAT(////'"MATERIAL PROPERTIES'//'"MATL",6X,'E1',10X,
+ 'E2',10X,'E3',10X,'G12",5X, 'NU23",4X,'"NU13"',4X,'NU12",
+ 4X,’ALPHA 1',5X,ALPHA 2',5X,'ALPHA 3'/)
FORMAT(I3,4D12.4,3F8.4,3D12.4)
DO 20 I=1,JMAT
READ(S,*) EL(1),E2(1),E3(1).G12(1),NU23(1),NU13(I),NU12(1),

+ ALPAI(I),ALPA2(1),ALPA3(])
WRITE(6,30) 1E1(1),E2(1),E3(1).G12(1),NU23(I),NU13(1),
+ NUI12(I),ALPA1(I),ALPA2(I), ALPA3(])
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NU3X(I) = NU2X(D) * E3QV/E2(D)

NUSI(I) = NUIS(D) * E3QIV/ELN()

NU2I(I) = NUL2(D) * E20)/E)N()

Z1 = (1. - NUBQ)NUS2() - NUBQ)NUNL() -
+ - NUL(I)'NU21(I) - 2°NU32(1)*NUI3(1)*NU21(1))/
+ (EX(I)*E2(1)*E3(1))

Cln = (1. - NUB(PNUR() / (EXN)*E3()*21)

Cl2(N) = (NULAI) + NURA)NULXI)) / (EI(1)*E3(1)*21)
C13(1) = (NUIXI) + NULI)NU2(T)) / (EUI)*EA1)*Z1)
Ca2(l) = (1. - NULMI)NU3(D)) / (EUI)°E3(1)*Z1)
Ca() = (NU2(+ NUA(NUI(D) 7/ (E1(1)*E2(1)*21)
CBM) = (1. - NULA(N*NL2AM)) / (ENI)'EA1)*2))

C66(1) = Gl12(1)

DO 22 K=1,MAT

WRITE(6,23) K,C11(K),C12(K),C13(K),C22(K),C23(K),C33(K),
+ C66(K)
CONTINUE
FORMAT(/'C MATRIX FOR MATL'I2//3D16.8/16X.2D16.8/32X,D16.8/
+ 48X,D16.8/)

WRITE(6,25)
FORMAT('LAYER PROPERTIES'//'PLY MATL PHI THICKNESS RI',6X.
+ 'RO"/)

DO 21 I=1J
READ(S,*) KMAT(I),T(1),ANGLE(I)
PRINT*, KMAT(I),T(1),ANGLE(I)
IF(1.LEQ.1) GOTO 40
RI{I) = RO(I-1)
RO(I) = RII) + T(I)

BI(I) = ClI(KMAT(I))
B12(1) = CI2(KMAT(I))
B13(1) = CI3(KMAT(I))
B2(I) = C22(KMAT(I))
B23(1) = C2(KMAT(I))
B3(I) = C33(KMAT(1))
B66(1) = C66(KMAT(I))
ALFAL(l1) = ALPAL(KMAT(]))
ALFA2(I) = ALPA2(KMAT(I))
ALFA3(1) = ALPA3(KMAT(I))

THETA(I) = ANGLE() * Pl / 180.

TAYTA = THETA(D)

M = DCOS(TAYTA)

N = DSIN(TAYTA)

22 = BI2AD+ 2°Bo6(1)

CBII(I) = BIUI)*M®*4 4 20Mo02eNve2e7) 4+ B22(1)°N**4

CBI2(I) = (BIN(1) + B22(I) - 4°B66(1))*M**2°N**2 +
+ (N**4 + M°%4) * BI12(])

CRI3(1) = M®*2°B13(J) + N**2*B23(I)

CB22(I) = BII(I)°N®*4 + 2°M9e2eNee2e72 4+ B22(1)*M**4
CB23(1) = BIMI)*N'*2 + B23(1)*M**2

CB33(l) = B3N

CBI6(I) = ((BII{J) - Z2)*M**2 + (Z2 - B22(1))*N**2)*M°N
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- CB26(I) = ((pLI(D) - ZZ)'N"Z + (22 . BZZ(I))’M"Z)'M'N a
CB36(I) = (BI3(I) - B2(I))*M°'N - -
CBG6(I) = M"Z'N"2'(Bll(l) . 2'312(1) + 1322(1)) +

+ B66(1)*(M*M-N*N)**2

ALPAX(I) = ALFAI(I)*M®*2 + ALFA2(I)*N**2
ALPAO(I) = ALFAL{I)*N**2 4+ ALFA2(I)*Me**2
ALPAR(I) = ALFA3(})

ALPAXO(I) = 2°N*M*(ALFAL(I) - ALFA2(]))
WRITE(6,45) 1,KMAT(1),ANGLE(I),T(I),RI(I),RO(!)
CONTINUE
FORMAT(12,15,F7.0,2X,3F8.5)
WRITE(6,46)
FORMAT(//'PLY",26X,'CBAR MATRIX'//)

DO 32 1=1)
WRITE(6,50) 1,CB11(1),CB12(1),CB13(1),CB16(1),CB22(1),

+ CB23(1),CB26(1),CB33(1),CR36(1),CR66(1)

CONTINUE

FORMAT(12,3X,4D16.8/21X,3D16.8/37X,2D16.8/53X,D16.8/)

WRITE(6,52)

FORMAT(/'PLY",5X,'ALPHA-X",7X,'ALPHA-THETA',7X,'ALPHA-R ',

+ $X,'ALPHA-X,THETA'Y/)

DO 33 I=1,]

WRITE(6,51) 1,ALPAX(1),ALPAO(I),ALPAR(I),ALPAXO(I)
CONTINUE
FORMAT(12,4D16.8)
WRITE(6,60) DT,P,TW
FORMAT(/'DELTA-TEMPERATURE LOAD ='DI16.8," F'//'AXIAL °
+ ,'LOAD="DI16.8," LB'//'TORSION ='D16.8," IN-LB")

RETURN
END

SUBROUTINE OUTPUT

IMPLICIT REAL®*8 (A-H), REAL'S (M-Z)
COMMON /IN/ ANGLE(15),T(15),CB11(15),CB12(15),CB13(15),

o+ CB16(15),CB22(15),CB23(15),CB26(15),CB33(15),CB36(15),

+ CB66(15),R0O(15),RI(15),ALPAX(15),ALPAO(15),ALPAR(1S),
+ ALPAXO(15),DT,P,TW,J
COMMON /SOLN/ BC(32,32),ET(32,1),V(15),V1(15),V2(15),
+ V3(15),V4(15),21(15),22(15),23(15),24(15),25(1S5),
+ 26(15),21(15)
COMMON /0UT/ R(150),EPSX(10,15),EPSO(10,15),EPSR(10,15),
+ GAMXO0(10,15),81GX(10,15),S1G0O(10,15),SIGR(10,15),
+ TAUXO(10,15),EPS1(10,15),EPS2(10,15) EPS3(10,15),
+ GAM12(10,15),51G1(10,15),81G2(10,15) ,S1G3(10,15),
+ TAU12(10,15),RR(10,15)
DIMENSION EMX(10,15),EMO(10,15),EMR (10,15), EMX0(i0,15)
P1=3.14159265
WRITE(6,10) (ET(11,1),11=1,(2¢]+2))



10

20

30

08

FORMAT(//'ELASTICITY CONSTANTS'//

+ 'EPSILON-O = 'DI4.8,//'GAMMA-O = 'Dl14.8//
+ 7 1X,'A1',16X,'A2'/8(2D16.8/))

DO 20 L=l ? - -

TAYTA = ANGLE(L) * PI /180.
M = DCOS(TAYTA)

N = DSIN(TAYTA)

™ = T(L)/9

DO 20 K=1,10

R(K) = RIL) + (K-1)'T9
EPSX(K,L) = ET(1,1)
EPSO(K,L) = ZI(L)’ET(1,1) + Z2(L)*ET(2,1)*R(K) + 2Z3L) +

+ ET((1+2°L),1)*R(K)**(-V2(L)) + ET((2+2°L),1)*
+ R(K)**(-VI(L))
EPSR(K,L) = ZL(L)ET(1,1) + 2°Z2(L)*ET(2,1)*R(K) +
+ Z3(L) + ET((1+2°L),1)*V(L)*R(K)**(-V2(L)) -
+ ET((2+2°L),1)*V(L)*R(K)**(-V1(L))
GAMXO(K,L) = ET(2,1)*R(K)
EAl = ET(1,1) - ALPAX(L)'DT
EA2 = EPSO(K,L) - ALPAO(L)*DT
EA3} = EPSR(K,L) - ALPAR(L)*DT
EA4 = GAMXO(K,L) - ALPAXO(L)*DT
EMX(K,L) = EAl
EMO(K,L) = EA2
EMR(X,L) = EA3
EMXO(K,L) = EAd
SIGX(K,L) = CBI1(L)*EAl+CBI2(L)'EA2+CBI3(L)*EA3+CBI6(L)*EA4
SIGO(K,L) = CB12(L)*EA1+CB22(L)*EA2+CB23(L)*EA3+CB26(L)*EA4
SIGR(K,L) = CBI3(L)'EA1+CB23(L)*EA2+CB33(L)*EA3+CB36(L)*EA4
TAUXO(K,L)= CBI6(L)*EA1+CB26(L)*EA2+CR36(L)*EA3+CR66(L)'EA4
EPSHK,L) = EPSX(K,L)'M'M + EPSO(K.L)'N*N + GAMXO(K,L)*M'N
EPS2(K,L) = EPSX(K,L)’'N*N + EPSO(K,L)*M*M - GAMXO(K.L)*M*N
EPS3(K,L) = EPSR(K,L)
GAMI2(K,L)= -EPSX(K,L)*2°M*N + EPSO(K,L)*2M*N + GAMXO(K,L)
+ *(M*M - N°N)
SIGL(K,L) = SIGX(K,L)'M*M + SIGO(K,L)’N*N + TAUXO(:,L)
+ 2°M*N
SIG2(K,L) = SIGX(K,L)'N*N + SIGO(K,L)*M*M - TAUXO(K,L)
+ 2°M*N
SIG3(K,L) = SIGR(K,L)
TAUL2(K,L)= -SIGX(K,L)'M’N + SIGO(K,L)'M*N + TAUXO(K,L)
+ *(M*M - N°'N)
CONTINUE
WRITE(6,30)

FORMAT(//'TOTAL STRAINS IN X-Y SYSTEM..LAYER...PHI..R/R...

+

»'EPS-X...EPS-THETA...EPS-R...GAMMA-X, THETA '//)

FORMAT(12,F5.0,F8.5,4D16.8)

DO 4 L=1J
DO 4 K=1,10

R(K) = RI(L) + (K-1)*T(L}/9

RR(K,L) = (R(K})-RI(1))/(RO(}}-RI(1))

WRITE(6,50) L,ANGLE(L),RR(K,L),EPSX(K,L),EPSO(K, L),
EPSR(K,L),GAMXO(K,L)
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CONTINUE -

WRITE(6,31) = S R '
FORMAT(//'MECHANICAL STRMNS IN XY svsmu uwxan JHL..
+‘ ~ +R/R...EPS-X...EPS-THETA...EPS-R...GAMMA - XTHETA'//)

DO 41 L=l
DO 41°K=110 L

R(K) = RIL) + (K-1)'T(L)9

RR(K,L) = (R(K)-RI(1))/(RO(])-RI(1))

WRITE(6,50) L,ANGLE(L),RR(K,L),EMX(K,L),EMO(K,L) EMR(K.L),
+ EMXO(K,L)
CONTINUE

WRITE(6,60) )
FORMAT(//'STRESSES IN X-Y SYSTEM..LAYER...PHIL.R/R...",

+ SIG-X...81G-THETA.. SIG-R...TAU-X,THETA '7/)

DO 70 L=1)

DO 710 K=1,10

WRITE(6,50) L,ANGLE(L),RR(K,L),SIGX(K.L),SIGO(K,L),
+ SIGR(K,L),TAUXO(K,L)
CONTINUE

WRITE(6,90)

FORMAT(//"'TOTAL STRAINS IN 1-2 SYSTEM..LAYER...PHL.R/R’,
+ 'EPS-1...EPS-2.. EDS-3...GAMMA-1,2'//)

DO 100 L=1,

DO 100 K=1,10

WRITE(6,50) L,ANGLE(L),RR(K,L),EPS1(K,L),EPS2(K,L),EPS3(K,L),
+  GAMI2(K.L)

CONTINUE

WRITE(6,120) .
FORMAT(//'STRESSES IN 1-2 SYSTEM..LAYER..PHI..R/R...",

+ '§IG-1...81G-2.. §IG-3...TAU-1,2'//)

DO 130 L=1,

DO 130 K=1,10

WRITE(6,50) L,ANGLE(L),RR(K.L) SIG1(K,L),SIG2(K,L),
+ SIG3(K,L),TAU12(K,L)
CONTINUE

RETURN
END

SUBROUTINE GASJON(N,A,NRMAX,B,NBMAX)

IMPLICIT REAL*8(A-H), REAL*8 (0-2)
DIMENSION A(NRMAX,NRMAX),B(NBMAX,1),INDEX(32,2),IPVOT(32)

M=1

MM=1

DET=1.

DO 2 J=IN
IPVOT(J) =0.

DO 14 I=1N
T=0.
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DO S YN

IF(IPVOT()).EQ1) GOTO §

DO 4 K=IN

TF(IPVOT(K)-1)3,4,17

IF(DABS(T).GE.DABS(AUK))) GOTO 4

IROW=]

ICOL=K

T=A(K)
CONTINUE
CONTINUE
IPVOT(ICOL) =

DET = -DET
DO 6 L=1N

IPVOT(COL) + 1
IFJROW .EQ.ICOL) GOTO 8

T = A(IROW,L)

A(IROW,L) = A(ICOL,L)

A(dcoLL) = T
IF(MM.LE.0O) GOTO 8

DO 7 L=1M

T = B(IROW,L)
B(IROW,L) = B(ICOL,L)

BcOLL) = T

INDEX(1,1) = IROW
INDEX(1.2) = ICOL
PIVOT = A(ICOL,ICOL)

DET = DET*PIVOT
1.

A(lcoL,jcoL) =
DO 9 L=IN

A(ICOL,L) = A(ICOL,L)/PIVOT
IF(MM.LE.0) GOTO 11

DO 10 L=1M

B(ICOL,L) = B(ICOL,L)/PIVOT

DO 14 LI=IN

IF(LLEQ.ICOL) GOTO 14
T=A(LLICOL)

A(LLICOL)
DO 12 L=I,N

0.

A(LLL) = A(LLL) - A(ICOL,L)'T
IF(MM.LE.0) GOTO 14

DO 13 L=1M

B(LLL) = B(LLL) - B(ICOL,L)*T

CONTINUE

IF(MM.EQ.1) RETURN

DO 16 I1=1N
L = N-I1+]

IF(INDEX(L,1) .EQ.INDEX(L,2)) GOTO 16

JROW=INDEX(L,])
JCOL=INDEX(L,2)

DO 15 X=],N

T = AKJROW)

A(K,JROW)

A(K,JCOL)
CONTINUE
CONTINUE

A(K,JCOL)
T
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SUBROUTINE FAIL(FL,))

IMPLICIT REAL'S (A-H), REAL*8 (M-Z)

COMMON /0UT/ R(150),EPSX(10,15),EPSO(10,15),EPSR(10,15),
+ GAMX0(10,15),8IGX(10,15),81GO(10,15) SIGR(10,15),

+ TAUXO0(10,15) EPS1(10,15) EPS2(10,15) EPS3(10,15),

+ GAMI2(10,15),81G1(10,15),81G2(10,15),S1G3(10,15),

+ TAU12(10,15) ,RR(10,15)

DIMENSION  TS(15),F151(15),F252(15),F283(15), F1181(15),

+ F2282(15),F2283(15),F6686(15),F12812(15),F12813(15),

+ F23§23(15)

READ(S,*) F1,F2,F11,F22,F66,F12,F23

WRITE(6,45)

FORMAT(//'TSAL-WU'//)

DO 40 1=1,)
FISI(I) = Fl * SIGI(S.D)
F282(1) = F2 * SIG2(S,1)
Fa83(I) = F2 * SIG3(5,D)
FUSII) = FL1 * SIGI(S,1)**2
F2282(1) = F22 ¢ SIG2(5,1)'*2
F2283(1) = F22 * SIG3(5.1)**2
F6686(1) = F66 ¢ TAUL2(5,1)*"2
F12812(I) = Fl2 * SIG1(5,1)*SIG2(5,])
F12813(I) = F12 * SIG1(S,1)*SIG3(S,1)

F23823(1) = F23 * SIG2(5,1)*SIG3(S,))
TS() = FISII) + FIS2I) +F283(1) + FUSW(I) +
+ F2282(1) + F2253(1) + F66S6(I) + F12812(1) +
+ F12813(I) + F23823(1)
WRITE(6,50) F1,F2,F11,F22,Fe6,F12,F23
FORMAT(7X, 'F1',14X,'F2",13X, 'F11"',13X, 'F22', 13X,
+ 'F12',13X,'F23'/7D16.8)
WRITE(6,65)
FORMAT(//'PLY " 6X,FI81',12X,'F282",12X, 'F2§3"/)
DO 80 1=1,]
WRITE(6,60) 1,F181(1),F252(1),F283(I)
WRITE(6,110)
FORMAT(//'PLY " ,4X, 'F118181',9X, 'F225252' 9X, 'F228383' 9X,
+ 'F6686586',9X,'F1258182' 9X,'F1258183',9X, 'F235283 /)
DO 90 I=1,)
WRITE(6,60) I,F1181(1),F2282(1) ,F2253(1),F66S6(1),
+ F12812(1),F12813(1),F23823(1)
WRITE(6,120)
FORMAT(//'PLY...FAILURE FRACTION,TS")
DO 100 1=1,)
WRITE(6,60) 1,TS(1)
FORMAT(12,7D16.8)
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SUBROUTINE RESLTN

THIS S/R CALCULATES THE STRESS RESULTANTS
NX, NO, NXO; MX, MO, MX0

IMPLICIT REAL*8 (A-H), REAL'S8 (M-2)

COMMON /IN/ ANGLE(15),T(15),CB11(15),CBI12(15),CB13(15),
+ CB16(15),CB22(15),CB23(15),CR26(15),CR33(15),CBIL(1S),
+ CRE6(15),RO(1),RI(15), ALPAX(15),ALPAO(15), ALPAR(15),
+ ALPAXO(15),DT,P,TW,]

COMMON /SOLN/ BC(32,32),ET(32,1),V(15),V1(15),V2(15),

+ V3(15),V4(15),21(15),22(15),23(15),24(15),25(18),

+ Z6(15),27(15)

Pl = 3.1418927
NX1
NX2
NX3
NX4
NXS
NO1
NO2
NO3
NO4
NOS§
NXO1
NXO02
NXO3
NXO4
NXOS$
MX1
MX2
MX3
MX4
MXS
MOl
MO2
MO3
MO04
MOs
MXO01
MX02
MXO03
MX04
MXO0S
RM = (RO(J) + RIU)n.
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DO 107 1=1,)
NX1 = NX1 + (CBL(1) + Z1(1)*'Z4(1))*(RO(1)**2 -



Nxz - Nxz + ((cnls(l) + za(l))'zz(l) + cms(l))' i
(RO(!)"3 . Rl(l)"3)13 A

Nxs = 'NX3 +° (CBI2(I) '+ vu)'cnu(n)'(noa)"v1(I)

: m(l)"vm)) 0 E’I’(2’l+1.1)/v1(l) R -

'NX4.=> NX4 + (CBLI) - V(!)'cma(l))'(nom"vz(l) .
RI(D**V2(1)) * ET(271+2,1)/v2(D)

NXS = NX5 + (DT(CBII(I)'ALPAX() + CBI2(I)'ALPAO(]) +

© CRI3I)®ALPAR(I) + CBI6(I)*ALPAXO(I)) - Z3(1)*Z4(1))*

- (RO()**2 -RI(I)**2)72, - -

NOl = NO1 + (CBL2(1) + 2Z7(1)*Z1(I)*(RO()-RI(1))

NO2 = NO2 + ((CB23(I) + Z1(1))*22(I) + CB6(1))*
(RO(1)**2 - RI(1)**2)72.

NO3 = NO3 + (CB2(1) + V(I)*CR23(1))*(RO(I)**V(l) -
RIQ)*V(D)'ET(2"1+1,1)/V()

NO4 = NO4 + (CB2(I) - V(1)*CB23(1))*(RO(I)**(-V(1)) -
RI(D)**(-V(1)))ET(2°1+2,1)/(- V(1))

NOS = NOS + (DT*(CBI2(I)°ALPAX(I) + CB22(I)*ALPAO(I) +
CB23(I)*ALPAR(I) + CR26(1)*ALPAXO(I)) -
23N Z1(M)*(RO() - RIIT)) :

NXOl = NXO! + (CBI6(I) + 2Z5(1)*Z1(1))*(RO(I)**2 -
RI(1)*92)72.

NX02 = NXO2 + ((CB36(I) + 2S(1))*z2(1) + CB66(1))*
(RO(I)**3 - RI(I)**3)/3.

NX03 = NXO3 + (CB26(I) + V(I)*CB36(1))*(RO(1)**V1(]) -
RI(D**VI())*ET(2'1+1,1)/V1(1)

NX04 = NXO4 + (CB26(1) - V(I)*CBI6(I))*(RO(I)**V2(I) -
RI(N**V2(1))*ET(2°1+2,1)/V2(1)

NXO5 = NXOS§5 + (DT*(CBI6S(I)*ALPAX(l) + CB26(I)*’ALPAO(]) +
CB36(1)*ALPAR(I) + CB66(1)*ALPAXO(I)) - Z3(1)*ZS(1))*
(RO(J)**2 - RI(I)**2)/2.

MX1 = MX1 + (CBIUI) + Z4&(N*Z1()*RO(I)**3 -
RI(1)*3)/3.

MX2 = MX2 + ((CBI3(I) + Z4(1))°Z2(1) + CB16(1))*(RO(I)**4
- RI(1)%%4)/4.

MX3 = MX3 + (CBI2(I) + V(I)*CBI3(1))*(RO(I)**V3() -
RI(D*VI(N)*ET(2*1+1,1)/V3(1)

MX4 = MX4 + (CBI2(I) - V(I)*CBI3(I))*(RO(I)**V4(1) -
RI(1)**V4(1))'ET(2°1+2,1)/V4(1)

MXS = MXS + (DT*(CBLI(I)’ALPAX(I) + CBI2(I)'ALPAO(I) +
CBIL3(I)'ALPAR(1) + CBI6(I)*ALPAXO(I)) - 2Z3(I)*
Z4(1))*(RO(1)**3 - RI(1)**3)/3.

MOl = MOl + (CBIXI) + Z2(1)*Z1(1))*(RO(I1)**2 -
RI(1)*%2)/2.

MO2 = MO2 + ((CB23(1) + Z7(I))*Z2(1) + CB26(1))*
(RO(1)**3 - RI(1)**3)/3.

MO3 = MO3 + (CB22(I) + V(I)*CB23(1))*(RO(I)**V1(I)

- RI(1)**VI(1))*ET(2*I+1,1)/Vi(I)

MO4 = MO4 + (CB22(I) - V(I)*CB23(1))*(RO(I)**V2(])
- RID*V2D)ET(2*1+2,1)/V2(1)

MOS = MOS + (DT*(CBI2(I)*ALPAX(I) + CB22(I)*ALPAO(I) +
CB23(I)*ALPAR(I) + CB26(1)*ALPAXO(1)) -
Z3(1)*21(1))*(RO(1)**2 - RI(1)**2)/2.

MXO0l = MXOl + (CBI6(I) + Z5(1)*Z1(I))*(ROI)**3 -
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e Rl(l)"S)/S : Lo o
Mx 2w MXOZ + ((Cmﬁ(l) + ZS(I))ozza) + CBGG(I))O

(RO(I)"4 - RIQy»%)/e.
MX03 = 'MXO3 '+ (CBM(I) + V(I)'CBJG(I))'(RO(!)"VJ(I)
, Rl(l)"VS(I))'ETQ‘I+1.1)/V3(I) o
MX(M = MXO04 + (CR26(I) - V(I)'CBM(I))'(RO(I)"VG(I)
' 'RI*OVAM) ) ET(21+2,1)/V4(1) - -

. MX0S = MXO0§ + (DT’(CBIG(I)'ALPAX(I) + CB26(1)*ALPAO(I) +
CB36(1)*ALPAR(1) + CRB66(1)*ALPAXO(1)) - Z3(1)*ZS(1))*
(RO(T)**3 - RI(I)**3)/3.

NX = (NXI*ET(1,]) + NX2'ET(2,]1) + NX3 + NX4 - NXS)/RM

NO = (NOI'ET(1,]) + NOET(2,l) + NO3 + NO4.- NOS)

NXO = (NXOI'ET(1,1) + NXO2'ET(2,1) + NXO3 + NXO4 - NXOS)/RM
MX = (MXI'ET(1,]) + MX2'ET(2,]) + MX3 + MX4 - MXS)/RM - NX'RM
MO = (MOI'ET(11) + MO2ET(2,]) + MOI} + MO4 - MOS) - NO'RM
MXO = (MXOI*ET(1,1)+MXO02°ET(2,1)+MX03+MX04-MX0S5)/RM - NXO°RM

WRITE(6,106)

FORMAT(//'STRESS RESULTANTSY)

WRITE(6,108) NX,NO,NXO,MX MO MX0

FORMAT(7X,'NX',14X,'NO',14X,'NX0'/3D16.8/3D16.8/

+

X, 'MX',14X,'MO",14X,'MX0//)

RETURN
END




Data File for Thermal Analogy‘

0.3-inch Thick Fiberglass Tube, 50 v/o Reinforcement

2evevsssssssssnumber of plies
2evevrsssssenonumber of different materials
1.951.¢4scves.internal radius (inches)
-857.4s4s0.0. . temperature difference (°F)

0.0

o.o

9800000....,..aluminum properties

9800000,

8820000,

3684211,

0.33

0.33

0.33

Osvevereeses..CTE's of aluminum set to zero

o.

0.

5500000...,.,..composite properties

1133900,

1020500,

497870.

0.444

0.30

0.30

0.00000159,...thermal analogy CTE's of fiberglass
0.00002315 (in/in/°F)
0.00002315

1

0.049.........thickness of aluminum mandrel (inches)
0.

2

0.300....4s...thickness of composite layer (inches)
90..+sesvsevs.0rientation of reinforcement (degrees)

0.0
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Data File for Thermal Analogy

0.3-inch Thick Polyester Tube, 0 v/o Reinforcement

Cissesrerensssnumber of plies
2ivseeesresssosnumber of different materials
1,951, s0ssevsointernal radius (inches)
-857..00sves..temperature difference (°F)
0.0

0.0

9800000,.,...,aluminum properties

8800000,

8820000,

3684211,

0.33

0.33

0.33

OveevseeeresssCTE'Ss of aluminum set to zero
0.

500300........polyester properties

500000,

450000,

185185,

0.35

0.35

0.35

0.000035......CTE's of polyester (in/in/°F)
0.000035

0.000035

1

0.049.........thickness of aluminum mandrel (inches)

300.........thickness of polyester layer (inches)

COO0OO0OO0OO0OOOOND
- L ] L] * . L] - * * L]

OO0 O0OO0OO
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 Appendix E: Abblication‘gtngt:gih Gages to an Aluminum
Mandrel o

The surface of the mandrel vas prepared by sanding,
Removal of the various sets of fresh scratches vas
time-consuming due to the softness of the metal. Sequential
use of three grades of sand paper was necessary to achieve
the desired surface finish, After sanding, the surface vas
wiped clean and guide lines were made using a ruler and a
set square. Chlorcthene SM was used to degrease the surface.
Subsequently, metal A conditioner (an acidic cleaning agent)
and Kleenex were used to clean the surface three times,
after which the gage zone was neutralized (using an
ammonia-based solution), Care was exercised in using the
various chemicals, as a residue would cause poor adhesion of
the strain gages. All of the supplies used vere
Intertechnology products.

Following surface preparation, the strain gages were
careiully removed from their packaging using tvweezers
cleaned with neutralizer., A 4-inch long piece of thick
adhesive tape placed over each gage aided in positioning the
gage on the mandrel. After peeling the tape back on itself,
catalyst was applied to the gage zone and left for one
minute. Next, a drop of adhesive was applied and the tape
was smoothed back, held under one finger for about a minute,
and then peeled straight back over itself, leaving the gage

in place.
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In Exper;ment 1, 2 wires were soldered onto each gage.
In subsequent exper;ments, 3 wires vere applied per gage in
the hope of min1m1zing spurious temperature effects. All
lead wires for a given gage were of equal length. The end of
each vire was stripped, an expansion hoop wes-formed, and
the wire was tinned 80 as to give the strand additional
. physical strength, The tinned ends of the wires were
soldered to the copper solder tabs on the strain gages,
After using rosin solvent to clean flux from the gage area,
an ohm meter was employed to check that the strain gage was
electrically isolated from the mandrel., A resistance reading
above 100 k@ indicated sufficient isolation,

Due to the small diameter of the aluminum tube and the
need to apply gages at the center of the tube on the inside
surface, the various steps proved rather delicate. Careful
measurement was required to align the gages accurately in
the axial and hoop directions, As well, gdod soldering
technique'was imperative for successful application of the
gages,

The lead wires were positioned in place and held with
adhesive cured using an aerosol catalyst. Two appiications
of M coat A protective coaﬁing were used to cover the strain
gages and the wires in the vicinity of the gages, Next, the
lead wires were twisted together and labeled. The free ends
were stripped, twisted together, and tinned, Finally, a
multimeter was used to test the resistance of the gages

against the manufacturer's specifications. Due to




cpntributionsifrom,thgllead‘wires, the measured resistance

tends to be slightly above the specified value,



Apbondia F: Strain Calculations

Strain signals from the amplifier-conditioner unit vere
in millivolts, To convert these signals to straihs, several

steps were required, as outlined below.

1. For each voltage reading, the uncorrected strain was

calculated as follows:

e = ".'.".'."'..'...F01

K(T)(1+2AE°/E1)

€, * uncorrected strain
AE° = voltage signal divided by amplifier gain
E; = bridge voltage

K(T) = gage factor at the test temperature
R(T) = R (1+8K/100) evuuvrnrnnnrennss Fa2

K, = gage factor at 75°F (24°C)

AK(T) = gage factor correction, in %

AK(T) = 0002153(T-24) % (T in °C) veoeseeceF.3

2. The uncorrected strain was corrected for temperature

effects as follows:

et = GU - eapp(T)ouooooooooooooocoo.’?cé

€, = strain corrected for temperature effects
eapp(T) = the apparent strain at temperature T
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provided in Table F.1, below.

Table F,1

Some Gage and Instrument Parameters

Exp't Ei(volts) K Gain
1 2.80 2,13 =500
2 2.80 2,10 -500
3 2,90 2.10 =-2100
¢ 3.25 2.10 =-2100
5 3.25 2.10 -2100

For the CEA-13-125WT-350 (lot RM-A41AF20) gages used in
Experiment 1, the formula for the apparent strain is as

follows. Temperature is in °C,

€app -51.8+3,787-0,07372+(4.18 x 10"4)73-(4.98 x 10-7)7¢

For the CEA-13-062UT-350 (lot R-A41BF13) gages used in
Experiments 2 through 5, the formula for the apparent strain

is as follows, Temperature is in °C,

app = -61.4+4,337-0,0836T%+(¢4.31 x 10" 4)73-(4.87 x 10~7)7



Abpondiu G: Burn-off Tests and Resin Density Measurements

The required formulae and data needed to calculate the
density of the resin within the composite tubes and also in
the #ll-resin tubes produced is outlined first. The raw data
is tabulated in Table G.1, following., As in the Archimedean
density tests, which were performed in order to ascertsin
the amount of curing volume shrinkage, the technique of
finding apparent masses was employed in taking the present
resin density measurements, A Sartorius 2003 MP! electronic
balance was used. Composite samples were obtained by slicing
rings from the composite tube using a band saw and then by
dividing the rings into small pieces using a hack saw, Pure
resin samples of an appropriate size were chosen from among
the fragments which resulted due to the extensive cure
cracks,

Firstly, the temperature of the water bath was measured
and the water density determined. For samples 2-1 to 2-4,
= 0,997538 g/cm3 while for the
= 0.99770 g/cmS.,

T = 23°C and p

water water

remaining samples, T = 22°C and p

water water
The samples and the copper wire (p = 8,93 g/cm3) used to
suspend the samples in the water bath were weighed in air
and then the sample plus wire was weighed in water, Several
trials of each mass measurement were performed. The average
- values appear in Table G.1. Using the above mass

measurements, the density of the composite plus wire (or,

for samples from Experiments 3 to 5, the resin plus wire)
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vas determined using equation G.1.

Puater

p = '0".""'"..'."6"

c+w

Ve (my/m

(c=composite, w=wire, r=resin, g=gqlass, m=mass, and
a=apparent in formulae G.! to G.4.) The density of the
composite (or pure resin) without the wire was determined

from equation G.2,

P = veersreversssesGel

Mevw/Perw = /Py
The next step involved burning off the resin from the
composite samples. This was accomplished by holding the
samples in a ventilated furnace at 600°C (1100°F) for
several hours., The glass fibers remaining after this heat
treatment were weighed in air and then the density of the
resin within the composite could be determined from equation

G.3'

pr= (mc-mg)/ (mc/pc‘mg/Pg ) oooovoooooG-3

The mass fraction of reinforcement in the composite samples
was calculated by dividing the mass of the glass by that of
the composite sample and the volume fraction of

reinforcement was calculated using equation G.4.

Vf=mgpc/mcpg"..".'..'..'..'..6.4
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‘Appoudix u: Tho Tochniquo o! Iupulso Vilcoelasticity !or -
Characterizing uochanical Proportios and Timo-nopondont

Curing Behavior of Thormosotting Polymers

Vratsanos and Farris (1986) used the technigue of
impulse viscoelasticity to monitor changes in the mechanical
properties of DEGBA epoxy resin during curing. A rubber
membrane held, between trials, at a constant strain was used
to contain the resin, Bach trial involved applying a
box-strain deformation to the system., During a curing cycle,
100 to 150 such trials were performed, and the way in which
the system recovered from the applied deformation allowed
Vratsanoe and Farris to establish such properties as the gel
point, the equilibrium tensile modulus, and the residual
stress state of the epoxy. The basic assumptions used in
obtaining this data include incrementaliy linear elastic
behavior, material isotropy, time dependent elastic moduli,
and short impulse duration compared with the time scale of
the "aging process" of curing,

Vratsanos and Farris suggest that the technique of
impulse viscoelasticity could be used to find optimum cure
cycles for thermosetting resins, The parameters they
perturbed were the cure temperature and the ratio of
‘hérdener.(a polyamide curing agent) to epoxy. An important
observation from their work is that gelation occurring prior
- attainment of the isothermal cure temperature leads to

sigmoidal tensile modulus versus time curves. The modulus
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curve presented in Figure 9 is mcdelled after this result. ’

Geletion priar to the cure tempereture vas also found tc |
1eed to signit:cent thermal curing stresses, Semples wh;ch
gelled subsequent to reaching their cure temperature showed
much smaller residual stresses and irregular (but
monotonically increasing) modulus versus time curves.
impulse viscoelasticity to monitor chaﬁges in the mechanical
properties of DEGBA epoxy resin during curing, A rubber
membrane held, between trials, at a constant strain was used
to contain the resin, Each trial involved applying a
box-strain deformation to the syetem. During a curing cycle,
100 to 150 such trials were performed, and the way in which
the system recovered from the applied deformation allowed
Vratsanos and Farris to establish such properties as the gel
point, the equilibrium tensile modulus, and the residual
Stress state of the epoxy. The basic assumptions used in
obtaining this data include incrementally linear elastic
behavior, material isotropy, time dependent elasti: moduli,
and short impulse duration compared with the time scale of
the "aging process" of curing,

Vratsanos and Farris suggest that the technique of
impulse viscoelasticity could be used to find optimum cure
cycles for thermosetting resins., The parameters they
perturbed were thevcure temperature and the ratio of
hardener (a polyamide"curing agent) to epcxy. An important
observation from their work is that gelation occurring prior

attainment of the isothermal cure‘temperature'leads to




“_:sigmo;delitensile modulus versus time curves. _;' us
Vi:curve presented in Figure 9.c is modelled after this result;
Gelation prior to the cure temperature vas also found to
leed’to s;gnifzcent thermal curing stresses. Samples which
gelled subsequent te reaching their cure temperature showed
much smaller residual stresses and irregular (but

monotonically increasing) modulus versus time curves,



¥ glass

v"""""..0.0'.0-'0'25

Beverveovrnesernnnese?2 GPa
Gevsvronsonnosveses 28,5 GPa
Piveseerioanenseress2,600 kg/md
Buovovevovseeerennssd X 1076 /K

Vibrin 1029

V"O..C"."O'O'OIC’0035

E""Q"'Q'..'Q'O!l'304 Gpa
GQ'O'O"Q"'O'OO'Q'O1026 GPa
p.""""";'0."0'1'200 l‘g/“‘3

a."l"""!."".0063x.10-6 /K

Aluminum

v.'t."'0'0000.000000.33

EBuvrervsananeeneses 67 GPa
Guvvernnonaneenssess25.2 GPa
Perverrneranneraness2,700 kg/m3
@eerornvessnnanenssn23 x 1078 /&
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: ;”“$b§ohdi2‘i:_kaforidl Proéortiot; o

0.25
1,05 x 107 psi
¢.2 x 10° psi
0.09432 1b/in®
2.8 x 1076 /op

0.35
5 % 10° psi

~1.85 x 10° psi

0.0432 1b/in>
25 x 1078 sop

0.33

6 .
9.8 x 10° psi
3.€7 108 psi
0.098 1b/in3
13 x 1078 /oF
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Vibéin[ﬁlass Unidirectional Lamini (50 v/o qlass)

(From program INPUT; for use in programs CYLAN and ELas2®)

E10."..O'000'0"0"'0'.0"'.0'0'.D"OUOSOS x 106 psi
Ez"."'."'.".."'.'.’...'.""....."1.13 x 106 pSi
E3"....".l"".'..'.l"’."00000000000001.13 x 106 pSi

612.'..'!."".""..."'..'.00'000000000.498x 106 pSi

V12'..'..'."...'"...'.'.'...'..'....'.0.300

v23""..'..'..'..'.'."..'...'.'.'...'.0.444

a1....'0!.."'...."..'...0.'0.'.00"0"4.26 x 10—6 /GF
az"’."...'.".....'0...0'.".0""0.'024'1 x 10-6 /OF
f1.'.."0"."....".I.'."...'."'."'.1'59 x 10-6 /°F

fz.."......'.."."0..00.'..."."'.".23'2x10_6 /OF

¥ In program ELAS2, some terms within the analysis contain
the difference (E3 - Ez) in the denominator. Thus, the
authors of the program have suggested that, in cases where
these properties take on the same value, E3 should be set

equal to 0.9*82.









