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(ABSTRACT)

This investigation addresses the interaction mechanisms of time
dependent material behavior and cyclic damage during fatigue loading
of fiber reinforced composite laminates. A new term ’damorheology’ has
been coined to describe such physical behavior. The lamina has been
chosen as the building block and a cross ply laminate configuration
was the selected test case. The chosen material system is the
Radel X/T65-42  thermoplastic  composite by Amoco. The fatigue
performance at the lamina level is represented by the dynamic
stiffness,  residual strength and fatigue life  of  unidirectional
laminates. The time dependent behavior is represented at the lamina
level by a Pseudo-Analog Mechanical model. The thermo-rheological
characterization  procedure  combines mechanical (creep) and thermal
(dynamic  mechanical  analysis) techniques. The proposed rheological

model provides a complete representation of the effects of temperature



and stress on the viscoelastic response.

The experimental investigation of unidirectional and cross ply
laminates revealed that indeed there are significant changes in the
time dependent response of a laminate due to fatigue loading. In turn,
the viscoelastic stress redistribution is responsible for the changes
in the rate of damage evolution and varying extent of damage modes.
Time  dependent  constitutive  relationships  were  derived for the
laminate in the from of differential equations. Applying classical
lamination  stress analysis together with the Shear Lag model, the
damage evolution of cross ply laminates was predicted.

Based on the laminae viscoelastic and fatigue characteristics, a
cyclic performance simulation code - CYPERS - was developed. The code
was designed to predict the long term performance of cross ply
laminates subjected to cyclic loads. The analysis and/or accompanying
code  have  produced  satisfactory  predictions for a  variety of
situations. The model and code provide a complete representation of
the laminate long term performance. It includes: dynamic stiffness,
global  deformation, complex moduli and compliance, temperature
history, frequency response of the complex moduli, damage state, time

dependent stress redistribution, residual strength and fatigue life.
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1 Introduction

ITANTA PEI - ‘"Everything flows, everything changes". This
statement by the old Greek philosopher Heraclitus expresses the
fundamental idea of rheological research [1]. The name "rheology"
introduced by E.C. Bingham in 1926 is a branch of physics, closely
related to mechanics. Its fundamental theory, developed by M. Reiner
[2], has found wide applications in numerous fields of research.

Rheology - time dependent deformation - plays an important role
in the behavior of all solid and liquid material: soil, concrete,
metals, ceramics and especially high polymers. Elasticity, plasticity,
viscosity and strength are all rheological properties that every real
material possesses in some degree [2]. Many branches of rheology have
emerged in the last three decades. The branches range from georheolgy,
the rheological properties of the earth crust; to biorheology, the
rheological behavior of living matter. In this study the term
’damorheology’ is introduced in order to describe the coupling of
cyclic damage processes in fiber reinforced composite materials and
thermorheological behavior.

Composite materials systems are, and will be, used in components
and  structures  subjected to dynamic loads.  Applications include
civilian and military aircraft, space structures, boat hulls, sports
equipment, telecommunications, weapons systems and more. Many

composite  material  systems, such as  polymeric fiber  reinforced



composites, or metal matrix composites at elevated temperatures,
sustain  considerable cyclic creep deformation in addition to damage
when subjected to dynamic loads. It is conceivable that localized
damage and global inelastic deformation attributable to viscoelastic
effects interact in a synergistic manner to change the internal state
of stress, accelerating or perhaps retarding failure. Many efforts
have been made to understand the time dependent behavior and fatigue
response  of isotropic and composite materials, and their possible
interaction. A survey of these efforts is presented in Chapter 2.

In many instances, composite components and structures are
designed to sustain cyclic loads and perform their function over
extended periods of time. Several damage modes may appear during the
life of a composite structure. Each damage mode will affect in
different ways the state of the material. To design such structures,
the designer requires analytical and experimental tools to predict the
effects of cyclic damage on the long term performance. Most
importantly, the designer should be able to predict the remaining
strength in the structure in order to prevent catastrophic failure.

Models with capabilities to predict remaining strength of damaged
composite materials and structures should be based on a thorough
understanding of time and/or cycle dependent damage - property -
performance  relationships  during long term  loading. The  main
objectives of this effort are to evaluate the magnitude of the
interaction of rate dependent and independent processes in composite

laminates and consider the effect on remaining stiffness and strength.



Specifically; based on laminae static, fatigue and  viscoelastic
characterizations, develop a  rationale to  predict the  anelastic
deformation, stiffness change and residual strength of the laminate,
at any point in the loading history.

In the approach taken, the nonlinear time-dependent behavior of
each different material and/or lamina orientation is represented by a
five parameter, pseudo-analog rheological model wusing a modified
Wilshire-Evans procedure. Classical lamination theory (including
thermal stresses) and the wusual plane stress assumptions are used to
compute the stresses at the lamina level and evaluate a suitable
effective stress. The fundamentals of the proposed model are presented
in Chapter 3.

A new fiber reinforced amorphous thermoplastic composite system
waS chosen to be the subject of this study. Unidirectional laminates
were subjected to  quasi-static, fatigue, thermal and viscoelastic
characterization  using methods described in  Chapter 4.  Cross-ply
laminates were chosen as a test case because of the relatively simple
stress state and the wealth of knowledge about the cyclic damage
modes. They were loaded in static and fatigue modes and the results
are shown in Chapter 5.

Laboratory data and analytical stress analysis codes are combined
to evaluate the initiation, growth and interaction of rate dependent
and independent damage mechanisms. Representing these events as
changes in the response of the different plies, the rheological model

coefficients are determined in terms of stress, temperature and other



suitable internal variables. A governing equation that describes the
constitutive behavior of the laminate 1is obtained; and a numerical
procedure, described in Chapter 6, 1is developed to emulate the
performance evolution of the laminate. The measured performance is
compared to the analytical predictions in  Chapter 7.  Possible

interaction mechanisms are discussed.



2 Literature Survey

The following survey is intended to review the essential aspects
of time and cyclic dependent processes, and their interaction, from an
analytical and  experimental  perspective. The  discussion of time
dependent effects (section 2.1) includes basic viscoelastic phenomena
in isotropic media, the treatment of fiber reinforced materials and
several examples of the use of mechanical analogs as a tool to
describe constitutive time dependent behavior. This is followed by a
review of fatigue induced damage mechanisms (section 2.2) in
composites and the available experimental methods (section 2.3) to
evaluate their effect on the laminate’s performance. Some of the
analytical work in this field is succinctly summarized. Lastly, the
interaction of time dependent and fatigue damage is discussed in
detail (section 2.4). This includes analytical and experimental
studies on creep- fatigue interaction in  engineering metals  at
elevated temperatures, the Continuum Damage Mechanics (CDM) approach
and its extension to composite materials. In this context, the
surprising and  sometimes  contradictory  findings of the limited
experimental investigations of such interactions in composite

materials are highlighted.



2.1 Viscoelasticity

Viscoelasticity is the study of materials whose mechanical
response is a function of time and previous history, often referred to
as a memory effect. The material is said to "remember" its original
geometry and recovers with time towards this original configuration.
The creep - creep recovery response is widely used to determine the
viscoelastic nature and properties of both isotropic and composite
materials [3].

Viscoelastic  materials subjected to static or cyclic loads not
only exhibit time and history dependent deformation but also exhibit
delayed failures, commonly referred to as creep rupture. Creep damage
may accumulate in many ways, as ductile transgranular or brittle
intergranular damage for metals, as chain scission for thermoplastic
polymers, debonding or cavitation for particulate composites, etc. The
prediction of delayed failures is very complex and involves knowledge
of the complete load, temperature and environmental history.

Viscoelastic materials can be further characterized as linear or
nonlinear.  Isochronous  stress-strain  curves are usually examined to
distinguish between the linear and nonlinear behavior. In most cases,
linear viscoelastic behavior is observed up to a certain stress level
and at a certain time [4]. Ultimately, at high stress levels or long
times, nonlinear behavior is expected.

For isotropic  materials, linear viscoelastic = behavior is  most

commonly represented with the aid of mechanical analogs, linear



springs and dashpots connected in series or in parallel. Two of the
most basic models are the Kelvin solid and the Maxwell fluid. Often,
the linear time dependent response of a given material cannot be
realistically modeled with a single Kelvin or a single Maxwell
element. However, by combining a sufficient number of the basic
elements, an accurate representation of the material properties can
usually be achieved.

A series of Kelvin elements with a free dashpot, a free spring
(Prony series), or both is commonly used to describe the creep
compliance function of a given solid over an extended period of time.
Each of the multiple Kelvin elements accounts for different periods of
time. For a series of Kelvin elements, the time dependent creep

compliance is,

D(t) = } __[ - e.E‘wi] Q.1.1)

where Ei is the stiffness of the i'"

spring and C8 is the viscosity
of the i'" dashpot. If a free spring is added, the model would
describe a viscoelastic solid with instantaneous elastic response and
no permanent flow. If, on the other hand, a single dashpot is added
allowing for a permanent deformation, the model describes a
viscoelastic fluid.

Mechanical analogs are widely wused in order to represent the

response of viscoelastic media under different loading conditions and



geometries. Huang et al. [5] described tensile, creep and cyclic
behavior of stainless steels wusing a three parameter model with
elastic (spring), viscoelastic (dashpot), and plastic (slider)
clements. Hayman [6] used Maxwell and 3 parameter models to treat the
problem of creep buckling of columns. Amijima el al. [7] used a 16
element Prony series to model the polyester resin behavior in
compression of a glass/ polyester composite. Szyszkowsky and Glockner
[8] used combinations of nonlinear Kelvin elements to model nonlinear
constitutive  behavior accounting for the stress history. Lately, Inoue
and Imatani [9] compared the capabilities of different elastic-
viscoplastic analogs, and wused them to propose a unified constitutive
behavior. The most comprehensive study of the use of mechanical
analogs in the area of material characterization has been done by
Sobotka [1], who developed complete three-dimensional models able to
represent the elastic, viscoelastic and plastic behavior of multiphase
anisotropic materials. Using ingenious combination of diverse elements
and rigorous mechanics, Sobotka presents exact solutions to  very
intricate problems.

The Boltzmann Superposition Principle is employed to find the
response of a linear viscoelastic material to any arbitrary  stress
history. This is done by representing the stress history as series of

small steps in stress.

£(t) = f D 1) 99 gr 2.1.2)
0 dt



where D (t) is the compliance function of the material, t is the time
at the end of each step, Tt is a dummy time variable, and o is the
stress level at each step.

Another central issue in the characterization of  viscoelastic
materials is the time- temperature superposition principle and the
computation of master curves. First reported by Leaderman [10],
temperature is widely used as an  accelerating factor of the
viscoelastic behavior. Creep compliance curves at different
temperatures are superimposed by using a horizontal (time)  shift
factor. Several investigators have found expressions correlating the
shift factor to a suitable reference temperature and other material
properties, such as  activation  energies.  Although an  empirical
technique, the long term  behavior of thermorheological simple
materials can be predicted using short term data.

Regrettably, the wuse of the Boltzmann and time- temperature
superposition principles in a cyclic load situation is limited by the
assumptions  of  linear  viscoelasticity, isothermal  conditions  and
consistent material behavior. Very early on Barenblatt [11] showed
that even small \vibrational loads accelerate creep due to heating.
Ponter [12] used creep energy dissipation concepts to evaluate the
upper limits of deformation of a body subjected to cyclic loads and
temperature. Parkus [13] showed that the rupture time is greatly
reduced by small amplitudes of thermal cycling. Ohno, Murakami and
Kawabata [14] considered secondary effects and demonstrated the

significant hardening that occurs due to aging in steels.
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Also, most composite materials are thermorheological complex
materials, requiring  vertical (magnitude) in addition to  horizontal
shifting. ~ Apart  from  temperature and  density  corrections,  no
explanation has been found for the need of vertical shifting.

In conclusion, there are many sources of material nonlinearities
and linear viscoelastic behavior may be assumed only with great
caution. Many investigators have addressed the problem of
characterizing the thermo- viscoelastic rheological behavior of
engineering materials, the approaches vary greatly in  mathematical
complexity and the relationship between the representation and the
physical phenomena.

Following the Boltzmann approach, Green and Rivlin [15]
introduced the multiple integral to account for nonlinearity. In order
to use this model, there is a need to determine experimentally a large
number of kemel functions, which makes the wuse of this model
impractical.

The Schapery [16] integral model is another nonlinear
viscoelastic model which is widely used and has been expanded for use
in composite materials including damage. The model is derived from the
fundamental  principles of irreversible thermodynamics. In its one
dimensional  version, the strain for an applied uniaxial stress is

given by,

d(g,o)

&M = g Do + gIJ' AD(y - ) dt (2.1.3)

dt



11

where D, and AD(y) are the initial and transient compliance for the

linear viscoelastic response. The reduced time y and y’ are defined by

d

d t’
s

t 9,
2.1.4)
a5

v =y = J't and ¢ = Y@ = Jt
0 0

The nonlinear stress effects are introduced through the Schapery
functions: 8 &,» &, and the “stress shift factor” a5 A detailed
description of the experimental procedure to obtain these functions
and parameters is found in Tuttle [17].

Although it is not common practice, nonlinear viscoelastic
materials can be modeled by modifying the generalized Kelvin and
Maxwell models. This is done by using nonlinear springs and dashpots.
Thus, the relaxation times, are not constant for each element and are
a function of the stress level. A most interesting and efficient
variation on this approach was the introduction of fractional calculus
mechanical analog elements as proposed by Bagley and Torvik [18] and
Koeller [19]. "Spring-pots”, pseudo analog elements having fractional
derivative  stress-  strain  constitutive  relationships  are  introduced.
Instead of the usual large Prony series required to describe long term
behavior (one Kelvin element per decade of time); 3, 4 and 5 parameter
models have been found to match the creep compliance of real materials
over several decades of time.

An empirical approach was used by Daugste [20], who considered

the combined effects of temperature and stress and proposed a combined
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time-  temperature-  stress  superposition  principle  (TTSSP),  where
temperature and stress are considered creep accelerating factors. The
approach has been extended to other variables such as moisture,
radiation, etc. Griffith [21] combined the data from creep tests at
varying stress levels/ constant temperature and varying temperature/
constant stress level creating a series of master curves. Two shift
factors were evaluated, one representing the effect of stress and the
other accounting for temperature. A single master curve can be
obtained on condition of sufficiently simple thermorheological
behavior.

Wilshire and Evans [22] introduced lately a new approach to,
termed the "0 projection”, to predict complex creep behavior. The
fundamental differences from all other mathematical creep models are:

- The effects of stress and temperature are not separated.

- Primary and tertiary creep is accounted for.

- The extent and duration of the primary and tertiary creep stages
change with temperature and stress.

The © projection predicts the complete creep curve as the sum of
a decaying primary and and accelerating tertiary component. Thus, the
so called constant secondary creep rate occurs when the decay of the
primary component is offset by the accelerating third component. The

complete creep strain curve is given by,

€ = 91(1 - c'ezt) + 93(e94t -1 (2.1.5)
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where t is time, 91 and 63 act as scaling terms  defining the extent
of the primary and tertiary stages, while 92 and 64 are rate
parameters  governing the curvatures of the primary and tertiary
components. They proposed that the dependence of the © terms on stress

and temperature is represented by,
log 6i =a + bio + CiT + dioT (2.1.6)

where a, bi, c., d  are material constants, ¢ is stress and T is
temperature. An  experimental procedure to obtain this constants is
described in [22]. Good  experimental results are shown for
polycrystalline copper at a wide range of temperatures and stress
levels.

Examining the behavior of general anisotropic materials, Betten
[23] has proposed constitutive  equations to  represent inelastic
behavior in terms of creep potentials. Onat [24] wused tensorial state
variables to account for the orientation and internal symmetries of
the material.

In the last decade a large number of investigators have
concentrated their efforts on developing analytical and experimental
tools to  characterize the viscoelastic behavior of  orthotropic
materials and fiber reinforced laminates.

On the analytical side, it is worthwhile noting the efforts of
Schapery [25] and Tonda and Schapery [26] which use pseudo strains and

work  potentials to reduce viscoelastic to elastic  behavior, and
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propose accounting for damage using modified stresses. Brouwer [27]
used this approach to predict the transverse, shear and longitudinal
compliance changes in cross ply thin cylinders. Cardon et al. [28]
expand on the Schapery model introducing nonlinearities in the stress
shift factor. Oytana et al. [29] «critique the Schapery approach
stating that there is no steady state creep for a composite lamina,
regardless of orientation. They propose a different nonlinear —model
and experimental technique. Sun and Chen [30] presented a much simpler
one-  parameter model to  predict the nonlinear  response  of
unidirectional laminates for all orientations using effective
inelastic strains and effective stresses. Amijima and Adachi [31] use
a micromechanics approach, viscoelastic matrix and fiber, to compute
an apparent time dependent compliance tensor. With the aid of
classical lamination theory they computed and compared successfully
the time dependent response of a cross ply laminate.

Beckwith [32] evaluated the combined effects of temperature
(reversible  deformation) and stress (irreversible deformation due to
damage). He observed the need for mechanical conditioning to isolate
both effects. Yancey and Pindera [33] investigated the effects of
elevated temperature and radiation on the creep response  of
unidirectional ~ graphite/ epoxy. They based their analysis on the
micromechanics approaches of Hashin [34] and Aboudi [35]. Pyrz [36]
addressed the issue of strength reduction due to creep. He predicts
strength changes for all lamina directions wusing a modified Norris

Distortional Energy criterion.
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The gathering of experimental data 1is difficult, time consuming
and thus, scattered. Of special relevance to this investigation is the
complete  viscoelastic = characterization of PEEK  (polyether-  ether-
ketone) and AS4/PEEK recently performed by Xiao [37]. Isothermal
stress dependence was measured with the stress increment technique,
while temperature accelerated short term data was used to generate a
master curve. He also reports the fact that the glass transition
temperature of the virgin resin is greater than the composite by 20°C,
leading to the conclusion that the constraint imposed by the fibers
alters the molecular motion within the matrix, accelerating creep.

The  characterization and  analytical modeling of  viscoelastic
composite materials are at the heart of an extensive research program
at VPI&SU which has contributed to the understanding and modeling of
the tme dependent effects taking place in fiber reinforced laminates
[38,39,40,41]. Most recently, Gramoll [42] has reviewed these efforts.
He summarized the basic formulation and assumptions of a viscoelastic
lamination  theory = where  all four  elastic coefficients of  the
orthotropic ply compliance matrix are assumed to be time dependent.

The stress-strain relationship is given by,

€ (t) S“(t,T,ol) Su(t’T'Gx) 0 o,
e, =] S, (LToe) S, .To) 0 o, Q.17
YD) 0 0 Se(t:Tot ) T,

where Sij is the compliance lamina tensor, g, are the strains, and
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o, are the applied stresses.

Gramoll also proposed a much simpler "quadratic power law", which
he wused to characterizz and model the creep behavior of fiber
reinforced composite  laminates. The nonlinearity is expressed by

quadratic functions of the form,
0 2 2. i
Sij(t,T,O') = Sij(l +g,0 ) + mij(l + fijo n (2.1.8)

0 . .

where Sij and m . are the linear constants, while g and fij are
J

nonlinear stress constants. This modification eliminates the numerical

difficulties caused by other schemes and also allows one to regain the

linear form by setting the values of g

and f  equal to zero. A
ij
three dimensional treatment and several numerical procedures to solve

the creep deformation of a laminate are presented in [42].

2.2 Fatigue induced damage in composites

Fatigue damage in composites consists of combinations of matrix
cracks, broken fibers, interfacial cracks, and debonds that form a
very complex damage state [43]. The material system, stacking
sequence, geometry, stress state and environmental factors, interact
and affect the engineering properties in many intricate ways. While
present technology can be used to detect almost every type of damage,

there is currently no general approach to damage assessment. Damage
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interpretation and response prediction remain a frontier.

Different loading conditions result in distinctive fatigue
processes that cause changes in the local geometry and changes of
local stress. A review of the mechanics of fatigue in composite
materials is given by Stinchcomb and Reifsnider [44]. Investigators
such as Schapery [45] and Christensen [46] have addressed the nature
of damage in a viscoelastic isotropic media and composites.

The critical event that governs final failure of composites has
not yet been identified. = Accumulation of fiber fractures often
dominates the tensile failure of  composite laminates. Most
investigators  share  the assumptions that a critical number or
arrangement of broken fibers is the triggering mechanism for cascading
fiber  fracture and  composite  failure, and, that  given  the
microstructural  scale  involved, linear elastic fracture = methodologies
are inadequate.

Limited knowledge and experimental data are available on the
details of these microscopic events (see Jamison and Reifsnider [47])
which define how this mode of damage influences and 1is influenced by
matrix-related damage modes and other global physical/ chemical
processes which take place simultaneously. The damage process involves
sequential  changes in local geometry causing a local  stress
redistribution  which adversely affects the damaged region. Additional
processes and loading parameters, such as anelastic = deformation,
temperature transients and frequency, may accelerate or diminish the

rate of damage localization and growth. Such interactions are poorly
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understood.

In recent years, the long term characterization of new fiber
reinforced  thermoplastic  composites has  attracted the attention  of
many investigators. Along with the potential for great improvement in
mechanical  performance, when compared to conventional thermoset
resins, there is concern over their less stable nature.  The
conventional wisdom and cumulative experience collected over years of
study of thermoset composites are being continually updated. Such
issues as  viscoelastic  effects, temperature, frequency, environmental
durability and sensitivity of  (especially of  semi- crystalline)
thermoplastic  polymers to  manufacturing  parameters,  have been
readdressed in this context.

New commercial material systems are emerging daily, Quinn and
O’Brien [48] opresent a comprehensive list of thermal, physical and
mechanical properties of short and continuous glass and carbon fiber
reinforced thermoplastics, at room and elevated temperature. Amorphous
versus semi- crystalline polyaryl sulfides have been compared by
O’Connor et al. [49], they conclude that the amorphous material has
better property retention at high temperature and higher Te. Kim et
al. [50] point out that cooling rate has little effect on the high
residual thermal stresses of amorphous resins and that there is
minimal stress relaxation during cooling. Jeronimidis and Parkyn [51]
also found high residual tensile stresses in the 90° plies of a cross
ply (semi- crystalline matrix) composite, greatly reducing the

transverse tensile strength.
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Much work has been done to identify and characterize the damage
modes peculiar to thermoplastic composites. Davies et al. [52] show
that unstable crack growth in DCB specimens of Gr/ PEEK at room
temperature turns stable at elevated temperature. Newaz and Mall [53]
measure mode I delamination growth of Gr/PEEK. While growth follows a
Paris law at 70°F, it slows at 200°F and a large damage zone in front
of the crack tip is observed. They suggest that at high temperature
time dependent relaxation and creep damage form ahead of the crack
tip, controlling damage rate.

Other investigators have compared the fatigue response  of
thermoplastic and thermoset composites. Curtis [54] compares
unidirectional and cross ply tensile fatigue behavior of several
carbon fibers with epoxy, toughened epoxy, BMI and semi- crystalline
thermoplastic. Little change is caused by the different fibers, but
great changes are caused by the resin. The thermoplastic had less
delamination but has the shortest lives in both, unidirectional and
cross ply configurations. Croman [55] found that the flexural fatigue
response of Gr/Epoxy 1is better than Gr/J-polymer. They both fail in
compression  but have radically different damage, the thermoset
delaminated extensively but the thermoplastic did not. Simmonds et al
[56] examined the fatigue response (R=-1) of notched AS4/PEEK and
T300/Epoxy. Baron and Schulte [57] do similar comparative work for
tensile  unnotched  fatigue.  Both  investigations  conclude  that  the
higher toughness of PEEK as measured in quasi- static tests does not

translate  into  better long term  behavior. For  the  notched
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configuration, at low stress levels PEEK lives are much higher and all
failures are in compression. At high stress levels, the delaminations
in PEEK are confined to the notch area and result in large stress
concentrations leading to a transition to tensile failure and much
shorter lives than epoxy. In the unnotched configuration, PEEK
exhibits less longitudinal and transverse cracks but has lower life at

all stress levels.

23 Experimental observables and analytical methods

Ideally, the three dimensional state of strain in a material
should be known through direct measurement or analysis. Together with
knowledge of the stiffness and suitable analytical tools, the state of
stress and state of the material could be determined, thus allowing
predictions of residual strength and life.

Available  techniques of nondestructive  testing  interrogate  the
material and assess the damage state by measuring variations in
material uniformity and/or material properties caused by
imperfections. A variety of non destructive methods have been
developed or modified specifically for implementation in composite
materials. These include surface replication, X-ray radiography,
vibrothermography,  ultrasonic =~ C-scans,  acoustic  emission, etc. A
review of NDE techniques and the associated physical phenomena is

found in [58].
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Special attention has been given to the measurement of stiffness
since its reduction has been found to correlate well with damage in
many cases and depends only on the material’s condition. O’Brien [59],
Daniel et al. [60], and others have presented applications of
stiffness measurements for indirect assessment of damage growth for
different  configurations and  loading  conditions. Reifsnider  and
Stinchcomb [61] reviewed, described, and investigated the concept of
stiffness change as a nondestructive fatigue damage parameter. In
general, they found that stiffness change can be  quantitatively
related to the fatigue life and residual strength of composite
laminates through various models of observed micro-damage events and
the damage patterns formed by those events. During cyclic loading
several damage modes may occur, resulting in a corresponding
degradation of stiffness. Many investigators have found that every
damage mode is associated with a specific and distinct stage in a
typical damage vs life fraction curve.

Laws et al. [62] have developed constitutive equations for
unidirectional laminates with an array of parallel cracks, where all
terms of the compliance matrix are given as functions of crack
density. The same problem was addressed by Gottesman et al. [63], who
used complimentary and minimum potential energy principles to evaluate
upper and lower bounds on the effective moduli. Both investigations
report that fiber dominated properties change very little,  but
transverse and shear properties change significantly. Supporting  this

analytical effort are the studies of Camponeschi and Stinchcomb [64],
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Rotem [65], Daniel et al. [66] and Talreja [67], who have measured
changes in all or some moduli during cyclic loading. In general,
transverse  cracks affect [En, while delaminations and longitudinal
cracks affect Giz.

Other investigators have focused on correlating stiffness changes
to other parameters, such as temperature and frequency. For example,
Tsai [68] discusses the effects of cyclic loading frequency on
stiffness degradation on terms of viscoelastic behavior. Davidson and
Saddler [69] match temperature transients to stiffness changes, as do
Neubert et al. [70]. Wevers et al. [71] correlated stiffness and
hysteresis loops to acoustic emissions for different damage types.

As damage develops the strength is changed. Fracture occurs when
strength is reduced to the applied stress level. Withworth [72]
presents a semi- empirical model that correlates residual strength to
remaining  stiffness as a function of the initial stiffness and
strength, stress level and life fraction.

One additional experimental technique that is receiving
increasing attention in the composites community in the last few years
is the Dynamic Mechanical Analysis, DMA. DMA is a member in a family
of experimental techniques initially developed for the
characterization  of  polymers.  Other members include  Differential
Scanning Calorimetry (DSC), Thermo Gravimetric Analysis (TGA), and
more. In all these techniques, a relatively small sample is introduced
into a temperature controlled chamber. In the instance of DMA, the

sample is mechanically vibrated at controlled frequencies and stress
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levels. Several  configurations are  available: torsional  pendulum,
free-edge three point bending and fixed-ends double cantilever beam.
The measured parameters include deformation, complex longitudinal,
flexural and shear moduli, phase angle, etc. Depending on the
sophistication ~ of the equipment and data  processing  software,
different test procedures may be designed (stress, frequency and
temperature load histories are determined), ranging from simple stress
relaxation to multiplexing and the use of superposition to evaluate
time and frequency dependent master curves.

Ting [73] has recently reviewed the theories on dynamic response
of  composites, including  viscoelastic  effects. Because  of its
versatility, a wide range of DMA procedures (by themselves or in
combination with mechanical tests) are used in the characterization of
many chemical and physical processes taking place in  composite
materials. Some of the early work was done by Schultz and Tsai [74]
and Heller et al. [75]), who measured the complex moduli and evaluated
master curves using data from different frequencies. The same approach
is still widely used, as shown in the work of Sichina and Gill [76]
who studied AS4/PEEK. They showed that the master curves change with
different  crystallinity  content. Zhang et al [77] studied the
differences between static and dynamic moduli and concluded that these
are larger for matrix dominated properties. Camponeschi et al. [78]
found that moisture intake affects tand for matrix  dominated
laminates, but E’ remains unchanged. Curtis et al. [79] investigated

the effect of cooling rate on tand of semi- crystalline composites and



how that is reflected on toughness by measuring Gic and Goe. Ha and
Springer [80] predict the behavior of unidirectional laminates at high
temperatures based on the DMA characterization of the matrix. Travis
et al. [81] investigated the effects of aging on the complex moduli
and reported that aging leads to reduced imaginary moduli, lower
damping and increased brittleness.

DMA techniques play a very important role in the characterization
of interfaces and interphases in composite materials, a subject of
great interest that has focused a lot of attention lately. Suzuki and
Saitoh  [82] have proposed to correlate tand to fiber/ matrix
interphase  strength.  Comparing  surface treated to untreated  glass
fibers, they have measured for treated fibers lower tand values and
higher flexural strength. Banerjee et al. [83] examine the effects of
surface  treatment of carbon fibers. They found good correlation
between treatment and lower tand values, but the short beam shear test
data is inconclusive. Chua [84] failed to predict the tand of
unidirectional glass/ polyester with various fiber treatments based on
fiber and resin data using the rule of mixtures. He arttributes the
difference to the interaction and found an inverse relationship
between tand at the glass transition temperature and short beam shear
strength. Silverman and Jones [85] compared the damping and transverse
tensile strength of unidirectional laminates of AS4 fibers and 5208
epoxy, polyphenylene sulfide (PPS) and PEEK. They conclude that the
thermoplastics laminates have higher damping than thermosets. AS4/PPS

has a higher tand than the PEEK laminate, but a lower transverse
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tensile strength.

Of special interest to the present investigation is the magnitude
and interaction of rate dependent (frequency) and independent (damage)
processes, such as reported by Reifsnider and Williams [86] and
Reifsnider et al. [87]. They investigated the changes in compliance,
energy dissipation and surface temperature during cyclic loading of
notched B/Al and B/Ep specimens at different frequencies. They
conclude that strong interactions are present and these affect
significantly the cyclic performance as evidenced by the extent and
location of damage. Stinchcomb et al. [88] also examined acoustic
emission from similar tests and conclude that while E" 1is frequency
dependent, E’ changed wvery little in the range of experimental
frequencies but is a function of damage (rate independent). They found
that compliance changes correlated well with temperature changes and
acoustic emission counts, indicating cyclic dependent damage.
Reifsnider et al. [89] discuss all possible heat generating mechanisms
and their relative importance. Earlier, Dally and Broutman [90] had
assumed that the heat being generated is a linear function of the
frequency. They attributed the shorter fatigue life at high frequency
to higher specimen temperature. Broutman and Gaggar [91] measured
longer fatigue life for neat epoxy and polyester specimens that were
cooled during cyclic loading or when loading is regularly stopped to
allow the specimen to cool down. They conclude that cumulative damage
laws cannot be applied to the evaluation of fatigue life.

DMA techniques have been used by several investigators, such as
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Davies et al. [92] and Putter et al [93], to study the frequency
response of fiber reinforced composites. Others have used it as a
complimentary  fatigue characterization tool, such as Adams et al
[94], who measured the changes in frequency response due to cyclic and
static damage. Drew and White [95] monitored the natural frequency and
damping as a function of flexure cycles, and report good correlation

between damping, delaminated area and stiffness degradation. Sims and

1"

Bascombe [96] used high speed data acquisition to monitor E’, E" and
hysteresis loops during fatigue. They found that E’ is reduced and
tand increases. They succeeded in correlating the number of cracks to
the cyclic and original values of E’ and E".

As damage develops strength changes. Hahn and Kim [97] suggested
that for a constant amplitude fatigue test, the strain to failure is
the same as in a quasi static test. At failure the elastic modulus
decreases until is equal to the applied stress divided by the failure
strain. This reduction may be achieved in the last few cycles and
should be carefully measured. Fracture occurs when strength is reduced
to the applied stress level.

Many ongoing investigations have the purpose of understanding the
exact relationship between damage state, stiffness, residual strength
and fatigue life, and the development of appropriate models. Rotem
[98] described a lamina based analysis. The fracture  mechanics
approach was chosen by Wilkins et. al [99], Chou [100], and Wang and
Slomiana [101]. Hashin and Rotem [102] and Poursartip [103] proposed

phenomenological theories. Chariewicz and Daniel [104] presented a
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cumulative damage model based on residual strength and the concept of
equal damage curves.

Reifsnider and co-workers [105,106,107] take a hybrid approach; a
stiffness based cumulative damage model is used to predict residual
strength  and  life.  Subcritical and  critical elements  within a
representative  volume are identified. The former are involved in
fatigue damage development, while the latter are responsible for the
eventual failure. Stiffness changes and models of the damage events
are used to estimate stress redistribution, as well as time dependent
effects. Residual strength is evaluated at every point in time, and,

with the aid of an appropriate failure theory, life is predicted.

24 Interaction of rate dependent and independent processes

24.1 Isotropic media

The interaction of rate dependent and independent processes in
isotropic media has been frequently addressed in the context of low
cycle fatigue in a high temperature environment. Wareing and Tomkins
[108] discuss all possible interaction mechanisms, but emphasis of
analytical and experimental work has been on the interaction of cyclic
damage and creep. Manson et al. [109] discussed the role of creep in
high temperature low cycle fatigue and Manson [110] reviewed life
predictions methods, including the double linear darﬁage rule to

account for loading sequence, strain range conversion and the



principle of minimum commitment for multi-heat analysis. Batte [111]
and Del Puglia and Manfredi [112] commented on the Manson- Coffin
theories and proposed approaches to linear and nonlinear damage
accumulation. Plumtree [113] suggested adding an interaction term to
the double linear damage rule. This term is a function of hold times,
the number of cycles between hold times and the stress intensity
range.

Many investigators have collected large amounts of experimental
data showing interaction effects in isotropic media. For example,
Piechnik and Pachla [114] studied the effects of damage on the creep
process for concrete. They developed the idea of a limit (failure)
strain dependent on load history. Lloyd [115] studied how temperature,
frequency, waveform and hold time affect creep- fatigue imeraction.v
Pinau [116] found that creep prior to cyclic loading greatly
diminishes life. Evans [117] and Harrison et al. [118] measured order
of nmagnitudes decrease in fatigue life when the specimens are
subjected to dwell periods at peak stress, which lead to the
accumulation of large plastic strains and change the character of the
fracture surface. Wang et al. [119] measured the cyclic creep behavior
of Cr-Mo-V steel at ambient and elevated (550°C) temperatures for
varying stress ratios (0O<R<l) and stress levels. They found that at
room temperature, cyclic loading with increasing maximum load
accelerates creep; increasing R retards creep. At elevated temperature
these effects are reversed. They conclude that at low temperature the

cyclic part of the load leads to acceleration but at high temperature
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cyclic creep is dominated by the amount of time spent at the maximum
load. In effect, cyclic creep may accelerate or retard creep for the
same material at different temperatures. Regrettably, because of the
broad range of material properties and behavior, it is hard to draw
general conclusions.

Other  investigators have approached the interaction at  stress
concentration points and its effects on damage propagation. Freed and
Sandor [120] present evidence that in the vicinity of notches there is
great cyclic creep enhancement of damage due to localized plastic
deformation. Wareing [121] shows interaction of crack growth and
cavitation; and, that cavitation may lead to failure before crack
initiation.  Sadananda and Shahinian [122] reviewed extensively the
experimental data and theoretical models of fatigue and creep crack
growth, and the possible interaction mechanisms. They conclude that
combined creep- fatigue conditions can either accelerate or retard the
growth. Ohji and Kubo [123] reached a somewhat different conclusion.
They stated that time dependent and cycle dependent mechanisms
compete, crack growth is governed by one dominant mechanism and a
transition exists.

Continuum damage mechanics (CDM) offers a completely different
approach to the mathematical treatment of damage and its interaction
with other processes. Kachanov [124] has reviewed extensively the
formulation of its basic principles, the basic assumption being that
isotropic materials decrease in swength due to the accumulation of

microstructural changes. For example, damage in metals may consist of



creep damage, ductile plastic damage, embrittlement, chemomechanical
damage and fatigue damage. Polymeric materials may sustain additional
types of damage, such as chain scission due to radiation, heat,
hydrolysis or reactive compounds, plastification or dissolution by
solvents, etc [125,126].

By introducing a new internal variable to account for damage,
Kachanov and Rabotonov [127] were able to develop models for creep -
fatigue interaction in structures. The one dimensional analysis is
extended to multiaxial loading by means of an effective stress. Using
appropriate  failure criteria, the time to ductile, viscous and brittle
failure are predicted. The predictions include time necessary to
initiate and propagate damage by means of an idealized moving damage
front. Following Lemaitre and Chaboche [128], Kachanov assumes that
the total damage sustained by the material can be separated into creep
damage and fatigue damage components, and presents a scheme for the
nonlinear summation of those. No data is presented in this compendium
[124] and only partial success is claimed for the metals studied.

Since the original work by Kachanov more than 30 years ago, many
scientists have adopted this approach. Investigators differ in their
chosen internal variables(s) or the complexity of damage
representation.  Chaboche  [129] summarizes uniaxial and  multiaxial
creep- fatigue theories.  Krajcinovic [130,131] offers a complete
review of CDM philosophies as they have evolved and a critique of the
approach.

One of the fundamental problems of the continuum damage approach
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to creep is the description of creep damage. Belloni et al. [132]
propose using density changes, Leckie [133] suggested using creep
ductility - the ratio of failure strain and steady state creep strain,
and a reference stress method to account for three dimensional
stresses. Hult [134] surveys the effects of different void shapes on
residual modulus and damage rate. Betten [135] adopted a generalized
tensorial power law to model multiaxial stresses, and introduced
damage in the creep equations using effective stresses. Murakami and
Ohno [136,137] also propose a tensorial description of damage based on
changing areas. In other words, creep damage results in the material
becoming anisotropic, and a scalar quantity is no longer adequate.
They propose a second order symmetric damage tensor and develop
anisotropic damage evolution equations that account for creep- fatigue
interaction. They also discuss the limitations of fracture mechanics

and life prediction based on CDM.

242  Fiber reinforced composites, Analytical Efforts

In recent years Kachanov’s approach to damage mechanics has been
extended to composite materials by  several investigators.  Fiber
reinforced  composite  materials, because of their complex  micro
structure, are susceptible to additional types of damage stemming from
the process by which they are put together. Damage representation
varies in scale and mathematical complexity, from a single scalar
function to high order nonsymmetric tensors for each damage mode.

The simplest approach was suggested by Sidoroff [138], who used a
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scalar damage function derived from loss of rigidity (distributed
though the thickness) to describe damage and damage evolution
equations during bending fatigue. Beaumont [139] examined damage
growth during tensile cyclic loading and also suggested a scalar
representation. Each damage mode, matrix cracking and delamination, is
represented by an  analytically and experimentally derived  scalar
function based on stiffness reduction and stress range. Damage growth
equations were integrated to obtain the damage state and remaining
life predictions for different loading levels, sequences, R ratios and
layups. Withworth [72,140] defined a damage function in terms of the
original and current axial stiffness. Assuming equal damage rule for
different  stress levels and the available S/N data, he predicts
residual life for dual stress level fatigue. Wnuk and Kriz [141] also
use a single scalar damage function, but assume that damage has two
stages: localization and propagation. Following the creation of the
characteristic damage state [172], a damage band of fiber breaks is
formed ahead of a dominant crack. Crack growth was computed using a
finite element solution of the stress field ahead of the crack.
Failure is assumed to occur when the total damage reaches a critical
value.

Although Beaumont and Withworth show good agreement with
experimental data using scalar damage representation based on global
stiffness reduction, most investigators agree that all the terms in
the lamina and/or laminate compliance tensor are potentially affected

by damage. Accordingly, only second (or higher) order damage tensors
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are appropriate to fully describe these effects.

The variety of approaches to the definition of the damage tensor
reflects the  difficulties in applying CDM concepts to composite
materials. Shen et al. [142] represent damage caused by a crack and
the damaged surroundings by an area of reduced stiffness. Then, a
second order damage tensor is defined in terms of the damaged
compliances. Peng et al. [143] stress the anisotropic nature of
damage. They define three principal damage parameters in terms of
degraded  stiffnesses  using  Lekhnitskii’'s  stress analysis and  show
results for notched plates. Talreja [144,145] goes one step further,
defining second order damage tensors for each damage mode which is
represented by a vector field averaging the size and area of the
damage. The "damaged" constitutive equation is obtained by adding the
elasic and damage tensors. For simple cases the damage tensor
components are derived from measured changes in the four elastic
constants of the orthotropic material. In a series of papers, Allen
and co-workers [146,147,148,149] propose internal damage variables
associated with crack opening and direction, derived from free energy
thermodynamic  considerations. Based on this approach, they propose
second order symmetric damage tensors for each damage mode.
Constitutive equations including damage were developed for the cases
of matrix cracking and interply delamination. The stress
redistribution among plies and the corresponding changes in  the
laminate’s moduli were evaluated. An even more complex representation

is proposed by Zhen Shen et al. [150], who suggest a fourth order



damage tensor together with a damage strain energy release rate
concept, a function of the original elastic properties and reduced/
damaged moduli. Engblom [151] changed the scale of the approach by
looking at the effects of damage at the lamina level. The laminate’s
response is computed using damaged lamina compliance tensors and
classical lamination theory.

Whether a single scalar or a fourth order tensor, all of the
above studies approach damage as an internal variable that accounts
for the change in the elastic response of the laminate. In fact, some
of the more complex theories offer only marginal advantages over the
simpler ones. It is important to note that none of the above address
the interaction of «cyclic damage modes with other processes, are
unable to discern between rate dependent and independent processes,
and cannot deal with phenomena not directly represented by stiffness
changes.

In this respect, the analytical treatment by Weitsman is unique,
and closest to the spirit of the present study. Weitsman [152] first
approached the coupling between damage and moisture transport. Damage
is represented by a skew symmetric second order tensor where each term
is a function of the ratio of the fiber/matrix debond area within a
representative cell and the cell’s surface area. The analysis shows
that stress and moisture have a synergistic effect. In a later paper,
Weitsman [153] discusses the coupling of damage and heat conduction in
unidirectional composites. Here damage 1is represented by two second

order symmetric tensors, who represent the open and closed crack
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surfaces. These are used to compute heat conduction coefficients for
the damaged laminate. Weitsman [154] also formulated a continuum
damage model for viscoelastic materials (linear viscoelastic  bodies
and particulate reinforced). Using the same two damage tensors
described above and assuming that all the compliance terms have the
same time dependency, he evaluates the overall compliance tensor
changes and the changes of symmetry in the material. Weitsman also
shows how this model can be reduced to Schapery’s integral equation
for time dependent strain with an added damage term. Weitsman reaches
interesting  conclusions. Contrary to the findings of Tobolsky [125]
and Murakami and Ono [126] who studied the effect of chemical damage
on the rheological behavior, Weitsman suggests that the retardation
times are unaffected by cyclic damage, although damage growth is
influenced by the inherent viscoelasticity of the material. In his
work, Weitsman addresses only briefly the issue of damage evolution
equations, and deplores the lack of adequate data necessary to

validate and calibrate such equations.

24.3 Fiber reinforced composites, Experimental Efforts

Some of the experimental studies that consider the mechanisms and
extent of the interaction between cyclic damage and viscoelastic
behavior in composite materials will be discussed in the following
paragraphs. In many instances, it is the findings in the laboratory
that have lead the investigators to consider viscoelastic effects.

Only a few have dedicated their efforts to this specific task.



Rotem [155] and later Rotem and Nelson [156] characterized the
fatigue response of [0/+6/0] graphite/epoxy laminates at 22, 74 and
114°C. They found that the stress relaxation in the +0° plies changes
the stresses in the 0° plies, reducing the fatigue life of the
laminate. = The  magnitude of this effect increased at  higher
temperatures. They postulate that on the basis of the strength and S/N
curves of unidirectional and 10° laminates at various temperatures,
the fatigue response of [0/40/0] laminates can be predicted by
appropriate shift factors.

The temperature of the specimen may also rise due to viscoelastic
heat dissipation. In their study, Menges and Thebing [157] predicted
the equilibrium temperature rise under sinusoidal loading and the
additional cyclic deformation when compared to creep at constant mean
load. In fact, Jinen [158] showed that the creep deformation could be
as litle as half of the cyclic creep deformation in short fiber
reinforced thermoplastics. He also found evidence of different damage
modes for fatigue and creep failures.

Lifshitz [159] investigated the compressive creep and fatigue
response of 0° 90° and *45° graphite/epoxy laminates. He found that
0° plies are elastic but 90° and +45° laminates creep significantly
with  large hysteresis (for #45°). Lifshitz comments on  possible
mechanisms by  which  viscoelastic behavior  affects  the  stress
redistribution during fatigue loading.

Sturgeon [160] conducted tensile creep, intermittent creep and

tensile  fatigue (R=0) loading experiments on [1452]s carbon/epoxy
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laminates, to study the possible interaction of cyclic and time
dependent behavior, also looking at the effects of temperature and
frequency.  Although intended to be a preliminary study, it s
interesting to note that Sturgeon addressed all major issues and
described an  experimental procedure to capture such interactions.
Sturgeon found that all the tested loadings result in creep strains
that have recoverable and permanent components, but the absolute and
relative magnitudes of these components vary for different conditions.
For creep loading a constant creep rate was achieved but cyclic
loading  exhibited a  tertiary  accelerating  stage  accompanied by
extensive inter and intra ply cracking, temperature rise and large
stiffness ~ degradation. = Higher  temperature, intermittent  creep  and
cyclic  loading also resulted in  larger  permanent  deformation,
increasing with the number of cycles, and larger than expected from
the measured stiffness reduction.  Significant temperature rise  was
measured in fatigue specimens cycled at 10 Hz, but it was negligible
at 1 Hz. For fatigue specimens, the stages in the temperature rise
match the deformation stages at maximum cyclic load. Sturgeon
concluded that cyclic damage in the form of cracks occurs mainly
during the tertiary stage and managed to correlate remaining life at
this stage with the deformation at maximum load, clearly indicating
that cyclic and time dependent effects interact in a  synergistic
fashion.

Sun and Chan [161] examined the frequency effect on the tensile

fatigue life of [#45]s Gr/Ep laminates with a central hole, by



testing at four frequencies and three stress levels. They measured the
temperature rise next to the hole and found that its magnitude grew
larger with increasing frequency and/or stress level. They found that
fatigue life at constant stress level peaks at a certain frequency and
lower the stress level had higher frequency peaks. The authors explain
their findings in terms of competing damage modes (see Ohji and Kubo
[123] for isotropic materials). They suggest that at constant stress
level a transition from «creep to cyclic dominated fatigue damage
occurs by increasing the frequency. At low frequencies creep damage is
dominant (see Newaz and Mall [53]), and life is proportional to
frequency, at high frequencies there are large temperature rises,
cyclic damage dominates and life is inversely proportional to
frequency. Following this argument, higher stress levels lead to lower
a peak fatigue life frequency. Again, time dependent behavior has been
shown to influence fatigue life in unexpected ways.

Saff [162] repeated the work of Sun and Chan [161] for three
laminate  configurations with a center hole, but he cooled the
specimens so that these tests were conducted at constant temperature.
He confirmed the findings of Sun and Chan. Contrary to the findings of
Broutman and Gaggar [91] for unreinforced resins, Saff concluded that
higher frequency wusually leads to longer fatigue lives and that
cooling does not affect fatigue life significantly. This effect is
saturated for fiber dominated lay ups for frequencies above 1 Hz. In
fact, the arguments presented by Sun and Chan can be easily applied to

explain the perplexing results reported by Reifsnider et al. [87] and
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Stinchcomb et al. [88], who measured a transition in the fatigue
stiffness degradation and specific damping of B/Al and B/Ep laminates
with a central hole when the frequency was varied from 0.5 to 45 Hz.

Sun and Chim [163] investigated the possible consequences of
intermittent  tensile fatigue with hold times at the maximum cyclic
load or periods of wunloading for [#45]s Gr/Ep laminates with a
central hole. The effects of dual frequency loading were also
examined, as well as the heating of the specimen near the hole. They
found that hold periods result in increasing fatigue life, in complete
contradiction to Evans ([117] and Freed and Sandor [120] findings for
isotropic plates with a hole. Also, low frequency loading accompanied
by significant creep followed by high frequency has a much larger
fatigue life than vice wversa, in contradiction to Pineau [116] who
found that creep prior to high «cyclic loading greatly diminished
fatigue life for isotropic media. These findings, which defy any
damage summation rule and are in complete contradiction to the results
presented in  the previous section on  isotropic = media,  were
qualitatively explained by allowing for «cyclic and time dependent
interaction in a fashion unique to composite materials. Sun and Chim
suggest that in general hold periods allow for cooling of the specimen
(see also Broutman and Gaggar [91]), thus retarding fatigue damage.
Hold periods at maximum load also accelerate creep deformation at the
notch relaxing the stress concentration and resulting in even greater
fatigue retardation. As Sun and Chan [161] before them, they explain

the dual frequency behavior by suggesting that at low frequencies



creep deformation is dominant, slowing down cyclic damage and
increasing life.

Mandell and Meier [164] conducted a similar study where they
varied the stress ratio, frequency and wave shape in cross ply
glass/epoxy laminates. They measured fatigue lives for trapezoidal,
loading spikes and unloading spikes wave forms. They also measured
creep rupture times. The found that S/N curves change position and
slope for different frequencies and wave forms but never intersect.
Higher frequency leads to a higher number of cycles to failure. The
order of the S/N curves is reversed when plotted versus the cumulative
time to failure. At the same maximum load, trapezoidal loading has the
shortest life, then unloading spikes and loading spikes. Like Saff
[162], Mandell and Meier suggest that cumulative time under load
dominates life time at room temperature. Varying the stress ratio had
a nonlinear effect on the cumulative time to failure. They also
measured the effect of 100 pre-cycles on creep rupture time. They
found that low frequency pre-cycling leads to significant reductions
in creep rupture times.

The work of Sun and Chan [161] and Sun and Chim [163] has been
extended recently by Dan-Jumbo, Zhou and Sun [165] to include
thermoplastic  laminates. They investigated the frequency response of
three layups of IMP6/APC-2  graphite/thermoplastic and a  [+45]
graphite/BMI  (IM7/5250-2) laminate with center holes. The temperature
next to the hole, specimen stiffness and hysteresis loops were

monitored. The found that the tension-tension fatigue life of the
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[+45] 0y thermoplastic laminate decreases as frequency increases,
contradicting measured behavior of similar thermoset laminates [16],
162, 164]. Generally, the fatigue response of the thermoplastic
[+45] 2t laminate is better than that of the thermoset [i45]25 laminate
at low frequencies. At high frequencies the thermoplastic composite
generates much more heat reducing the fatigue life significantly. This
effect could explain the findings of Croman [55], Simmonds et al.
[56], and Baron and Schulte [57] who reported poorer fatigue response
for thermoplastic composites when compared to thermoset counterparts.
For other layups, the magnitude of the viscoelastic interaction
depended on stress level and stress ratio. Like in the previous
studies, the fatigue life of matrix dominated laminate exhibit a
maximum at some intermediate frequency.

Lang et al. [166] investigated the crack propagation in short
glass fiber reinforced nylon at different frequencies. They postulate
that heat generation occurs at the bulk level - hysteretic, and at the
local level due to the stress concentration and plastic deformation at
the crack tips. The temperature increase at the crack tip results in a
higher plastic deformation zone and lower yield stress, retarding
crack propagation. Bulk hysteretic heating reduces the storage modulus
and increases crack opening displacement, thus accelerating crack
propagation. The magnitude of these two competing mechanisms is
frequency dependent and could explain the maxima in the maxima in the
fatigue life versus frequency response.

While damage growth has been shown to be affected by viscoelastic
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effects, very little has been done to find if the reverse applies. It
is interesting to note the work by Ke et al. [167], who used the DMA
techniquee to study how the viscoelastic  response of  Gr/Ep
unidirectional laminates changes during fatigue loading. By examining
the complex moduli, they found that very little changes occur in the
real component of the axial stiffness, but the shape and values of the
imaginary component change significantly (compare to Sims and Bascombe
[96]). The authors attribute these changes to damage of the
fiber/matrix interphase (see also Suzuki and Saitoh [82] and Banerjee
et al. [83]). This study confirms that damage affects the viscoelastic
response in more ways than assumed by Weitsman [154], and opens

additional avenues for study and research.

Some of these experimental findings seem to be at odds with the
observed behavior of isotropic media. The inconsistency and intricacy
are attributed to the unique microstructure and thermorheological
complex nature of fiber reinforced composites. While the continuum
damage mechanics approach has been partially successful dealing with
such  interactions for engineering metals, it has been extremely
difficult to extend it to composite materials. At this time there are
no alternative  analytical models, able to predict the surprising

behavior of composite materials.



3 Analysis

3.1 General Concepts

Modeling coupling effects of rheological behavior during fatigue
loading could be attempted at different scale levels and with
different degrees of rigor and sophistication, starting from the
atomic/ molecular domain and progressing up to the global/ structural
regime. There is no unique "right" way to proceed; but, in order to
capture the details of the physical phenomena being modeled, the scale
should be similar to that of the process. Even then, the appropriate
scale is arbitrary in the sense that only global changes can be
experimentally measured and used to calibrate or corroborate the
analytical assumptions. The lamina level has been chosen as the
adequate building block, averaging all events and processes occurring
within its volume. In turn, the lamina performance is measured in
terms of deformation, temperature, stiffness and strength.

In the present approach, each lamina of different material and/or
orientation is represented by a rheological pseudo-analog mechanical -
PAM - model. In the most general case, as shown in Figure 3.1 for the
one dimensional case, the lamina model consists of a free spring, a
series of Kelvin elements and a series of pseudo-Kelvin elements with
"negative”  spring  coefficients. = Adopting a modified  Wilshire-Evans

approach  [22], five parameter pseudo-analog models are used to
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describe  the  time-dependent behavior  and nonlinear  viscoelastic
effects (see details of the Wilshire-Evans approach in chapter 2).
This is the most simple representation of the general lamina model
that still retains all of its major features. The laminate general
model, consisting of S-parameter lamina sub-models, is shown in Figure
3.2.

The analytical tools used to compute local stresses within the
representative volume may be as simple as classical lamination theory
or as complex as three dimensional solutions derived from anisotropic
elasticity theory and the appropriate  boundary value  problems.
Multiaxial ~loading may be simplified by evaluating a  uniaxial
effective stress and wusing a one dimensional model. Obviously,
tradeoffs between accuracy and complexity of analysis are warranted.
At this stage, classical lamination theory (with thermal stresses) and
the wusual plane stress assumptions will be wused to compute the
stresses at the lamina level and a suitable effective stress.

Laboratory data and analytical stress analysis codes are used to
evaluate the initiation, growth and interaction of rate dependent and
independent damage mechanisms. These events are represented as
suitable  changes in the response of the different plies. The
rheological model coefficients are evaluated as functions of  stress,
temperature and  other suitable internal variables. A governing
differential equation that describes the constitutive behavior of the
laminate is obtained. Depending on the complexity of the analog

representation and loading conditions, a closed form or a numerical
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solution can be found. This relationship is assumed to hold constant
for a certain time interval where the coefficients are relatively
constant. The rate of change and other convergence criteria are used
to determine the time span for which this assumption is valid. The end
result is a numerical procedure able to predict the interaction of
time and cyclic processes and to emulate the performance evolution of
a laminate subjected to any arbitrary cyclic loading. With the aid of
an appropriate failure criterion, it could be used in the future to

evaluate the remaining life of the structure.

32 General Lamina Characterization

3.2.1  Thermorheological Viscoelastic Model

The procedure employed in the thermorheological characterization
of the selected composite material system is based on the arguments of
Wilshire and Evans [22] and the similarity of the © projection to a
five parameter mechanical analog model. Adding the elastic response
term to Eqn. 2.1.5 makes it equivalent to a mechanical analog model

with two Kelvin elements and a free spring,

E

&) = — + —— [L-exp(-E W)l + — [1-exp(-E, U] (3.2.1)
EO 1 EZ

or expressed as time dependent compliance,



D(®) = D+ D, [l-exp(-t1)] + D_ [1-exp(-t/1 )] (32.2)

where the first term reflects the elastic response, and the usual W-E
parameters can be expressed in terms of the pseudo-analog mechanical

(PAM) model parameters

9 =S =9 g=_"9 e=_5_ 9=-E2
0 1 3 2 4
EO El Ez of H,
A new set of ¢i parameters is defined as,
6= D= ¢=D= -1 6= -D= E_l
Eo E1 2
u -H
¢3: T = _1 d) =T = 2 (3.2.3)
1 E 4 2 E
1 2

To express the stress and temperature dependence of the new ¢i
parameters, Eqn. 2.6 proposed by Wilshire and Evans is modified to
account for the polymeric nature of the matrix. Egn. 3.2.4 shows the
proposed  relationship  which  includes the matrix glass transition

temperature T,
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logd =a +bs+cln 18- T 4 4gogin 18 -T (3.2.4)
1 1 1 1 Tg 1 Tg

where i=0 through 4, T is the absolute temperature, and the
relationships hold only for temperatures below Ts.

A complete stress and temperature sensitive S-parameter pseudo-
mechanical analog model of the lamina is obtained consisting of up to
20 material constants. The constants can be determined independently
from a series of tests at constant temperature - variable stress and
at constant stress - variable temperature.

It should be noticed that linear elastic and  viscoelastic
behavior reduces this number to 10 constants. A small temperature
dependence within the test range may reduce further this number to the
original 5 parameter model. The stress and temperature dependence of

the 5-parameter model is given by,

E (o) = (3.2.5)

Te - T +d0(1»'1n———Tg - T
Tg TG

exp[a0 + boc + coln

El(c,T) = (3.2.6)

Te - T +d‘cln-—Tg'T

cxpl:al + blc + clln - T
g 3
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-1
Ez(O,T) = 3.2.7)

cxp[a2 + b0 + clIn T - T d,o In Te - T }
Tg TS

H (0, T)= exp [(a3-al)+(b3-bl)6 +(c,-c))In T“T' L (d,-d))o In _TGT'[]
8 g

(3.2.8)

- Tg - T Teg - T
uz(o,T)- exp [(a4-a2)+(b4-b2)0' +(c4-c 2)ln = + (d4-d2)o In T]

3.2.9)

By checking the dimensions of all parameters, it can be shown
that E 0’ El and E2 have units of stiffness (stress) and M and M, have
units of viscous coefficients (stress-time). The only peculiarity is
the negative value of Ez, which reflects the damage accelerating

nature of this term.

3.2.2 Constitutive Behavior

The conditions of a 5-parameter PAM require that,

E=¢ +€ +§E (3.2.10)



s1

— = — . .11
and o oo cl 02 (3.2.11)
where
€ is the total strain,

0,1,2  subscripts denote the elastic, first and second Kelvin elements
of the S-parameter PAM model, and
c is the applied stress

Using the Laplace Transform, the transformed strain is given by,

§=9 . G + ) (3.2.12)
E E1+ Ms E2+ H,s

where bars denote the values in the transform domain and s is the
Laplace transform variable.
The constitutive equation is derived by applying the Inverse

Laplace Transform,

(EOEIEZ) € + (E0E1u2+ EoEzul) € + (Eou]uz) € =

(E|E2+ EoEz + EoEl) G+ (E1u2+ E:z""l+ Eo“2+ Eop’l) G+0 (3.2.13)

or in short notation and dividing by the coefficient of o, the

constitutive behavior of the 5-parameter PAM is given by,
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qa0£+qa1é+qa2;=o+pa16+pa2& (3.2.14)

where,

EE E
qa0 = L2 (3.2.15)
E1Ez+ EOE2 + EoE1

EEp+ EE
qal = 0 12 021 (3.2.16)
EIE2+ E0E2 + EOEI

E pup
qa2 = 90 12 (3.2.17)
EE+ EE, +EE

Eu+ Epu+ Eu+Ep
pal =2 21 02 OI (3.2.18)
E|E2+ E,E, +EE

Tt}
pa2 = 12 (3.2.19)
EE+EE + EE
1 2 0 2 0 1

The complete solution to Eqn. 3.2.14 requires that the two roots

() of the characteristic equation 3.2.20 be real and distinct,

qa0 + qal *r+qa2 *r* =0 (3.2.20)
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This condition can be expressed as
qal>- 4 * qa0 * ga2 > 0 (3.2.21)

Substituting Equations 3.2.15 through 3.2.19 into Equation 3.2.21, it
can be shown that
2
[EGE 1 - EGE, 1]

qal’- 4 * qa0 * qa2 = — >0 (3.2.22)
(E,E .+ EE + E E)

Condition 3.2.21 is always met since the numerator is always positive.

33 Cross-Ply Laminates

Cross-ply laminates were selected as a testing case because of
the relative simplicity of the stresses, known damage mechanisms, and
limited  thermorheological =~ characterization  needed to  predict  the

behavior of such laminates under a variety of loading conditions.

3.3.1 Cyclic Stress Analysis and Life Prediction

Global stress analysis is performed wusing Classical Lamination
Theory (CLT). Details of CLT and the multiaxial stress evaluation at
the ply level are found in [170]. In the undamaged state the plies are
assumed to be linear elastic and perfectly bonded. CLT is used to

compute the initial mechanical and thermal stresses and the global
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cyclic stress and strain ranges.
Damage mechanisms in cross-ply laminates occurring during cyclic
loading consist of:
1. transverse matrix cracking in the 90° plies,
dispersed longitudinal matrix cracking in the 0° plies,
localized (major) longitudinal cracking,

delamination of the 0°/90° interface along transverse cracks,
g

“moA W

small local delaminations at the intersection of longitudinal and
transverse cracks.
6. fiber-matrix debonding and fiber fracture at preferential

locations are also observed.

The first stage in the evolution of cyclic damage is the
development and multiplication of transverse cracks in the 90° plies.
The state of damage depends on the current state of stress and the
fatigue characteristics of the 90° lamina [60,66]. The crack density
increases with number of «cycles. Eventually a saturation pattern,
named the Characteristic Damage State (CDS), is reached. It is
dependent on geometry, material properties and stacking sequence. It
is independent of load history, initial stresses and global geometry.
As cracking progresses, the load is redistributed to the 0° plies
which carry an  increasingly larger share of the global load.
Additionally, at the tips of the cracked plies there is a local stress
concentration and a complex three dimensional tensile state of stress

[171].
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Global and local considerations combine to determine  the
remaining life of the laminate after the CDS has been achieved.
Reifsnider [172] and later Highsmith and Reifsnider [173] have
postulated a shear-lag mathematical model to predict the CDS. Based on
these analytical capabilities, available software developed by the
Materials Response Group at VPI&SU [174] was used to predict the
saturation crack spacing in the 90° and 0°  Dplies, the stress
concentration in the 0° oplies at the crack tip, and the average
stiffness of the cracked plies for any crack spacing up to the CDS.

Following Lee et al. [175], the first step in the evaluation of
lamina stresses once damage has initiated in the 90° plies is to find

the average stress in the 90° plies as a function of crack density A,

oM = £ g (3.3.1)
Ex(X) max
where
o maximum applied global cyclic stress,

max

02(1) stress in the load direction, 90° plies with crack density A,

E2(A) average transverse modulus, 90° plies with crack density A,

Ex(A) axial laminate modulus with crack density A given by the rule
of mixtures as,

EQ)) = 1

1+k90

[E1 + k90*E2(0)] (3.3.2)

where
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k90 is the ratio of 90° to 0° plies and,

E1 is the longitudinal lamina modulus.

Ryder and Crossman [176] have shown that the variation of the
in-situ transverse modulus of the 90° plies can be represented by an
approximately  linear normalized master curve for all cross ply

laminates. The general form of this master curve is,

E2(\) = E2(0)[1 + B*A*h90] (3.3.3)

where
E2(0) is the undamaged transverse modulus,
h90 is the total thickness of the 90° plies, and
B is the slope of the master curve E2(A)/E2(0) vs. A*h90.
From the work of Ryder and Crossman, it follows that the average

stress in the cracked 90° plies is,

E1/E2(X) + k90 (1+P*A*h90)

620‘) = (1+k90)

For global cyclic stress levels below the static load at which
the CDS is achieved, the second step is to evaluate the number of
cycles necessary to reach the CDS. For higher stress levels this
number is 1. The fatigue life of the 90° plies could be approximated

by a simple logarithmic expression for the stress-life relationship,
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log 6, = b90 * log N (90°) + log YT (3.3.5)

where
YT is transverse static tensile strength,
Nf(90°) number of cycles to failure at a maximum cyclic stress g, and

b90 is a curve fitting parameter

Using the in-house CDS software, the saturation crack spacing
Acts and the parameter B can be evaluated. Using Eqn. 3.3.4, the
stress in the 90° plies is determined at Acs. Using Eqn. 3.3.5 and
the computed stress Uz(Ms), the number of cycles to the saturation
cracking is predicted.

The third step is to determine the average stiffness of the 90°

plies as a function of cycles. Using Equations 3.3.1 - 3.3.4,

o (A)*E1
1 + P*A*h90 = 2 (3.3.6)
o, (})

_o——* k90

max

Gmu*Ez(O)* 1 + k90 -

Using the fatigue life relationship 3.3.5,
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E1*YT*n b90
1 + B*A*h90 = (3.3.7)

Ez(O)*[ G+ o k90 - k90*Y T*nP%0 ]

max

Finally, introducing 3.3.7 in 3.3.3, the average transverse

modulus is obtained as a function of cycles n,

E1*YT*n?%0
E2(n) = (3.3.8)

o_(1+k90) - k90*Y T*n?%0
ma

It is obvious that the average transverse modulus of the 90°
~cracked plies is a complex function of the lamina undamaged
properties, 90°  fatigue  characteristics, laminate  stacking  sequence
and the global cyclic loads. Equation 3.3.8 is similar to that
obtained by Lee et al. [175].

In addition to the changes in average modulus, the progressive
cracking of the 90° plies changes the strain concentration at the tip
of the cracked plies. Examining the shear-lag model, as it was
presented in [174], the present author observed that the local strain
concentration at tip of the cracked 90° plies obeys a linear
relationship with the normalized crack spacing. This relationship can

be expressed as,
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I A e (3.3.9)
K(0)

where
K(A) is the strain concentration for A crack spacing,
K@) is the strain concentration for the first crack, and

) is the slope of the master curve K(A)/K(0) vs. A*h90

Using the relationships developed above, the stress concentration

as a function of cycles, K(n), can be expressed as,

K _y, 8 | EVEz@+YT#™° -1 |(33.10)
KO Bl o (1+k90) - k90*yT*n"

or in terms of the transverse modulus after n cycles,
Km _,., 8 E2(n) _ (3.3.11)
K(0) B E2(0)

After the CDS is achieved, the transverse modulus and local
stress  concentration are assumed to remain approximately  constant
until  delaminations or damage in the 0° plies develops. The above
equations are used in the cyclic CLT stress analysis to evaluate the

local stresses and strain ranges to which the 0° plies are subjected.



The last step is to compute the stiffness, strength and remaining
life of the O0° plies, the critical element whose failure causes the
laminate to fail. The residual stiffness and strength of a 0°
unidirectional  laminate  subjected to cyclic loading are evaluated
using a modified Withworth approach [72,140]. The dynamic stiffness is

fitted with a power law,

b
Ei(n) = Ei(0) - mb * [ SIS ]p (3.3.12)
N,(0°)

where

E1(0) is the undamaged longitudinal modulus,

Ei(n) is the longitudinal modulus after n cycles,

Nf(0°) is the number of cycles to failure at the current stress level,
0° unidirectional laminate,

pb is curve fitting parameter, and

mb = E1(0) - Ei(fracture), the total axial stiffness change.

The residual strength during cyclic loading of a unidirectional

laminate is also fitted with a power law,

gb
RS(n) = RS(0) - [RS(0) - Omax]* | — (3.3.13)
N (0°)
where

RS(0) is the quasi static strength in the fiber direction,

RS(n) is the residual strength after n cycles,
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Omax IS the maximum cyclic stress, and

qb is a curve fitting parameter.

Combining 3.3.12 and 3.3.13, the normalized residual strength is

given by,
qb/pb
RS() _ ;. (. Oma E1(0) -Ei(n) (3.3.14)
RS(0) RS(0) mb

3.3.2 Time-Dependent Constitutive Behavior

The general pseudo-analog viscoelastic model for a cross ply
laminate and denominations of the PAM elements are shown in Figure
33. It consists of two parallel branches, a single spring element
depicting the elastic behavior of the 0° plies, and a full 5-parameter
analog branch representing the 90° plies. The conditions of this

2-branch, 6-parameter PAM require that,

€ =¢ (3.3.15)
and o= Vs* c+ Vc* S (3.3.16)
where
s,C subscripts, denote the s-subcritical (90°) and c-critical  (0°)

components of the laminate,

\ is the component volume fraction,
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c is the applied stress,
€€ are the component strains, and

O'S,O'C are the component stresses.

Following the same procedure as in section 3.2,

equation is given by,
0e+qllé+qge=c+pllG+pl2o
where

q10=v'*qa0+vc*cb0

q11=v’*qa1+vc*pa1*cb0

q12=vs*qa2+vc*pa2*cb0

pll = pal

pl2 = pa2

the governing

(3.3.17)

(3.3.18)

(3.3.19)

(3.3.20)

(3.3.21)

(3.3.22)

where qa0, qal, qa2, pal and pa2 have been defined in Egn’s 3.2.15

through 3.2.19, and ebO is the free spring representing the 0° plies.



3.3.3 Static and Sinusoidal Loading

The governing equation 3.3.17 can be solved for any arbitrary
loading function. In this section, the analytical solutions for static
(creep) and dynamic (sinusoidal) loading are presented.

For the case a of constant global stress o, applied to the

laminate,
G=6=0 (3.3.23)

and Eqn. 3.3.17 is reduced to,

g0 € +qll & +q2¢ =0, (3.3.24)
The complete strain response to a constant load is of the form,

e(t) = C1 exp(rl*t) + C2 exp(r2*st) + coquO (3.3.25)

where Cl1 and C2 are constants, t is time, and rl, r2 are the roots of

the characteristic equation
qi0 + gll *r+ql2*r2=0 © (3.3.26)
with the condition that,

ql1%- 4 * glo * gl2 > 0 (3.3.27)

Following the same procedure as for the 5-parameter PAM, it can
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be shown that the condition 3.3.27 is always met.
The initial conditions are,
(o]

g0) = —° (3.3.28)
HST

] =T (3.3.29)

where
e(0) is the instantaneous elastic deformation,

HST is the laminate’s axial stiffness as determined from CLT,

r is the initial strain rate, and
c is the initial stress in the 90° plies as determined from the
CLT analysis.

Applying the boundary conditions, the coefficients are given by

= 1 1 r r2

1= [60[ HST ~ qI0 ] ) _rZ] 2T (3.3.30)
= 1 1 r rl

©= [00[ HST ~ qI0 ] rl] T (3.3.31)

Eqn’s 3.3.25, 3.3.30 and 3.3.31 represent the complete the

solution for creep loading of a cross ply laminate.



The applied global sinusoidal stress can be expressed as,

o) = G+ oasin(cot) (3.3.32)
where
G is the mean global stress,
o, is the stress amplitude,
0] = 2xnf, is the cyclic frequency (radians/sec), and
f is the frequency in Hertz.

Substituting 3.3.32 and its time derivatives in Equation 3.3.17,

qu€+qllé+ql2€=

G_ + o sin(wt) + pll 6, cos(t) - pi2 c_mzsin(mt) (3.3.33)

The strain response to sinusoidal cyclic loading is given by the

solution to the governing equation 3.3.33, !

€(t) = D1 exp(rl*t) + D2 exp(r2*t) + Om/qu + A sin(mt) + B cos(mt)

(3.3.34)

where
D1,D2 are coefficients to be determined from the boundary conditions

rl,r2  are the same roots as for creep loading,
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sb*q12*m2+ sa*ql1*w -sb*ql0
B =

-ql2*0*+ (2*qlo*ql2-ql1 1*)0?-q10°

sb + B(ql2*w’-ql0)
A=

ql 1*w

and sa, sb are defined as

€
I

co (1 - pl2 @)

sb

c pll

The initial strain and strain rate for sinusoidal loading are,

m

HST ql0

(3.3.35)

(3.3.36)

(3.3.37)

(3.3.38)

(3.3.39)

(3.3.40)

(3.3.41)



D=0 1.1 ). LT _g]_x (3.3.42)
" HST ql0

For the special case G =0, it is easy to recognize that

DI = Cl - B2 (3.3.43)
r2-rl

and D2 = C2 - Bl _ (3.3.44)
rl-r2

While C1, C2, rl and r2 depend on the PAM parameters only, the
appearance of the coefficient B causes D1 and D2 to be also dependent
on stress amplitude and loading frequency.

In fact, Eqn. 3.3.34 can be rewritten in terms of the creep

problem coefficients, C1 and C2. The cyclic strain response is

g(t) = CI exp(rl*t) + C2 exp(r2*t) + O'm/qIO + A sin(wt) + B cos(wt) +

o = [r2 exp(r1*t) - rl exp(rZ*sl)] (3.3.45)

Examining the definitions of A and B, it is obvious that for oa=0

then A = B = 0, and the static creep solution (Eqn. 3.3.34) is



recovered. Further examination of Eqn.

C1 exp(r1*t)+C2 exp(r2*t)+o'm/q10
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3.3.45 reveals that,

is the static creep response at G_

A sin(wt) is the in-phase strain response
B cos(wt) is the out-of-phase strain response
and '?]BT{-'Z— {r2 exp(rl*t)-rl exp(r2*st)] is an additional transient due

to cyclic loading.

The static load response can be compared to the cyclic load
solution when wt = 2an (n = 0, 1, 2, .) and G = O, Eqn. 3.3.45
reduces to
e(t)l = Cl exp(r1*t) + C2 exp(r2*t) + G /ql0 +

t=2nn "

o
rl [1 - exp(r2*t)] - r2 [1 - exp(rl*t)]

+B [ Zu] (3.3.46)

Eqn. 3.3.46 shows that the static creep solution is disturbed by
a cyclic creep transient term that may accelerate or slow the progress
of time dependent deformation. As stated above, the creep solution is
recovered when stress amplitude is zero because then B=0. Also, it is
reassuring to notice that the disturbance term disappears at t=0. The
term in square brackets is solely dependent on the PAM parameters,

which also determine the magnitude and sign of the disturbance.
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But B is a complex function and it reveals some of the problems
and potential advantages of this approach. The coefficient B, defined

in Eqn. 3.3.35, can be more conveniently rewritten as

(ql1 - pl1*ql0) + (oz(pll*q12 - ql1*pl2)
B=-0cw N > 5 (3.3.47)
' (ql0 - ql2 * @)+ qll** w

In general terms, B is linearly proportional to the stress
amplitude c, i.e,, a larger stress amplitude leads to a greater
disturbance of the static creep solution; which is expected.

B has a complex dependence on the frequency w. It is easy to
verify that B is equal to zero for no cyclic loading (w=0). At very
large frequencies, B becomes roughly proportional to 1/w and should
approximate zero asymptotically.

The coefficient B could also be equal zero for a certain
frequency where the numerator of Eqn. 3.3.47 equals zero. This
frequency would be,

qll - pli*ql0  '?

w, = (3.3.48)
ql1*pl2 - ql2*pl1

The condition for ®, to be real is that the term in brackets is
bigger than zero, uniquely a function of the PAM parameters. If such
frequency w, exists, it would represent a transition frequency from

cyclic creep enhancement to cyclic creep inhibition !
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Substituting  Equations  3.2.15 through 3.2.19 into  Equations

3.3.18 through 3.3.22, and these into 3.3.48 it can be shown that,

2 2
) En, + Exny
® = - <0 (3.3.49)

R, (B o+ p)

Thus, (.oi depends exclusively on the PAM parameters of the 90°
plies, and it is always negative since the values of H, and W are
always positive. A real frequency w, does not exist and no transition
frequency in the cyclic creep mechanism is possible. Whatever the sign
of B is, for a certain combination of PAM parameters and loading
conditions, it will remain the same for the whole frequency range.

The coefficient B may exhibit several local maxima and minima and
four potential singular frequencies when the denominator of Eqn.

3.3.47 is zero,
(qlo - qI2 * w’)’+ ql1*™* o’ =0 (3.3.50)
Since there is no apparent physical reason behind a singularity
in the out-of-phase strain component, Eqn. 3.3.50 warrants some
attention.

Substituting ¢ = o, Eqn. 3.3.50 can be rewritten as

qi2’¢? + (ql1%- 2*ql0*ql2) ¢ + ql0* = 0 (3.3.51)
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Solving 3.3.51,

(p1.2 = ql2 + qll

ql0 qll -qll % (ql12- 4*ql0*ql2)'"? ]

(3.3.52)
2*ql2

The term in brackets is the roots of the homogeneous equation

3.3.26, and Eqn. 3.3.52 can be rewritten in terms of the roots rl, r2

Q0 | a1l

0, = (3.3.53)
2 gl q12

For the general case, the explicit form of ?, is very complex

and a simpler case will be examined. Letting v, = 1 (a 90° laminate),

Eqn. 3.3.53 is reduced to the simpler expression

o, =20 , @l ) (3.3.54)
2 qa2 qa2

After some algebra, the roots of this simpler case are

i _E‘ 3.3.55)
D = - 3.
I and r i (

rl = -

Substituting 3.3.55 in 3.3.54

I <0 ad ¢ =-——<0 (3.3.56)
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In conclusion, there are no real singular frequencies in this
simple case. Due to the complexity of the function B, and the
intricate  dependence of the PAM parameters on stress level and
temperature (Eqn’s 3.2.5 through 3.2.9), it is very hard to draw
general conclusions. Some additional implications of the above results

are presented in the next section.

34 Complex Modulus and Compliance

An additional feature of the PAM representation is the ability to
express the complex moduli and compliance of the laminate in terms of
the material and loading parameters. This capability offers an
opportunity to predict the frequency response of the in-phase and
out-of-phase components and the amount of viscoelastically generated

energy being dissipated and transformed into heat.

3.4.1 Complex Modulus

To evaluate the complex moduli, input the strain
et) = € e’“)t (3.4.1)
to the governing equation 3.3.17. The output stress is

o = ¢ E (i) e (3.4.2)
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where
€ is the input strain amplitude,
i is the square root of -1, and

E (i®) is the complex modulus.

Rewriting Eqn. 3.3.17 as

2 k 2 k
Popl, S0 =7 q 2E (3.4.3)
k dtk k dtk
k=0 k=0

then the complex modulus is the ratio of

2
) qlk(im)k
. k=0
E (iw) = (3.4.49)
2 k
) pl (o)
k=0

Introducing the definitions of governing equation coefficients,

(ql0 - gl2*w?) +i (ql1*w)
E*(im) = - (3.4.5)
(1 - pl2*@?) + i (pl1*w)

From Eqn. 3.4.5, the storage modulus E’(w) and the loss modulus

E"(w) are given by,
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(ql0 - gi2*@w?) (1 - pl2*w?) + qll*pll*w’
(3.4.6)

E'(w) 2.2 24,2
(1- pl2*w")° + pl17*w

qli*e (1 - pl2*@’) - pll*o (ql0 - gl2*’)
E"(w) = - - — (3.4.7)
(1 - pl2*w?)? + pl1*a

The phase lag angle &(w) is defined as the ratio of the loss and

storage moduli,

qll*® (1 - pl2*w?) - pl1*m (ql0 - ql2*w’)
tan &(w) = _ - (3.4.8)
(Ql0 - qI2*w?) (1 - pl2*w?) + qli*pll*®

Note that while E’ and E" are very complex functions of the
frequency ®, it is easy to verify that for ®w=0 (no cyclic loading), E"

reduces to zero as expected.

342 Complex Compliance

To evaluate the complex compliance, input the stress
o) = o, ' (3.4.9)

into the governing equation 3.3.17. The output strain is
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&) = o, D' (i) el (3.4.10)

where
o is the input stress amplitude, and

*
D (im) is the complex compliance.

Using the same method as in paragraph 3.4.1 then the complex

compliance can be expressed as the ratio

2
T pl, o)
. k=0
D" (i) = (3.4.11)
2 K
) gl (iw)
k=0

Introducing the definitions of governing equation coefficients,

(1 - pl2*w?) + i (pl1*m)
D (i) = _ (3.4.12)
(ql0 - qI2*w®) +i (qll1*w)

From Eqn. 3.4.12, the storage compliance D’(w) and the loss

compliance D"(w) are given by,
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(ql0 - gi2*@?)(1 - pl2*w?) + qll*pll*w’
D’(w) = — (3.4.13)
Q0 - gl2*w?)? + ql1**w

-0*gll (1 - pl2*w?) + w*pll (q10 - gl2*w?)
D"(w) = — — (3.4.14)
(ql0 - ql2*w")" + ql1™*w

Not surprisingly, the storage and loss compliance, as well as the
phase lag angle, are simple functions of the in-phase and out-of-phase
terms. Using the definitions of A and B in Equations 3.3.36 and

3.3.47, the compliance can be readily simplified to

A

D@ = — (3.4.15)
ol
B

D) = —— (3.4.16)
c

(3.4.17)
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35 Energy Dissipation and Temperature Distribution
The total amount of energy being generated (W) is

W = j G de (3.5.1)

If the real part of the input stress in Eqn. 3.4.9 is given by,
Re [o(1)] = cicos(mt) (3.5.2)
and the real part of the output strain in Eqn. 3.4.10 is

Re[e(1)] = oa[D’((o) cos(mt) + D"(w) sin(wt)] (3.5.3)
then

d &(t) = -0 ¢ [D’(w)sin(wt) - D"(w) cos(wy)] dt (3.54)

Introducing 3.5.2 and 3.54 in 3.5.1, the amount of energy per cycle is

2n/®
W = J' ‘@ ¢ [D’ sin(wt) + D" cos(wt)] dt (3.5.5)
0

Integrating 3.5.5 and using the relationship 3.4.16,
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W = -x cf D"(w) = -® c B (energy/cycle/volume) (3.5.6)
or VVV =. 9 ¢ D"(w) = - ® o B (energy/time/volume)  (3.5.7)
2 * 2 °
The energy dissipated per unit time - \;"V - is linearly

proportional to the square of the global stress amplitude and a
complex function of the loading frequency: w * D"(w).

To approximate the steady state temperature, it will be assumed
that the temperature is uniform across any cross-section of the
laminate  perpendicular to the loading axis and heat is being
transferred from the specimen through convection (to the surrounding
air) and conduction (at the grips) mechanisms.

For this one-dimensional steady state case, the heat transfer is
governed by differential equation

v

2
d'Tes = hRp . W _p (3.5.8)

d x2 k" k "

and the boundary conditions are,

d Tas
@X=O,TX—=O a.nd@x=i'b,Tds=O (359)

where



Tds(X)

k"

is the temperature differential between the specimen surface Ts
and the ambient temperature, Ta.

is the load axis, x = 0 at the middle of the gripped length,

is half the gripped length of the coupon,

is the overall conduction and convection heat transfer
coefficient of the outer surface plies,

is the effective thermal conductivity of the specimen in the
loading axis direction,

is the surface to volume ratio of the gripped length, and

is the energy source per unit volume per unit time as defined

in Eqn. 3.5.7

The initial  conditions  reflect the  requirements  that  the

temperature gradient be zero at the middle of the specimen and that at

the grips the specimen reaches ambient temperature.

The solution to Eqn. 3.5.8 and the boundary conditions 3.5.9 is,

Tas(x) = W_ [ { . _exp(x vhR/K™) + exp(-x vhR/K™ ) ]

exp(b ViR/K™) + exp(-b vAR/K™ )

_ \i/ 1 - cosh (X \/hmE ; (3.5.10)
cosh (b vhR/K™ )

with the condition that hR/k"2 0, which is always met.

Once the steady state solution to the heat transfer problem is
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known, the transient temperature field is assumed to be of the form,
Ta(x,t) = Tas(x) [ 1 - exp(Mt)] (3.5.11)

where 1 is a constant to be determined.
Checking the boundary conditions; at t = 0 the specimen’s

temperature is equal to the ambient temperature:

Td x,0) = Tas(x) [ 1 - 1] = 0, O.K. (3.5.12)
at to the specimen reaches the steady state temperature distribution:

Ta (x,0) = Tas(x) [ 1 - 0] = Tas(x) O.K. (3.5.13)

at the grips the temperature of the specimen and the grip are always

the same:
Ta (b,t) = Tas(b) [ 1 - exp(mt)] = 0 O.K. (3.5.14)
the temperature gradient at the center of the specimen is always O:

Tda x(O,t) = Tas x(O) [1-expMt)] =0 O.K. (3.5.15)

Then, Eqn. 3.5.11 satisfies all boundary conditions and can be
rearranged to read as the sum of a steady state term and a transient

term,
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Ta(x,t) = Tas(x) + Ta(x,t) = Tas(x) - Tas(x) exp(nt) (3.5.16)

The transient heat transfer is governed by the  partial

differential equation

v

2
aT: .hR 4, W _ 8Te (3.5.17)

a x k" k " a t

Finally, the solution to the transient temperature distribution is,

v

W ot

Ta (x,t) = Tas(x) [ 1 - exp(- K+ Ta) )] = (3.5.18)

W cosh (x VhR/K" ) (. (hR/K") t ’
— |1 - 1 - exp

h R cosh (b \/gle" ) cosh (x V‘IR/k )
1 -
cosh (b VgR/k" ) )]

3.6 Damorheology

The term damorheology has been coined in an effort to
characterize the interaction between damage accumulated due to cyclic

loading and time dependent behavior. This new phrase follows a similar



term - chemorheology - proposed by Tobolsky [125] to describe the
interaction between the damage of polymeric chains (chain scission,
network degradation, etc.) and the changes in the rheological behavior
of the bulk polymer. Murakami and Ono [126] review the fundamentals of
polymer degradation and define chemorheology as encompassing the
physical and chemical aspects involved in the mechanisms, at the
molecular level, of the structural degradation of polymers leading to
changes in the viscoelastic behavior. Murakami and Ono specifically
address the problem of polymers subjected to oscillating strains at
different temperatures and conclude that transitions in the cyclic
stress relaxation behavior are attributable to interaction mechanisms.

Similarly, the existence of a damorheological effect in fiber
reinforced composites implies that a degradation of the residual
elastic response of the laminate due to cyclic damage is accompanied
by changes in the viscoelastic behavior of the material (supported by
Ke et al. [167]). Local damage events not only affect the global
elastic response, but the redistribution of the stresses among the
plies changes the global viscoelastic behavior and vice versa. Stress
relaxation in the vicinity of damage loci may affect the rate of
damage growth (as suggested by Sturgeon [160], Sun and Chan [161],
Saff [162], Sun and Chim [163], Mandell and Meier [164] and others).
In a more general sense we may state that both phenomena, fatigue
damage development and viscoelastic effects, are coupled.

In the extensive mathematical treatment of creep-fatigue

interaction in isotropic media (see discussion in section 2.4.1), rate



dependent and independent damage initiation and growth are separated
into different components for convenience. Usually, the summation is
nonlinear and generally unknown. Unfortunately, rigorous treatment of
such coupling effects in composite materials using the continuum
damage mechanics or other semi- empirical approaches is
philosophically and mathematically complex. Often, fiber reinforced
composites exhibit surprising damorheological behavior.

The pseudo-analog mechanical model discussed above is only an
aid, capable of representing damorheological effects. It is a tool to
account for time dependent stress redistribution among plies and the
effect of different fatigue damage modes on the model coefficients for
each lamina, material, direction, etc. Thus, the changes in the global
damping characteristics are captured in the form of time dependent
storage and loss moduli. From these, the temperature history and
distribution in the material could be computed by assuming appropriate
boundary conditions and heat transfer mechanisms.

Complete histories of the performance of the laminate may be
evaluated only with the aid of a numerical procedure. The rapid
changes in the test conditions due to temperature changes, load
redistribution and damage development preclude a convenient close form
solution. Based on the analysis presented in this chapter, a computer
program has been developed to predict the performance of cross ply
laminates subjected to cyclic loading on the basis of elastic, fatigue
and thermorheological lamina characterization. An overview of the code

is presented in Chapter 6.



4 Materials and Experimental Methods

4.1 Experimental Program

The objectives of the experimental program are to generate the
necessary data to characterize the material system being used in this
study and probe some of the capabilities of the proposed model to
predict the damorheological effect; i.e., deformation, stiffness and
strength  changes during  different load histories involving  cyclic
and/or static loads.

The experimental program, shown in Table 4.1, has two phases. The
first phase is to characterize the compliance of 0° and 90°
unidirectional  laminates as a function of time, temperature, and
stress. The data from isothermal creep tests at different stress
levels and DMA results at different frequencies and temperatures
(multiplexing) are combined using the procedure described in Chapter
3. The appropriate five parameter pseudo-analog mechanical model is
determined for each lamina orientation. In the second phase, the
response of a [0/903]s cross ply laminate subjected to static and
cyclic loads is measured and compared to the predictions of the

proposed model.



Table 4.1 Experimental Program

Stacking Test Stress Life Specimens
Sequence levels Fraction
[0] g Q-static tension 5
Fatigue 4 12
Res. Strength 2 3 18
Creep (*) 6 2
DMA (**) 2
0 0000 O0OO0OOOOOOO0OOOOOOO0O0OO0O0O0O0O0O0O0O0O0OO0O0OO0TO0O0
[90], Q-static tension 5
Fatigue 2 8
Res. Strength 1 2 6
Creep (*) 6 4
DMA (**) 1 3 6
O 00000 0OO0O0CO0OOO0OOOOO0OO0OO0OOO0OOO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0O00O0
[0/903]s Q-static tension S
Fatigue 4 12
Res. Strength 2 3 18
Creep (*) 3 2
DMA (*¥) 1 5 5

(*) Room temperature mechanical creep tests
(**) Includes fixed frequency, multiplexing and creep tests
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4.2 Radel X/T650-42 Thermoplastic System

Radel X/T650-42 by Amoco, a new amorphous polyarylsulphone
thermoplastic - graphite fiber composite, has been chosen as the
subject of this study. This system has advantages over both thermosets
and semi-crystalline thermoplastic matrices, and is especially suited
to the purpose of this investigation. Unlike thermosets,  this
thermoplastic  polymer is able to sustain large deformations. Its
amorphous nature eliminates the large dependency of the properties of
the  consolidated laminate on the manufacturing process and
crystallinity content. On the other hand, as a new product on the
market, the amount of  available data is  restricted. @ Thermal
properties, not available from the supplier, had to be measured using
Differential Scanning Calorimeter (DSC) and Thermo-Mechanical Analysis
(TMA) techniques. Tables 4.2 and 4.3 show a summary of the available
data on the matrix, fiber and composite system.

Panels of Radel X were consolidated using autoclave and hot press
procedures in the Center for Composite Materials and Structures
Fabrication Laboratory. Due to the significant mismatch of
coefficients of thermal expansion between the fibers and the aluminum
tool plate in the autoclave, ripples developed in the surface of the
laminate and this procedure had to be abandoned. A new steel mold,
Richmond E-5555 high temperature glass fiber release fabric and Kapton
film were used in the hot press to ensure good quality panels without

out-of-plane or in-plane fiber waviness. Figure 4.1 shows a cross



Table 4.2  T650-42 graphite fiber and
Radel X (amorphous polyarylsulphone thermoplastic)

Commercially Available Data

Property T650-42 Radel X
Thornel Amoco

Tensile Strength (Ksi) 730 12

Tensile Modulus (Msi) 42 0.4

Tensile Impact (ft-1b/in2) 160

Density (Ib/in3) 0.064

Strain to failure (%) 1.7 40

Longitudinal CTE (PPM/°F) -0.3

Longitudinal K (BTU/hr/ft2/°F) 9

Glass transition temperature (°F) 419

Equilibrium water sorption (wt %) 1.5 - 1.8

Notched Izod (ft-1b/in) 1.6

a  Thornel, Advance Composite Systems

b Amoco Performance Products
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Table 4.3  T650-42/Radel X Thermoplastic Composite
Commercially Available Data (62% fiber by volume)®

0° Tension Strength (Ksi) 330
Strain (%) 1.35
Modulus (Msi) 23.7
0° Compression Strength (Ksi) 155
Strain (%) 0.35
Modulus (Msi) 23.4
90° Tension Strength (Ksi) 6.91
Strain (%) 0.61
Modulus (Msi) 1.17
+/- 45° Tension Strength (Ksi) 33.8

2 Amoco Performance Products
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section of the laminate inside the mold. The hot press consolidating

cycle recommended by the supplier, is shown in Figure 4.2.

43 Specimen Preparation and Mechanical Tests

The panels were C-scanned to determine their quality and
consistency. The surface was inspected visually for fiber waviness and
depression  marks. Imperfect panels or sections were  discarded.
Specimens were cut from 12"x12" panels using a water cooled diamond
saw.

All  mechanical tests: static and cyclic creep, quasi static and
fatigue loading were conducted on 20 kip MTS servo-hydraulic, closed
loop testing machines, equipped with hydraulic, wedge action grips.

Strains were measured with MTS extensometers having one or two
inch gage lengths. The extensometers were mounted on V-notched
aluminum tabs bonded to the specimen with a compliant silicone
adhesive. The extensometer is held in place by four rubber bands. A
layer of emory cloth was placed between the grip surface and the
specimen and the lowest possible grip pressure was applied (depending
on stacking sequence) to avoid grip-induced damage and premature
failure.

All fatigue and cyclic creep tests were conducted in load control
using sinusoidal loading. Fatigue tests were run either to failure or

to a pre-selected number of cycles, followed by the determination of
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the damage state and residual tensile strength tests.
Changes in secant modulus were monitored to follow the

development of damage during cyclic loading. The secant modulus is

defined as,
Gmax— G in
E = m 4.2.1
sec E - E . ( )
max min
where
0. ,0C minimum and maximum cyclic stress,
min max
(S minimum and maximum cyclic strain, and
min max
E secant modulus.
seC
4.4 Nondestructive Tests

Additional information on the possible damage modes and damage
sequence was obtained by several nondestructive techniques.  The
acoustic emission data from selected quasi static and cyclic tests
were recorded. The energy released by damage events such as matrix
cracking or fiber failure creates a sound wave. These events are
detected by a transducer mounted on the specimen and transformed into
an electrical signal. The signal is amplified and can be analyzed to
study the many characteristic of the wave, each carrying specific
information about the damage modes and extent. In this investigation,

the RMS voltage of the signal (related to the total energy released by



the event) was recorded as a function of time. This record revealed
the amount and energy of events as a function of load in a quasi
static test, or as a function of time/cycles in a fatigue test.

Ultrasonic  C-scans of all residual strength  specimens were
performed, as well as more detailed ultrasonic imaging with the aid of
Scanning Acoustic Microscopy. Both techniques use high frequency sound
waves emitted and received by an ultrasonic transmitter. The C-scan
receives the signal after passing through the specimen immersed in a
tank of water that acts a coupling agent. All of the wave
characteristics  carry  information.  Usually the  variations in  the
amplitude of the signal are used to measure the local attenuation
related to defects in the plane of the layered composite such as
delaminations, voids, etc. The nature of the C-scan is such that it
integrates the damage thorough the thickness of the specimen, losing
some of the information. The Scanning Acoustic Microscope is able to
focus the ultrasonic energy at a selected depth and purge the signal
of other information. Scanning the plane of the composite produces an
image of the state of the material at a constant depth. It complements
the C-scan technique by extracting the information at planes of
particular  interest. Details on  acoustic  emission, ultrasonic  scans
and many other techniques are found in [S8].

Combining the nondestructive techniques with in situ temperature
and secant stiffness measurements it was possible to evaluate the time
of appearance, type and extent of the several damage modes that

occurred in unidirectional and cross ply laminates. Cross referencing
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the information obtained by different techniques provided a more

detailed account of the events.

4.5 Thermorheological Characterization

To provide for the numerous data required by the pseudo-analog
model described in Chapter 3, two independent sets of tests were
conducted for each lamina orientation.

The incremental stress creep (ISC) test consists of a series of
increasingly higher load isothermal creep tests with stress relaxation
intervals between loading periods (details are found in [42]). ISC
tests were conducted on 1.2"x10" 8-ply unidirectional coupons in the
0° and 90° orientations. The stress levels increased from 10 to 90% of
the ultimate tensile strength as determined from quasi static loading
tests. Each stress level is repeated three times. The loading period
is 30 minutes and the unloading interval is at least 90 minutes. After
the three repetitions the specimen is unloaded for 16 hours, or 10
times the total loading tme. The specimen’s temperature and
deformation were recorded on a strip chart recorder.

Creep tests at constant load and varying temperature  were
conducted on a Dupont 983 Dynamic Mechanical Analyzer (DMA). A 0.5"x2"
coupon is held between two arms as shown in Figure 4.3 and deforms as
shown in Figure 4.4 [179]. The load is held constant for the duration

of the test while the temperature is increased in steps. The load,
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deformation and temperature are controlled and recorded by the
computerized data acquisition system [179].

The thermorheological characterization also included the lamina
frequency response. Dynamic loading experiments at constant strain
amplitude and varying frequency - multiplexing - were conducted on the
same Dupont 983 Dynamic Mechanical Analyzer. The data analysis
software package available with the Dupont DMA system was used to
perform on-screen time-temperature and frequency-temperature
superposition based on the data from creep and multiplexing tests.
Compliance and complex moduli master curves were evaluated with this
option and the corresponding shift factors were recorded.

The data collected from the isothermal ISC and fixed load DMA
creep tests were first fitted with a five parameter PAM (using linear
regression) and then were combined with a modified Time - Temperature
- Stress Superposition technique. The DMA creep data, obtained at a

nominal stress o, were plotted as

In¢| = [ai+bio°]+ [°i+di°0] In _1¢ ;T
<}_0
_ . Tg - T
In (1)i 0— hi+ 3 In —T, 4.4.1)
o
where

T is the absolute temperature, and



Ts is the absolute glass transition temperature.

The ISC data (obtained at room temperature T were plotted as,

]
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In ¢i’T: ki + lic 4.4.2)
Figure 4.5 shows a schematic of both relationships, as obtained
from DMA and ISC tests.
From the experimentally measured h, j, k, L, and the
relationships  between the @ and PAM  parameters, the explicit

dependence of the ply PAM parameters on temperature and stress is

found by solving

(2] [1 & o 0 h
0 .
4 bi b = 0 O 1 0 ° 4 Ji > (4.4.3)
Tg-T
o-
\ dl J - 0 1 0 In —-Tg—_ \ ll J

Making use of these coefficients, and defining the normalized

temperature
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ISC tests

0 Stress Sult
DMA tests A 0,
h
|
i
- |
1
-
In (Tg-T)/Tg 0

Figure 4.5 ISC and DMA data integration to obtain the PAM parameters
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T* = ﬁ__'_T_ (4.4.4)
Te

Equations 3.2.5 through 3.2.9 can be rewritten as,

E(6.T) = exp [ [ao +bo +cin T +doln T*]] (4.4.5)
El(G,T) = cxp[~ [a| + blo + clln T + dlo In T*]} (4.4.6)
E(0.T) = - exp [ [a2 +bo +cln T* + doIn T*]] 4.7

H (6, T)= exp [(as-al)+(b3-bl)o +c,c)in T* + (d,-d )0 In T*] (4.4.8)

uz(o,T)= exp [(a4-a2)+(b4-b2)c +(c4-cz)ln T* + (d4-d2)o In T*} (4.4.9)



5 Results

Two major sets of results are presented in this chapter. The
first set consists of the mechanical and thermorheological
characterizations of Radel X/T650-42 unidirectional laminates.  This
portion of the experimental program was designed to provide the input
data necessary to run the performance simulation code. The second set
consists of quasi-static, creep, and fatigue tests performed on
[0/90 ,], cross ply laminates of the same material system. In Chapter 7
the data are examined and compared to the values predicted by the
analytical model. To avoid duplications, all the results for each test

procedure are presented together.

5.1 Quasi Static Tensile Testing

The results of quasi static tensile testing of [0]8, and [90] g
laminates (5 specimens each) are summarized in Table 5.1. The 90°
laminates show linear elastic behavior up to failure. The 0° laminates
exhibit marked stiffening as the strain increases. The increase in
stiffness is approximately 15%. Specimens with higher values of
initial  stiffness generally have higher wvalues of tensile strength and
strain to failure, as shown in Figures 5.1.a and 5.1.b.

The [0/903]s cross ply laminates were loaded along the direction

of the outer 0° pliess The summary of quasi static tensile testing

102



Table 5.1

Property

103

Quasi static tensile properties, 0° and 90° Specimens

(mean * standard deviation)

0° laminates

90° laminates

Tensile Strength
(Ksi)

Initial Tensile

Modulus (Msi)

Failure Strain (%)

332 £ 12.1

22.9 £ 0.52

1.397 £ 0.023

10.56 £ 0.51

1.085 = 0.045

0.978 £ 0.053
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results is shown in Table 5.2. These laminates have bilinear
stress-strain ~ behavior with a ragged knee point centered at 0.69%
strain and 46200 psi, as shown in Figure 5.2. The stiffness above the
knee decreases by up to 19%. The initial stiffness is predicted with
good accuracy by Classical Lamination Theory and the knee corresponds
to the first failure of the 90° plies according to the Tsai-Hill
failure criterion.

The global failure strain of the cross ply laminate is lower than
the  failure strain of the 0° laminate. If the local stress
concentration in the 0° plies at the tip of the cracked adjacent 90°
plies is accounted for (using the shear lag model described in the
next section), the local strain does match the 0° unidirectional

laminate ultimate strain.

5.2 Preliminary Shear Lag Analysis

Taking advantage of the in-house shear lag analytical software
[174], the saturation crack spacing, apparent stiffness, and stress
concentration as functions of crack spacing were evaluated for a
[0/90 3]S laminate  (see  section 3.3.1). The  predicted minimum
saturation transverse crack spacing in the 90° plies is 0.06 inch. For
this spacing, the apparent transverse stiffness of the 90° plies is
6.59¢5 psi, or 61% of its original undamaged value. The relationship

between the ratio of apparent to initial transverse stiffness of the
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Table 5.2  Quasi static tensile properties, cross ply laminates

(mean * standard deviation)

Property Radel X, [0/90315
Tensile Strength (Ksi) 72.4 £ 3.05
Knee Stress (Ksi) 46.2 + 2.38
Initial Tensile Modulus (Msi) 6.47 £ 0.24
Secondary Tensile Modulus (Msi) 522 +0.14
Knee Strain (%) 0.693 = 0.02

Failure Strain (%) 1.202 + 0.04
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90° plies and the normalized crack density A*h90 is given by the

master curve shown in Figure 5.3 and predicted by Eqn. 3.3.3,

E’(M)

E’ 7 (0)

2
where the constant B(90) = -0.754, as determined with the aid of the
CDS code.

Applying the same analysis in the transverse direction of the 0°
plies yields the minimum saturation longitudinal crack spacing in the
0° plies, which is 0.055 inch. For this spacing, the apparent
transverse  stiffness of the 0° plies is 8.203e5 psi, or 76% of its
original undamaged value. The relationship between the ratio of
apparent to initial transverse stiffness of the 0° plies and the
normalized longitudinal crack density A*hO is given by the master

curve shown in Figure 5.4 and predicted by,

EJ(A)
5 =1 + BO) * [A*h0] (5.2.2)
E (0)
2
where the constant B(0) = -1.278, as determined with the aid of the
CDS code.

The CDS ~code also providled a prediction of the stress
concentration in the 0° plies for a given crack spacing. When the
first crack appears across the thickness of all the 90° plies the

initial stress concentration is 1.142. The magnitude of the stress
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concentration as a function of normalized crack density can be
represented by the master curve presented in Eqn. 3.39 and shown in

Figure 5.5.

K@)

=1+ & * [A*h90] (5.2.3)
K(0)

where the constant 8 = -0.0941, as determined with the aid of the CDS
code. The magnitude of the stress concentration decreases to 1.088

after the cracked laminate reaches the characteristic damage state.

53 Thermal Properties

Thermal properties are required to complete a proper laminate
analysis. Some of the thermal properties of the the T650-42/Radel X
thermoplastic composite system were not available and had to be
measured. Using the Dupont TMA7 Thermo Mechanical Analyzer, the lamina
coefficients of thermal expansion in the fiber and  transverse
direction were measured. With this technique, the thermal expansion
was measured as a function of temperature up to and beyond the glass
transition temperature. Figures 5.6 and 5.7 show the thermal expansion
of a [O]8 laminate in the fiber and transverse direction. Due to the
configuration of the test, only the values obtained below the Tg

(419°F) are valid.
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The analysis of the data is performed by linear regression over a
user-specified range of temperatures. The change in length (AL) due to
a change in temperature (AT) is given by the relationship: AL = o*L*AT
where L is the original length and a is coefficient of thermal
expansion. In the temperature range of this experimental program, the
coefficients of thermal expansion in the fiber (0°) and transverse

(90°) directions are,

a0° =0 1/°F a(90°) = 1.83 e-5 1/°F

The longitudinal (along the direction of the outer 0° plies) and
transverse  coefficients of thermal expansion for the [0/903]s Cross
ply laminate were measured as well and are shown in Figures 5.8 and
59. The measured laminate values are lower than those predicted by

classical lamination theory by as much as 30% ,

al) = 1.004 e-5 1/°F a(T) = 3.47 e-6 1/°F

To measure the exact glass transition temperature, a small sample
of T650-42/Radel X was tested in a Dupont 2100 DSC, Differential
Scanning Calorimeter. The actual measured value of Tg is 419°F
(215°C), and it matches exactly the manufacturer’s data for the Radel
X thermoplastic resin. The DSC trace is shown in Figure 5.10.

The storage and loss moduli thermal response were measured using

the Dupont 983 Dynamic Mechanical Analyzer (DMA). The traces for
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undamaged 0°, 90° and [0/903]s laminates are shown in Figures 5.11,
5.12 and 5.13. The storage modulus of the O0° laminate shows little
dependence on temperature up to 177°C and an order of magnitude drop
over a narrow temperature range centered at 225°C. The loss modulus is
very small with a sharp peak at 235°C. The storage modulus of the 90°
laminates decreases continuously up to 200°C and then drops to zero
over a narrow temperature range centered at 215°C, which is the Tg of
the matrix. The loss modulus is very small with a sharp peak centered
at 220°C. This difference of 15°C in the location of the E" peak
between longitudinal and transverse reinforcement is found in many
fiber composites, as shown by Theocaris [177], and it is the result of
the different constraint on the matrix material.

The storage modulus of the cross ply laminates shows traits of
both the 0° and 90° laminates. Its value is constant up to 100°C, it
slowly decreases up to 220°C and then drops by an order of magnitude
over a narrow temperature range centered at 225°C. The loss modulus is
small with a relatively broader peak centered at 235°C, exactly the
same peak temperature as the 0° unidirectional laminates.

To ensure that no structural damage occurs to the matrix when
coupons are subjected to long creep tests in the DMA at temperatures
up to 482°F (250°C), a specimen was tested in a Dupont 2100 TGA,
Thermal Gravimetric Analyzer. As shown in Figure 5.14, no significant
weight loss occurs up to 788°F (420°C), well beyond the range of DMA

tests.
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54 Fatigue Response

The fatigue characterization of the T650-42/Radel X  system
included S/N curves for 0° and 90° unidirectional laminates at 10 Hz
and a stress ratio R=0.1, secant stiffness monitoring, temperature
profiles, and residual strength measurements.

The S/N data for the 0° and 90° laminates are plotted in
logarithmic form in Figures 5.15.a and b. The unidirectional fatigue

response has been fitted with the linear logarithmic relationships,

c
Log —™*% =1o0gS =b0* Log N (0° plies) (5.4.1)
XT f
c
Log — ™% =1log S = b90 * Log N (90° plies) (5.4.2)
YT
where: C is the maximum cyclic stress,
XT is the  ultimate longitudinal  tensile  strength,
YT is the ultimate transverse tensile strength,
S is the stress level,
Nf is the number of cycles to failure, and

b0, b90  are coefficients obtained from linear regression,

-0.10106
0.979

o
o
]

"

-0.0263, b90
= 0.963 R?

~
™~
|
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Stiffness and temperature monitoring of the 90° coupons during
cyclic loading reveal that there are no measurable temperature or
stiffness changes preceding failure. Failure occurs as a crack rapidly
propagates across the width of the specimen. The crack surfaces are
relatively smooth.

The 0° unidirectional coupons exhibit only a minor degradation of
stiffness throughout most of their life. As shown in Figure 5.16,
there is less than 1.5% degradation in the axial stiffness after more
than 90% of the fatigue life. In some instances there is a small
increase  (<0.1%) in the early stages that could be attributed to
cyclic stiffening but it is probably due to the inaccuracy of the
dynamic measurements.

Figure 5.17 is a characteristic  temperature and  acoustic
emission (AE) profilee. The AE profile (inverted scale in Figure 5.17)
shows that events occur throughout the fatigue life, generally with an
increasing amplitude (RMS voltage) trend. High energy events occur
upon loading. Extremely energetic events that exceed the scale precede
failure. The temperature profile shows a small initial rise in
temperature  (its magnitude depending on the stress level), constant
temperature throughout most of the test (with a small increase due to
the increasing temperature of the grips), and a sharp rise towards the
end of life. Both profiles complement one another. The temperature
peak and high energy events are accompanied by a rapid decrease in
residual  strength and even  faster  degradation of  longitudinal

stiffness. Failure is of the broom type and the test section of the
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fatigue  specimen  practically  disintegrates with  fibers and  pieces
coming apart.

Residual  strength  results are plotted vs. approximated life
fraction (n/Nr, where Nrf is the average number of cycles to failure)
in Figure 5.18 and vs. normalized remaining stiffness in Figure 5.19.
Strength and remaining stiffness seem to be correlated in a nonlinear
fashion creating a concave curve; i.. strength reduction precedes
stiffness  degradation. The remaining stiffness - E (n), and residual
strength - RS(n) of the 0° coupons were correlated with life fraction
with corresponding power law relationships, as described in Chapter 3.

Simplifying Equations 3.3.12 and 3.3.13,

n P
E,(n) = E (0) [ 1-(1-S) [ n ] ] (5.4.3)
1
Nt '
n \®
RS(n) = RS(0) [ 1-(1-S) [ L ] ] (5.4.9)
Nr
where: EI(O) is the initial stiffness,
RS(0) is the initial tensile strength,
S is the constant cyclic stress level,
Nt is the number of cycles to failure at constant S,
n is the number of cycles, and
pb,gb are coefficients obtained from linear regression,

pb = 105, gb = 35
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Cross ply laminates were tested at stress levels of 0.70, 0.65,
0.60 and 0.55. The resulting fatigue lives range from a few hundred
cycles to over one million cycles, as shown in Figure 5.20. The
normalized stiffness traces for S$=0.65, 0.60 and 0.55 are shown in
Figures 5.21.a, b and c. For the highest stress level, S=0.7, the
stiffness  changes  constantly throughout its very short life.  For
S$=0.65 the stiffness reduced to approximately 93% of the initial
stiffness during the first 30% of life. Between 30 and 90% of life
stiffness decreases to 90% of the initial value. During the final 10%
of life, the stiffness decreases rapidly. For S=0.6 a secondary stable
stiffness of approximately 88 to 90% of the undamaged laminate
stiffness is reached during the initial 5 to 10% of life. After the
initial degradation, the stiffness remains fairly constant for most of
the life. Near the end of life, stiffness reduces rapidly, forewarning
of impending failure. For S§=0.55, the behavior of the stiffness is
very similar to that recorded for S=0.6; but life exceeded one million
cycles.

The fracture surfaces of the [0/9()3]s specimens demonstrate the
effects of loading history on the damage and fracture processes. For
low stress levels (S<0.60), the outer 0° plies exhibit a broom type
failure with extensive delamination at the 0/90 interfaces, as shown
in Figure 5.22 next to a quasi static failure, which has a well
defined fracture surface and only minor delaminations. The inner core
of 90° plies fracture at several locations into multiple pieces.

The transient cyclic deformation exhibits behavior corresponding
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to the stiffness degradation, as shown in Figures 5.23.a, b and c for
the same stress levels. In these figures, transient deformation (open
squares) is plotted as the difference between the dynamic and first
cycle strain at maximum load vs. number of cycles. Due to cyclic
anelastic deformation, the magnitude of the transient cyclic
deformation is much larger than that anticipated by stiffness changes
(filled triangles) alone. The ratio is approximately 40% for all
stress levels.

The residual strength of cross ply laminates was determined for
S=0.60 and 0.55 at three different life fractions. Three replicates
were run at each life fraction. The selected points are,

1.  midway through the initial stiffness degradation stage,

2. immediately after the initial stiffness  degradation  stage s
completed and a stable stiffness is achieved,

3. 200000 cycles for S=0.6 (n/Ni20.50) and 1 million cycles for

S$=0.55.

The results of the residual strength tests are presented in
Tables 5.3 and 5.4, and plotted vs. normalized stiffness in Figure
524. It is apparent that the strength and stiffness reduction do not
correspond  directly. Unlike the case of the 0° Ilaminates, a
significant  stiffness reduction due to cracking in the 90° plies
occurs with no significant reduction in strength. Strength reduction
is also linked to a reduction in failure strain and is dependent on

the fatigue stress level.
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Table 5.3 Tensile Residual Properties, Cross Ply Laminates, $S=0.55
Cycles Residual R.S. Ini tial El init. Failure
Strength UTS Mo d ulus E1 R.S. Strain
psi Msi %
4000 70417 0.97 5.88 0.92 1.19
50000 66349 0.92 5.57 0.86 1.17
le6 58492 0.81 5.43 0.87 1.09
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Table 5.4  Tensile Residual Properties, Cross Ply Laminates, S=0.60
Cycles Residual R.S. Ini tial El init. Fai l ure
Strength UTS Mod ulus E1 R.S. Strain
psi Msi %
1500 73214 1.01 6.17 0.94 1.20
20000 61429 0.85 5.72 0.90 1.06
200000 62143 0.86 5.57 0.87 1.12
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5.5 Nondestructive Damage Evaluation

In order to aid in the investigation of the damage sequence
occurring during the fatigue loading of cross ply laminates, all
residual strength specimens were C-scanned at 15 MHz before and after
being cycled. Such C-scans are presented in Figures 5.25 through 5.31.
In these figures it is evident that damage has evolved in the form of
matrix cracking and progressive delamination. It seems that the amount
of delamination is greater in specimens cycled at lower stress levels.

In order to further investigate the amount and types of damage
present in the cross ply laminates, Acoustic Scanning Microscopy was
used to produce images of the surface, 0/90 interface, and interior
90° plies. A series of images is shown in Figures 5.32 through 5.34,
for specimens tested at S=0.55 up to 4000, 50000 and 1 million cycles,
as well as the image from a quasi-static failed specimen, Figure 35.35.
The length of the photograph is always along the fiber direction in
the 0° outer plies.

By examination of the cycled specimens, it is easy to recognize
that two sets of cracks develop in cross-ply laminates, as predicted
by the Shear Lag Analysis presented in S5.2. First, a transverse crack
array develops across the width of the specimen in the 90° plies. It
is partially developed at 4000 cycles where the spacing is irregular
and some cracks do not span across the width of the specimen. At 50000

cycles, the array is regular and fully developed. The spacing has an
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Figure 526 C-scans, S=0.55, 4000 cycles
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Figure 5.33 Scanning Acoustic Microscope image, $=0.55,

50000 cycles, 0/90 interface
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average value of 0.063", which compares very well with the Shear Lag
value of 0.06". At 1 million cycles, large delaminations emanating
from the crack and extending in the direction of the load are present.

Secondly, a longitudinal crack array develops in the 0° plies. It
appears at the same time as the first array but the spacing remains
irregular. The average spacing varies between 0.035" and 0.06". Again,
it is consistent with the predicted value of 0.055". Even at 1 million
cycles no delaminations seem to initiate at these cracks. But, it is
evident that many internal delaminations initiate at the intersection
of longitudinal and transverse cracks. .

Examination of the failed quasi-static specimen reveals that the
crack arrays are only partially developed. The crack spacing is
irregular, some cracks do not span the width of the specimen and
delaminations at the interface are very limited. This observation
indicates that damage which accumulates during cyclic loading is much
more extensive and diverse than that for quasi static loading.

From the body of nondestructive evaluation results, it is evident
that delaminations do not initiate preferentially at the edges, and
that damage is evenly distributed along both axis of the specimen. It
is expected that damage sustained by a volume spanning transverse and
longitudinal cracks and the thickness of the coupon represents the

total damage present in the specimen.
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5.6 Time Dependent Behavior

The investigation of the viscoelastic response of the

T650-42/Radel X was conducted using two independent techniques;

a.  mechanical and cyclic creep tests of 0° and 90° laminates at
stress levels ranging from 20 to 90% of their ultimate tensile
strength.

b. creep and multiplexing tests on the Dynamic Mechanical Analyzer
at temperatures ranging from room temperature to 475°F.

Combining the compliance and temperature data obtained from these

two techniques, the pseudo-analog model parameters are computed.

5.6.1 Mechanical Creep Tests

Incremental stress creep (ISC) tests were conducted on 0° and 90°
coupons. The 0° specimens showed no measurable compliance changes,
even when loaded at 90% of their ultimate tensile strength for
prolonged periods of time. Consequently, the 0° plies will be
considered elastic at room temperature.

The transient compliance of 90° specimens at stress levels
ranging from 50 to 90% of UTS is shown in Figure 5.36. The data
suggest  that the compliance is  independent of  stress  level.
Isochronous stress-strain curves at 400 and 24000 seconds are shown in
Figure 5.37. Both results indicate that the 90° plies exhibit linear
viscoelastic  behavior. The apparent modulus drops from an initial

value of 1.085 Msi at t=0 to 1.082 Msi at 600 seconds, and 1.07 Msi at
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24000 seconds.
The room temperature average compliance of the 90° laminates was

fitted with a 5-parameter PAM. The values are,

E0= 1.085e6 psi from the quasi static measurements.
E|= 1.280e8 psi H= 1.325e11 psi-sec
E2= -4.946¢7 psi W= 6.42el12 psi-sec

The average measured compliance for S=0.5 to 0.9 and fitted
S-parameter PAM are shown in Figure 5.38. The long term compliance of
a different coupon tested in creep at 90% UTS is shown in Figure 5.39,
together with the prediction based on the above parameters.

Additional experiments were performed to explore the capabilities
of the analytical model to predict the transient deformation where no
fatigue damage is involved. These experiments include cyclic creep
loading of 90° coupons at mean loads corresponding to 60, 70 and 80%
of UTS, with a cyclic amplitude of 10% UTS at 0.1 Hz, and static creep
loading of cross ply laminates. The comparison of these results and

the model predictions is discussed in Chapter 7.

5.6.2  Dynamic Mechanical Analysis

Creep and multiplexing tests were performed on 90° unidirectional
laminates as part of the thermoviscoelastic characterization  effort.
Specimens were cut from virgin, undamaged coupons and tested at very

low stresses at temperatures ranging from 30°C to 240°C, well above
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the glass transition temperature. It is important to note that the
absolute moduli values computed by the commercial DMA software are
erroneous. The moduli are evaluated from displacement and force
measurements using formulae applicable to isotropic materials only.
The error is proportional for all computed values. The results
represent the true time dependent behavior and should be regarded in

this context.

Unidirectional Laminates

The results are best presented in the form of master curves by
employing the superposition method, described in [3,10] and section
2.3. The frequency response of the storage and loss moduli of
undamaged 90° laminates are shown in Figures 5.40 and 5.41 for all
seven test frequencies, between 0.1 and 10 Hz. Using frequency -
temperature  superposition the data collected at different frequencies
is shifted horizontally to produce a frequency master curve. The
master curves, as shown in Figures 542 and 5.43, arc double
logarithmic plots where the shifted storage (E’) or loss (E") moduli
are plotted versus the loading frequency - f.

At 210°C the storage modulus decreases  with  decreasing
frequencies with a particularly sharp decrease between log[f(Hz)]=0
and -4. The loss modulus exhibits a broad peak, approximately at
log[f(Hz)]=-5. The same response could be plotted at any temperature
by employing the corresponding horizontal shift factors. The  shift

factors do not obey the Arrhenius or WLF relationships. There are two
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distinct regions. Above Tz the shift factors decrease rapidly, but
they change very little for temperatures below the glass transition
temperature.

The response of cycled 90° unidirectional specimens was  also
measured to asses the effects of damage on the viscoelastic response.
Fixed frequency, creep and multiplexing tests were conducted. It is
assumed that the DMA testing procedure, which employs very small
loads, does not increase the amount of cyclic damage already present
in the specimen.

A comparison of the storage and loss moduli vs. temperature
response is shown in Figure 5.44. The damaged specimen was cut from a
90° coupon, cycled at S=0.3, which failed after 959000 cycles.
Extensive matrix cracking is evident from visual inspection of the
failed coupon. The magnitude of the storage modulus and the peak of
the loss modulus are reduced significantly. The position of the peak
shifts from 220°C to 235°C, which is the peak temperature of undamaged
0° laminates.

Storage and loss moduli frequency master curves (at a reference
temperature of 210°C) are shown in Figures 5.45.a and b. The magnitude
of the storage modulus diminishes and the curve slightly shifts to the
rightt The magnitude of the loss modulus also decreases but there is
not enough information to determine whether there is a shift. The
creep compliance master curves, shown in Figure 5.46 at a reference
temperature of 210°C, show that the response of the damaged specimen

has a definite shift to the right and towards higher compliance. But,
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if the shift factors are taken into account, the relative horizontal
position of the above mastercurves is reversed at room temperature.
The overall effect of cyclic damage on the time dependent behavior of
the 90° plies at room temperature is to accelerate the deformation

process.

Cross Ply Laminates

The effects of cyclic damage on the thermoviscoelastic behavior
of cross ply laminates were examined in some detail. In addition to
undamaged laminates, specimens were cut from coupons cycled at S=0.55
for 4000, 50000 and 1 million cycles. The details of the damage state
after such cyclic loading have been described in sections 5.4 and 5.5.

The fixed frequency storage and loss moduli traces are compared
in Figures 5.47 and 5.48. The storage modulus vs. temperature response
decreases in  magnitude at 4000 and 50000 cycles keeping the
characteristic shape of the undamaged laminate. The response increases
slightly for 1 million cycles and it assumes the characteristic shape
of the 0° unidirectional laminates (as shown in Figure 5.11). The loss
modulus vs. temperature response retains its original shape with a
peak centered at 225°C. The magnitude of the peak decreases at 4000
and 50000 cycles.

The storage and loss moduli master curves obtained from
multiplexing experiments are shown in Figures 549 and 550 at a
reference  temperature of 210°C. The storage modulus vs. frequency

master curve of the undamaged laminate shows a small reduction in
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modulus with decreasing frequency in the range of log[f(Hz)]=-4 to 11,
a sharp drop between log[f(Hz)]=-4 and -6, and a secondary shoulder
centered at log[f(Hz)]=-9. The master curves of the damaged coupons
show a decreasing magnitude and a shift to the right as damage
progresses. The traces for 4000 and 50000 cycles retain the shape of
the undamaged laminate. Again, the trace for 1 million cycles shows
some increase in magnitude with respect to 50000 cycles and a
shallower frequency response.

The loss moduli master curve of the undamaged laminate shows one
broad peak centered at log[f(Hz)]=-5 and a shoulder at -1. The loss
modulus of coupons cycled for 4000 and 50000 cycles exhibits a
diminishing magnitude and a shift to the right. The curves retain the
shape of the curve for the undamaged laminate. The higher frequency
end seems to rise as damage progresses. Once again, the trace of the 1
million cycles specimen is slightly higher than that of the 50000
cycles specimen and has no secondary shoulder.

A comparison of creep behavior at elevated temperature and creep
compliance master curves is presented in Figures 5.51 and 5.52. Both
figures indicate that creep of the cross ply laminates is magnified by
progressive damage and that no additional changes in the creep
behavior are found between 50000 and 1 million cycles (8=0.55). This
would confirm the trend found in the complex moduli frequency
response.

As was the case for 90° unidirectional laminates, none of the

shift factors, whether creep compliance or complex moduli frequency



183

ainjesadud) y3iy @ sajeunue] A|d ssosd papPAd pue wdna ‘dava)

(urw) owr

IS'S dIndiy

(01 Ge 0c Gl 0] ! q 0
1 1 1 1 1 1 1 1 1 1 O
==/
_ - - 4 |
- - /
- - < .
- - \s\ Imo O
_ - - .u\
--" v i 3
- P £
- e . m
\\\.\\\ \\ ...—«O m
....\.“.\.“\ - MU
. c..\.
......\....\..\ ~SHO m.
\\ o
L - B
R (¢}
\ wm_o>0 UOIIIN | -ooveneees ﬁNO ~
LT $99A0 00005 -——— 2
- . 2}
- s8j0AD 000 - — — - =
pebewepun G20
otie=1 -

€0



184

ot

sojeunue] A|d ssosd> papAd pue urdaa jo duendwo) ddu)  7s's N3y

(09s) awit], 307
1 | 1 i 1 i L L \ . mwl
Jtiec= I
..O.@..
lm.m..
,.O.mn
7 SBI9AD UOIIIN | «veveeenee
4 . $8/0A0 0000G -—-—- — i
7 $910AD 000Y - — — - L Gp-
’ .7
e~ pabewepun
4 -
o7
ov-

(1sd/1) soueridwoy 3o



185

mastercurves, obey Arrhenius or WLF relationships. The shift factors
exhibit significantly different behavior below and above the glass
transition  temperature (215°C), and are greatly influenced by the
presence of damage. Above Tg the shift factors decrease rapidly while
they change wvery little for temperatures below the glass transition
temperature. In general, damage results in higher initial compliance,
smaller dissipation at peak frequency/temperature but higher
dissipation at  low  temperatures/high frequencies, shifts  of  the
apparent Tg, and temperature dependent acceleration or retardation of
the deformation process. Some of the implications are discussed in

Chapter 7.

5.6.3 The PAM Parameters

The techniques developed in Chapters 3 and 4 were used to
evaluate the pseudo-analog parameters.

In the fiber orientation, the elastic response is nonlinear with
marked  stiffening. It also exhibits certain temperature  dependence.
Since no significant time dependent deformation was measured, the
model for the 0° plies is reduced to one parameter, eb0. The
temperature and stress dependence of the elastic response in the fiber
orientation was determined from the initial deformation measured in
mechanical (ISC) and thermal (DMA) creep experiments. Recalling

Equations 4.4.4 and 4.4.5, the parameter ebQ is given by,

- In(eb0) = al0 + bloo + cl0 In T* + dloo In T* (5.6.6)
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Using linear regression, the coefficients are
al = -16.94967 bl = -2.35736e-8 cl = -3.2593¢;3 d=20

In the transverse direction the stress-strain curve is linear and
the time dependent response is linear viscoelastic. Thus, the number
of coefficients to be determined is reduced by half. The temperature
dependence in the transverse direction is given by the following

relationships derived from Equations 4.4.4 through 4.4.9,

- In(ea0) = ato + ct0 In T* (5.6.1)
- In(eal) = at + ct In T* (5.6.2)
- In(-ea2) = at, + ct In T* (5.6.3)
In(mal) = (at- at ) + (ct - ct ) In T* (5.6.4)
In(ma2) = (at,- at,) + (ct,- ct,) In T* (5.6.5)

and the values of the coefficients from linear regression are,
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at = -13.9403 ct = -0.046583
at = -18.71165 ct = -0.046762
at= -17.76082 ct,= -0.046867
at,= 8.2633 ct,= 1.37179
at,= 13.06797 ct,= 1.37195

There is not enough data to analyze the comprehensive effect of
damage (modes, extent, etc.) on each and every one of the PAM model
parameters of the 90° plies. In Chapter 6 (the numerical code), power
law relationships were used to correlate damage-induced changes in the

transient compliance to the elastic response.



6 CYPERS, Cyclic Performance Simulation

6.1 Introduction

As part of the analytical effort, the cyclic performance
simulation code CYPERS has been developed. It is able to predict the
performance of cross ply laminates subjected to cyclic loading on the
basis of elastic, fatigue and thermorheological lamina
characterization. The basic premise is that for a certain interval of
time (or cycles), the constitutive equations (presented in chapter 3)
hold tue. The length of each interval is determined by a series of
criteria involving the magnitude and rate of change of the internal
state of stress, temperature, and damage. At the end of each interval,
the lamina  properties and test conditions are updated before
initiating the next step. Maximum strain, residual strength, and the
critical element  remaining life  failure  criteria are  checked for
laminate failure. Figure 6.1 shows a schematic of the computer program
structure. The present version can be readily extended to handle
arbitrary laminates subjected to any combination of static and cyclic
loads. The main procedures, necessary data input, and available output

are reviewed in this chapter.

188
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6.2 Data Input

The data requirements of the CYPERS code are quite large. Inputs
include quasi-static, fatigue, thermal and viscoelastic
characteristics for all lamina materials and/or  orientations in
addition to stacking sequence, loading conditions and more.

The quasi-static mechanical characteristics at lamina level include,
- Ultimate tensile strength, longitudinal and transverse

- Compressive strength, longitudinal and transverse

- Shear strength

- Tensile, compressive and shear stiffness

- Strain to failure, longitudinal and transverse

- Major Poisson’s ratio

- Damage and fracture modes

The fatigue characteristics at lamina level include,
- Life at varying stress levels (S/N curve)

- Dynamic stiffness

- Residual strength

- Temperature history

- Damage modes, sequence and fracture

The required thermal and moisture characteristics include,
- Longitudinal and transverse coefficients of thermal expansion

- Longitudinal and transverse heat conduction coefficients
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- Heat transfer coefficient

- Initial ambient temperature

- Glass transition temperature

- Stress free temperature

- Longitudinal and transverse coefficients of moisture expansion

- Moisture content

In addition, some prior analysis of the laminate response is
necessary to determine the relationships  between  transverse  ply
stiffness and crack spacing of the 90° plies, and the stress
concentration at the crack tip and crack spacing. This analysis is
described in Chapter 3 and was performed using available in-house
Shear-Lag software. The resulting master curves were shown in Chapter
5.

The formulation of the generalized pseudo-analog model requires
that for each lamina materials and/or orientation, up to 20
coefficients are specified.

Simple loading histories can be introduced by global definitions;
€.g., load and temperature for isothermal creep; initial temperature,
maximum cyclic load, stress ratio, and frequency for cyclic fatigue.
In more complex cases, the loading history is introduced by defining
all relevant parameters for each loading block.

In the initial phase of the program, most of the input data, as
well as the preliminary stress evaluation (CLT) and other initial

values are presented in table format, as shown in Figure 6.2. The
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capability to change any of these parameters is built into the code by

following the prompts.

6.3 Main Procedures

Although this particular code could be readily generalized to
handle any arbitrary laminate, this version is limited to cross ply
laminates. Thus, the procedures are described in terms of their effect
on the 0° and 90° plies.

Since a «closed form solution for the static load situation
exists, as stated in Eqn. 3.3.25, the numerical code is superfluous in
this case. This code was developed to predict the response under
cyclic loads only, but it can easily be extended to handle static
loads or combinations of static and cyclic loads.

Strain and temperature are the two independent variables used by
this code to evaluate the cyclic performance of the laminate. As
described in  paragraph 6.2 the ply stresses, the initial elastic
deformation, stress concentration, and the PAM parameters are known
before the first interval begins. The main steps of the iterative code

are described in the next few paragraphs.

Life Fraction

The first step is to evaluate the remaining "life" and the

fraction of "used up" life of each ply at the current stress levels.
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In the case of the 90° plies, life is defined as the number of cycles
to attain the Characteristic Damage State (CDS). For the 0° plies,
"life" is the number of cycles to failure at the local level. To do
so, the stresses are amplified by the cumrent stress concentration
factor, a function of the «current crack spacing. To account for
multiaxial stresses and the local stress concentration, the equivalent
stress level in the 0° plies 1is redefined on the basis of the

Tsai-Hill criterion,

where snbloc is the local stress level in the 0° plies, K is the

magnitude of the stress concentration, and

XT, YT, S longitudinal, transverse and shear strength, 0° plies

G, 0, T, in-plane stresses, 0° plies

In both cases the wused up fraction of life corresponds to the
successive addition of the ratios between the length of the interval
and the remaining life. When the life fraction of the 90° plies
reaches the value of 1, CDS is attained. From that point on, the crack
spacing and stress concentration remain constant. The life of the O0°
plies, the critical element, determines the life of the laminate. By
virtue of stress reintroduction into the cracked plies and the

time-dependent behavior of the 90° plies, life after the CDS is
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achieved cannot be determined by simple addition of the number of
cycles to attain the CDS and the remaining life of the 0° plies at
that moment. Such course leads to large over prediction of the life of
the laminate. Once the wused life fraction of the critical element

reaches the value of 1, failure occurs and the run is ended.

Viscoelastic Response

The second step is to evaluate the viscoelastic response of the
laminate. First  the  coefficients of the differential constitutive
relationship (Eqn. 3.3.17) are determined, taking into account the
current ply stresses and specimen temperature. Then, the current
complex moduli and compliance of the laminate, the phase lag angle and
the energy dissipated per wunit volume per cycle (or time) are
evaluated. Using this information and the temperature determined from
the previous interval, the temperature distribution and  maximum
specimen temperature at the end of the current interval are derived.

The strains at mean and maximum load at the end of the interval
are found by solving Eqgn. 3.3.34. The local strain concentration in
the 0° plies is calculated from Eqn. 3.3.9. The apparent creep rate
and the residual strain (corresponding to zero load) are also

evaluated.

Damage Evaluation

The third step is to evaluate the damage accumulated by the

different plies at the end of the interval. Damage is represented by
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changes in the stiffness and strength of each ply.

The longitudinal, transverse, and shear stiffness of each ply are
reduced separately. No procedure exists to alter the Poisson ratios,
but the apparent laminate Poisson ratio is drastically changed by the
degradation of the lamina properties.

Recalling Equation 5.4.3, the remaining longitudinal stiffness is
reduced according to the experimentally measured degradation of the

unidirectional 0° laminates,

_ * * deln pb
eb0 = eb0(0)*|1-(1-snb) fracb + (6.3.2)
tfbint
where,
eb0 is the current longitudinal stiffness, 0° plies

eb0(0) is the initial longitudinal stiffness, 0° plies

snb is the ratio between the maximum stress level in 0° plies to
the ultimate tensile strength of the 0° plies,

fracb  "used up" life fraction of 0° plies at beginning of interval,

tfbint  is the remaining life at the beginning of current interval,

deln is the length of current interval, and

pb is an experimental stiffness degradation power, 0° plies.

The apparent transverse stiffness of the 90° plies is reduced
using Eqn. 3.3.8, a function of crack spacing and the life
relationship for this ply orientation. Once the CDS has been achieved,

it remains relatively constant, changing only if the stiffness of the
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constraining 0° plies is degraded. The transverse stiffness of the 0°
plies is degraded in a similar fashion, but its minimum crack spacing
and the CDS apparent transverse stiffness are different from those of
the 90° plies. It is assumed that the CDS in the 0° plies is reached

at the same time as that in the 90° plies. Eqn. 3.3.8 is replaced by,

eb0 * YT * (10int + deln)??°
eal = (6.3.3)

S *(1 + k90) - k90 * YT *(tOint + deln)?”

where,

ea( is the transverse stiffness of the 90° plies,

eb0 longitudinal stiffness of the 0° plies given by Eqn. 6.3.1,
YT is the transverse strength, unidirectional laminate,

t0int  is the number of cycles at the beginning of the interval,
S is the maximum applied global stress,

k90 is the ratio of 90° to 0° thickness, and

b90 is the experimental life power, 90° plies (Eqn. 3.3.5).

The shear stiffness of both orientations is reduced by an amount
proportional to the degradation of the transverse stiffness of the
relevant ply.

The residual strength of the laminate is considered to be the sum
of the stresses supported by all plies at the laminate’s failure
strain  of 1.202%. Recalling Equation 5.4.4, the remaining strength of

the 0° plies is calculated from their experimentally measured residual
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strength, given by,

deln qb
restb = XT - XT * (1-snbloc)*|fracb + (6.3.4)
tfbint

where,

snbloc is the local maximum stress in the 0° plies, Equation 6.3.1,
restrb is the residual strength of 0° plies,

XT is the initial tensile strength of 0° plies, and

gb is the experimental strength degradation power, 0°

The stress supported by the 90° plies is calculated by
multiplying the strain to failure of the laminate by the current
apparent stiffness of the 90° plies. The remaining strength of the
laminate - RS - is the sum of both contributions multiplied by the
corresponding  volume  fractions, taking into  account the  current

residual stresses and stress concentration.

Failure Criteria

The computer run is ended once the used life fraction of the 0°
plies reaches the wvalue of 1. Two additional failure criteria are
employed.

The  residual  strength  failure  criterion is based on  the
normalized residual strength at the local level. It has an initial
value of 1, and it is O when the strength of the laminate reaches the

maximum applied stress, as shown schematically in Figure 6.3. It is
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RESIDUAL STRENGTH FAILURE CRITERION

S/Sult

RS(P)

Failure Criterion =

RS(0)

-

Cycles

Figure 6.3 Residual strength failure criterion, schematic
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defined as,

RS - S _ RS(P) (6.3.5)
SF - § RS(0)

fcrestr =

where,
fcrestr is the residual strength failure criterion,
RS is the local residual strength, and

SF is the undamaged laminate strength, quasi-static test.

The deformation failure criterion is based on the ratio of the
maximum local deformation of the 0° plies and the strain to failure of
a unidirectional 0° laminate. Its initial value is 1, and reaches O

when the laminate fails. A schematic is shown Figure 6.4. It is

defined as,
femaxe = maxe - toeloc = RE(P) (6.3.6)
maxe - toeloc(0) RE(0)
where,
fcmaxe is the maximum strain failure criterion,
maxe is the strain to failure, unidirectional 0° laminate,
toeloc is the strain at point of maximum strain concentration, and

toeloc(0) maximum strain at point of strain concentration for 1 crack

Although the main mechanism designed to end the computer run is

the fatigue criterion, the program is interrupted if the values of
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MAXIMUM STRAIN FAILURE CRITERION

Strain @
Max Load

efailure Focccccccc e c e mme——m——m ]
A A

e max(0)
RE(P)

Failure Criterion =
RE(0)

Life Fraction

Figure 6.4 Maximum strain failure criterion, schematic
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both additional criteria reach the wvalue of 0. Since there 1is an
implicit  relationship  between fatigue life, strength, and deformation,

all three failure criteria are in good agreement.

Time Interval

The fourth step of the iterative portion of the code is to
determine the next time interval; i.e., the number of cycles for the
next iteration. This special procedure is designed to save computation
time and storage memory when compared with fixed interval schemes. The
time intervals are successively reduced when the rate of change in the
material ~ properties  accelerates and  progressively increased when
stable periods occur.

Steps which are too large tend to skip over important periods of
change and grossly over predict life. Steps which are too small tend
to clog the available memory and may introduce significant error when
small changes are assigned a zero value due to the limitations of
computer accuracy. While not infallible, varying the interval length
greatly reduces the number of iterations required to  accurately
portray the cyclic performance of the laminate. Within broad limits,
variations of the «cyclic intervals do not affect the predicted life,

deformation, stiffness and strength.

Data Storage & Interval Initiation

The last step is to store all the performance raw data in the

corresponding arrays. The values at the end of the interval are used
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to compute the ply stresses, stress concentration, used life fractions

and PAM parameters for the next interval.

6.4 Predictive Output

The code predictions are presented in both, numeral and graphical
form, at the beginning of each interval and at the end of the run. |
The options for each interval are,
1. Swess-strain loop - a complete loop is drawn every time the
global stiffness change exceeds a predetermined value, Figure 6.5.
2. Stress and swain vs. time, for one cycle - plotted every time
the change in global stiffness exceeds a predetermined value, Figure
6.6.
3. Frequency response - the storage and loss moduli are plotted vs.
frequency (logarithmic scale), Figure 6.7.
4. The temperature axial distribution in the specimen, Figure 6.8 -
plotted every time the maximum temperature in the specimen changes by
a predetermined value.
5. Interval statements, similar to the statement shown in Figure 6.2
6. A one line statement of up to 8 values of raw or normalized data,
as shown in Figure 6.9.
For options 1 through 4, the iteration number and corresponding
number of cycles appear on the top right side of the screen. The line

statement in option 6 can be readily changed to list up to eight
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parameters of interest. A statement appears at the end of each run. In
this statement the following predictions are presented:

- Whether the specimen has failed within the maximum number of
cycles or intervals specified.

- The predicted number of cycles to failure according to the
fatigue life of the critical element (the last ply to fail), criterion
1.

- The predicted number of cycles to failure according to the local
residual strength, criterion 2.

- The predicted number of cycles to failure according to the local
maximum strain, criterion 3.

If the fatigue failure of the critical element has interrupted
the run (criterion 1) while the other two criteria are still nonzero,
approximations of total life are presented according to the last
measured rate of change in these criteria.

At the end of this statement a prompt for graphic outputs
appears. Using this option, graphical displays of the cyclic behavior
of the laminate are presented. Some of these options are,

1. Maximum specimen temperature vs. cycles

2 The laminate and ply (apparent) stiffness vs. cycles

3. Global ply stresses and local stress for 0° plies vs. cycles

4 Strain at mean and maximum load vs. cycles

S Strength  vs. cycles in linear and logarithmic scales, with a
display of available cyclic life data and the predicted failure.

6. Laminate  strength, stiffness and/or  transient  deformation  vs.
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life fraction.

Most graphic displays have a normalized y-axis. The normalizing
factors, date, time and other relevant data are shown on the screen in
or around the graphic plot. Samples of these and other plots are shown
in Chapter 7 as part of the discussion and comparison with

experimentally measured results.



7 Discussion

The thrust of this research effort has been directed at
understanding the magnitude and possible interaction mechanisms of
rate  dependent (viscoelastic deformation and energy dissipation) and
independent (cyclic damage evolution) processes during cyclic loading
of composite laminates. The intention is to bring forth a
complementary tool to be eventually implemented in much more detailed
performance codes, such as the MRLife [178], developed by the
Materials Response Group at VPI & SU.

A great deal of effort was given to the characterization of the
fatigue and viscoelastic behavior of the constituents of the laminate,
creating models to handle the evolutionary response in a comprehensive
but  mathematically  tractable = manner, and developing  rudimentary
numerical procedures to predict the long term performance of cross ply
laminates  subjected to  tensile cyclic loading. @ The  experimental,
analytical, and numerical results are discussed individually  and
collectively.  Possible  applications to loading  situations  other  than

those encountered in this program are also discussed.

7.1 Viscoelastic Characterization

Several experiments were performed to evaluate the capabilities

211
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of the PAM model (Chapter 3) and measured coefficients (Chapter 5) to
predict the time dependent deformation of 90° unidirectional and cross
ply laminates subjected to various loading conditions.

The simplest case is the cyclic loading of the 90° unidirectional
laminate. To avoid fatigue damage, the specimens were tested at mean
cyclic loads corresponding to 60, 70 and 80% of the ultimate tensile
strength with an amplitude of 10% of the UTS and at 0.1 Hz. Stiffness
measurements and C-scans did not reveal any matrix cracking during
this procedure. Temperature measurements show no heating due to cyclic
loading. The measured strain at mean load and the model predictions,
shown in Figure 7.1, are in very good agreement.

Figure 7.2 shows the analytically evaluated added strain at mean
load (static load) for a 90° unidirectional laminate subjected to a
static or mean stress of 60% UTS. In the cyclic case the amplitude is
30% UTS and the frequency is 0.033 Hz. It is evident that the
viscoelastic response is altered by the additional dynamic loading. As
predicted by Equation 3.3.45, the difference lies in the out-of-phase
response and a transient cyclic term. For this laminate and at room
temperature, cyclic loading results in modest creep acceleration. The
cumulative  difference curve (Figure 7.2) has a sigmoidal shape,
suggesting that after an initial period of added strain the cyclic
effect disappears. The sign (acceleration or retardation), magnitude,
rate and shape of this curve depend on the combination of PAM
parameters, laminate configuration, frequency, and cyclic loads.

The creep of cross ply laminates was measured and compared to
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analytical predictions. All stress levels were chosen below the knee
point in the stress-strain response of the laminate to preclude
initial matrix cracking of the 90° plies. The results and predictions
are shown in Figure 7.3 for S=0.25, 0.40 and 0.55. The magnitude of
the strains is very small because the deformation is the result of the
internal  stress relaxation in the 90° plies which redistribute the
loads towards the 0° plies. The agreement between experiment and
prediction is very good.

Creep recovery of cross ply laminates can be easily represented
with this model. Since no additional damage develops during periods of
unloading, the solution to the «creep recovery situation does not
involve the second "negative" Kelvin element in the PAM model of the
90° plies. A comparison of the analytical prediction and the measured
response 1s shown in Figure 7.4. The model predicts the general rate
and magnitude of the recovery process in a satisfactory manner.

The modified Wilshire-Evans approach at the lamina level together
with classical laminate stress analysis yields very encouraging
results. The combination of static mechanical tests and dynamic
thermo-mechanical analysis offers an efficient path to fully
characterize the thermorheological behavior at the lamina or laminate
level (albeit Dupont’s DMA software needs to be modified to correctly
compute the viscoelastic functions of orthotropic  materials). Only
different  materials, orientations and/or basic  sublaminates need be
characterized. A minimum of experimentally determined coefficients is

required to formulate the time dependent constitutive relationships of
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the laminate with implicit temperature and stress dependence.

These relationships can be applied to any arbitrary loading
history to analytically evaluate the effects of loading rate, strain
rate, frequency, temperature, mean stress and amplitude, nonlinear
behavior and more. Solutions maybe closed form or numerical, depending
on the complexity of the loading case. Further refinement and
understanding of the role of all the physical processes taking place
could lead to substantial improvements in the PAM  laminate
representation and the prediction of long term  performance  of
composite laminates.

It was amply demonstrated in Chapter 5 that the presence of
cyclic  damage  alters the  viscoelastic  response  of  uni- and
multidirectional laminates. It results in horizontal (rate) and
vertical (magnitude) shifts in the frequency and creep response, and
changes the apparent transition temperature. Different damage modes
may also obliterate or overshadow some of physical processes. In
addition, damage always changes the stress distribution at the local
level. In the most general terms, the effects of cyclic damage on the
viscoelastic behavior of Radel X/T50-42 laminates seem to fall under
two main categories. First, the elastic response changes due to the
initiation and growth of cracks, delaminations, matrix-fiber
debonding, and all other damage modes. Second, stress redistribution
in regions adjacent to damaged areas and among plies promote local
damage-enhanced deformation. Damage to the fiber-matrix interphase by

itself could explain the temperature shift of the loss modulus peak,
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as demonstrated for graphite/epoxy by Theocaris [177].

Both mechanisms are affected differently by temperature. Figures
75.a and b reveal contradictory behavior. At elevated temperatures
(close to, but below Tg), the transient response of the damaged 90°
laminate is much smaller than that of the virgin specimen. The
situation is reversed at room temperature. This behavior is confirmed
by the shift in loss modulus temperature peak, the creep compliance
master curves shown in Figure 5.46, and the corresponding shift
factors.

The combination of these mechanisms and their temperature
dependence may lead to apparent nonlinear behavior, time dependent
activation energy, and the creation of permanent deformation. In the
next sections the implications of time dependent behavior during

fatigue loading are discussed.

7.2 Fatigue Characterization

The basic fatigue characterization process begins at the lamina
level. It encompasses all aspects of the cyclic performance as
measured in unidirectional or basic sublaminates. In this study, the
fatigue  behavior of 0° and 90° unidirectional laminates  was
investigated.  Unfortunately the  information  obtained  during  cyclic
loading of unidirectional laminates is limited. @The damage and

fracture modes bear only partial resemblance to those present when the
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same plies are part of a multiaxial laminate. The stiffness and
strength  reduction,  temperature  profiles and  other  characterization
data suggest very small changes during fatigue. Failure is abrupt with
a relatively large scatter of fatigue life data. The usefulness of
these data in a cyclic performance predictive code depends largely on
the amount of details known (experimentally and/or analytically) about
the damage modes that occur in the actual laminate, their impact on
ply properties, and the ability to  evaluate multiaxial stress
situations at the local level.

The observed damage sequence during fatigue loading of cross ply
laminates  consists  of  the following stages. When appropriate,

reference is made to differences attributable to the stress level.

7.2.1  Characteristic Damage State

Matrix cracking is the first damage mode to appear. From the
acoustic scan images it is evident that a crack array develops in the
90° plies. Cracks grow from the edges of the laminate across the width
of the coupons. At first the cracks appear at random locations but
soon they multiply and create a regular spacing, as predicted by the
Shear Lag model. The measured average spacing is 0.063", which agrees
reasonably well with the analytical prediction of 0.06". When the
transverse crack array reaches this saturation spacing, the laminate
achieves its Characteristic Damage State (CDS).

Simultaneously, cracks develop in the 0° plies. These cracks span

the length of the gripped section and do not develop into a regular
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array, nor is it clear whether it reaches  saturation.  The
experimentally measured spacing varies between 0.035" and 0.065" for
specimens examined shortly after the CDS is achieved in the transverse
plies and at 20 times that number of cycles. The Shear Lag model
predicts  0.055"  saturation spacing, but again this model is not
particularly designed to handle this situation and could only serve as
a guideline.

Local delaminations appear in the [0/90] interfaces at the
intersection of longitudinal and transverse cracks. The delaminations
first grow across the width of the specimen along transverse cracks.
Then, they extend in the load direction by an amount that is inversely
proportional to the stress level. No delaminations were observed to
grow from the longitudinal cracks in a direction transverse to the
load, and none were observed to originate at the edges.

The development of matrix cracks is accompanied by changes in the
laminate stiffness. The apparent stiffness of the cracked laminae, as
well as the strain concentration at the «crack tip, can be predicted
using the same model (Equations 3.3.8 and 3.3.10). Accordingly, the
stiffness should decrease and reach a stable value. The predicted
decrease is 10.5% of the undamaged laminate stiffness, and it is
independent  of  stress  level.  Strength is also related to  the
capability of the «cracked plies to carry load. As presented in
Chapters 3, 5 and 6, the changes in crack spacing also change the
local strain  concentration. The reduction in strength depends on

stress level and the extent of viscoelastic deformation and
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delaminations.

The surface temperature of the specimens rises rapidly upon
loading and then reaches a steady state directly proportional to the
stress level. The temperature rise is small, and for these laminates,

has little effect on their cyclic performance.

7.2.2  Critical Element Degradation

The second stage begins once the CDS is achieved and continues
until ~ significant fiber fracture in the 0° plies leads to additional
degradation of stiffness and strength. The duration of this stage
depends on the fatigue properties of the 0° plies and the constraint
applied by the neighboring plies. It is short for high stress levels
and over 1 million cycles for S=0.55.

During this stage there is very little change in temperature,
stiffness  or  residual  strength. No additional matrix  cracking is
encountered but the delaminations progress in the load direction. For
the lower stress levels, the [0/90] interfaces debond extensively. For
the higher stress levels, delaminations are more limited. Gradually,
fibers in the outer plies may break loose next to the coupon edges, or
a small area between longitudinal splits may debond from the inner
plies.

The most significant event in this stage 1is the continuous
redistribution of stress among the plies due to viscoelastic effects.
The  global deformation increases monotonically as  predicted by

Equation 3.3.34, and its magnitude depends on the pertinent stress
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level.

7.2.3  Final Fracture

The events leading to final fracture are not completely
understood and have not been introduced into the analytical treatment
yet. This stage is very short, with rapid degradation in strength and
stiffness, increased global deformation and sometimes accompanied by a
sharp temperature peak.

Under tension, the final fracture is controlled by the critical
element - the O0° plies. The failure mode is characteristic of the
stress level (Figure 5.22). At high stress levels (S§>0.60) the failure
resembles the quasi static fracture mode. The coupons break in two
sections with a distinct crack across the width of the specimens,
little delamination is noticeable and the fibers break in a straight
fashion. A different fatigue failure mode 1is present at lower stress
stress  levels (8<0.60). The 0° plies appear to be significantly
delaminated from the 6-ply core of 9()°’ layers and this core
disintegrates into several small pieces along the gripped section. The
0° plies fail in a broom fashion, similar to the fatigue failure of 0°
unidirectional specimens.

Residual  strength tests performed after cycling at the lower
stress levels (S<0.60) indicate that there 1is a transition in failure
mode not only dependent on stress level but also on life fraction. At
small life fractions, failure resembles the quasi static fracture mode

of undamaged specimens, with very little strength degradation. After
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the CDS is achieved and at high life fractions, fatigue-type fracture
is predominant, and significant strength reduction was measured.

The sequence of events described above summarizes the damage
development observations made during this investigation. Though the
actual life fraction spent at each stage varies with stress level, the

order is maintained for all the tested stress levels.

7.3 Fatigue, Analytical - Experimental Comparison

The fatigue performance of cross ply laminates has been measured
and modeled in terms of global deformation, remaining stiffness,
residual strength, temperature profiles and life.

Figures 7.6 through 7.8 show a comparison of the measured and
predicted global transient deformation as a function of cycles for
§=0.65, 0.60 and 0.55. The transient deformation is the amount of
additional strain measured at maximum cyclic load in excess of the
initial response. By itself it could be considered a failure criterion
since many components will not perform their functions once the total
deformation exceeds some predetermined limit. The prediction of cyclic
global deformation is a unique feature of this model. Excellent
agreement has been found between the CYPERS predictions and the
measured values.

Figures 7.9 through 7.11 present the normalized stiffness vs.

cycles for the same stress levels. It has already been shown in
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Figures 5.23.a to c that stiffness reduction due to matrix cracking by
itself accounts for only 40% of the transient deformation. In this
respect, it is encouraging that very good agreement has been found
with the measured data. It is significant that the model seems to be
able to  discern between damage-induced (related to  stiffness
degradation), viscoelastic and anelastic deformation.

The global deformation and remaining stiffness curves exhibit
similar  (albeit inverse in nature) behavior. Three distinct regimes
could be defined, matching the three stages in the damage evolution
described in the previous section. A rapid decrease in stiffness at
first, then a period of little or no change and last, a rapid
reduction (which can seldom be extensively measured) leading to final
failure.

The first stage involves matrix cracking until the CDS s
reached. Using a simplistic approach, the duration of this process
could be evaluated by solving Equation 3.3.7 for the CDS crack

spacing,

1/690

o
net (7.3.1)
YT

N EZ(O)*(1+k9O)*(1+ B(90)lcdsh90)
cds=
El + EZ(O)*k9O*( 1+B(90)lcdsh90)

where Neis is the number of cycles to achieve the CDS and all other
parameters have been defined in Chapters 3 and 5. The number of cycles

to achieve the CDS can also be determined from the numerical procedure
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with ease, by choosing the point where the 90° ply cracking reaches
the saturation spacing. In this case, the viscoelastic redistribution
of stresses is taken into account. Examining Figures 7.9 through 7.11
it is hard to determine the exact point where the CDS 1is achieved,
only an estimate can be made. Table 7.1 shows the number of cycles to
achieve CDS according to Equation 7.3.1, the CYPERS code and the
estimated experimental values.

In general, Equation 7.3.1 seems to predict shorter times than
the CYPERS <code. In turn, the predictions of Equation 7.3.1
underestimate the experimental values, while the CYPERS code is in
better agreement. Both analytical solutions are derived using the same
Shear Lag analysis results and the same set of data regarding the
fatigue  behavior of unidirectional laminae. The inference is that
viscoelastic  stress redistribution slows down the process of matrix
cracking in the 90° plies by shedding load to the 0° plies.

In essence, the second stage comprises the fatigue cycling of the
0° plies. Theoretically, the remaining fatigue life of the laminate
could be determined from the 0° ply stresses at the moment the CDS is
achieved. But the delaminations that grow at the [0/90] interfaces and
the viscoelastic  stress  redistribution  change the state of  stress
continuously. The viscoelastic stress relaxation in the off-axis plies
tends to shed load to the critical element and shorten the remaining
life of the laminate.

The residual strengths predicted by the CYPERS code for S=0.55,
0.60, 0.65 and 0.70 are presented in Figures 7.12 through 7.15
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Table 7.1  Number of cycles to achieve the CDS

Stress Equation CYPERS Experimental
Level 7.3.1 code range
0.70 845 874 N/A

0.65 1760 1871 2500 - 3500
0.60 3885 4956 4500 - 6000
0.55 9192 10845 9000 - 12000




respectively. In  these figures the predicted fatigue life is the
coincidence of the residual strength value and the maximum applied
load. The experimentally measured fatigue life range is indicated by a
horizontal bar. Residual strength measurements (empty squares) for
S$=0.55 and 0.60 appear in Figures 7.12 and 7.13. Life predictions and
the available data are also presented in Table 7.2.

The predictions of fatigue life are in good agreement with the
measured values, which vary over three and a half decades for a range
of only 20% of the UTS in the maximum cyclic load. Neglecting
additional damage modes, such as delaminations and fiber fracture can
partially contribute to the deviations. These damage modes are more
extensive at the lower stress levels. The agreement with the residual
strength data is satisfactory for S=0.60 but less so for S$=0.55 which
has a much larger degradation than anticipated at 1 million cycles.
The uncertainty of the actual fatigue life of these specimens adds to
the inaccuracy. These specimens are extensively delaminated, a damage
mode not accounted for in this model but that significantly affects
strength.

All  residual strength curves exhibit similar behavior. In the
first stage, matrix cracking and stiffness degradation are accompanied
by a matching reduction in strength. Once the CDS is achieved,
strength  is  relatively  constant  with only a  small  reduction
attributable to the strength degradation of the 0° plies. The last
stage precedes failure. Strength reduction is rapid and occurs over a

small number of cycles. The length of each stage is dependent on
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Table 7.2 Fatigue life (cycles) of cross ply laminates
Stress Fatigue Life CYPERS code
Level Data Range prediction
0.55 > 10° 4.06 x 10°
0.60 287,520 - 618,470 257,280
0.65 10800 - 14340 12960
0.70 230 - 520 960
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stress level. For the higher stress level (S=0.7), the transfer of
load due to matrix cracking in the 90° plies is enough to reduce life
to a few cycles after the CDS is achieved. For the lower stress levels

(5<0.60), most of the fatigue life is spent on the second stage.

7.4 Damorheology

The large amount of evidence collected during this experimental
program indicates that indeed there are damage induced changes in the
global viscoelastic behavior of uni- and multiaxial laminates and that
time dependent effects alter the process of fatigue damage evolution
(only  matrix cracking was modeled). Damorheological effects are
evident in the temperature, frequency, and long term response of fiber
reinforced  composite  laminates. The  physical  phenomenon  named
damorheology provides a basis for some of the intriguing behavior
observed in composite materials by many investigators.

The damage mechanisms that affect global viscoelastic behavior of
polymeric based composites are threefold: damage to the organic
matrix, damage to the fiber/matrix interface/interphase, and
macroscopic  structural damage in the from of matrix cracking, crazing,
delaminations, etc. The physical scale of each mechanism varies from
the molecular level to the laminate level, affecting a different range
of molecular motions and their effect on the deformation process is

characteristic of the material system.
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Damage continuously changes load redistribution paths among plies
and the constraint imposed by the fibers on the matrix. On the other
hand, the viscoelastic nature of the matrix (in other cases the fibers
may be viscoelastic as well) introduces a new factor to stress
redistribution  within  the laminate. In the case of cross ply
laminates, such as the ones tested in this program, the evidence
suggests that viscoelastic stress redistribution affects cyclic
performance in two major ways. Specifically, relief of local stress
concentrations and  stress redistribution among plies. At an early
stage, time dependent behavior seems to slow the process of matrix
cracking by relieving the stress concentration at the tip of the
cracked plies. After the CDS is attained, load is redistributed to the
critical element from the off-axis plies. This has the effect of
reducing the remaining life of the laminate.

Although the small temperature rise measured in cross ply
laminates does not affect ply properties significantly, it is possible
that other laminate configurations or material systems could dissipate
large amounts of heat. The resulting change in temperature may alter
the fatigue behavior radically. This is especially true in the
vicinity of stress raisors such as holes and notches, where Ilocal
damorheological effects (for example, shifts in the frequency response
of the loss compliance) could explain otherwise puzzling behavior.

The higher toughness of fiber reinforced thermoplastic polymers
as measured in quasi static tests does not always translate into

better long term performance [54,55,56,57]. In general, thermoplastic
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composites subjected to fatigue loading have fewer matrix cracks and
less delaminations adjacent to notches and/or cracks than thermoset
composites. The higher stress concentrations usually result in shorter
fatigue lives and different damage modes.

Damorheological effects may alter the fatigue performance of
composite laminates in a variety of ways,
- changing the elastic properties of the constituents
- reducing the strength of the constituents
- accelerating time dependent, thermally activated processes
- changing the extent of different fatigue damage modes
- promoting  additional damage mechanisms characteristic of creep

loading

In light of this discussion is it is worthwhile considering the
possible consequences of other types of loading. The investigation of
creep-fatigue  interaction in  composite  materials  (Chapter  2)  has
revealed interesting facts. In many cases investigators have
attributed  unexpected  fatigue  behavior to the  viscoelastic  matrix.
Some of this phenomena could be analytically derived in terms of the
proposed model.

Consider the effect of intermittent periods of unloading. These
intervals result in the relaxation of the stresses adjacent to  stress
concentration loci (notches or cyclic damage) and cooling of the
specimen to ambient temperature. Both mechanisms tend to increase

fatigue life. If, during the interval, the specimen  sustains a
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constant load, then «creep deformation would also reduce the stress
concentration in the vicinity of notches (supported by the experiments
of Sun and Chim [163]).

It is useful to examine the ply stresses and temperature profiles
derived from the solution of the PAM model for these situations. For
the cross ply laminate investigated, the global strain response to
constant load is given by Equation 3.3.25 where the constants are
defined in Equations 3.3.29 through 3.3.31. Using this strain as the
input, the constitutive relationship for the 5 parameter PAM model

(Equation 3.2.14) of the 90° plies is now,

c + pal ¢ + pa2 G = C,*qa0/ql0 + qa2* [Cl*rz*exp(rt)+C2*sz*exp(st)] +

qal* [Cl*r*cxp(rt)+C2*s*cxp(st)] +qa(* [Cl*exp(rt)+C2*exp(st)] (7.4.1)

where S, is the applied load and © represents the stress in the
90° plies in the direction of the applied load. The other coefficients
have been defined in Chapter 3. Solving for the time dependent

stresses and after some tedious algebra,
G = MI exp((ml*t) + M2 exp(m2*t)

+ M3 exp(r*t) + M4 exp(s*t) + ooan/qu (7.4.2)



where the Cl1, C2 and r,s are the coefficients and roots of the

laminate’s creep response and,

-pal fpalz- 4*pa2
ml, m2 = (7.4.3)
2 * pa2

Cl1*( qa0 + r*qal + r’*qa2 )
M3 = (7.4.4)
1 + r*pal + rz*pa2

C2*( qa0 + s*qal + sz*qa2 )

and M4 = > (7.4.5)
1 + s*pal + s“*pa2
To find M1 and M2 apply the boundary conditions,
o(t=0) = o(0) as evaluated by CLT analysis
and the initial stress relaxation rate - ¢ - may be approximated by,
. ( Cl +C2+o0,/q0)E’?
oit=0) = ¢ = X
E*E +E*E_+E*E
0 1 0 2 1 2
- - * *
X E* K, "CE+ ED-E*p Ej+ E)) (7.4.6)

oYK,

where Ei and u. o are the coefficients of the 90° plies as defined in
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Chapter 3. Then,

1
M2 = [(p - 0(0) ml + o (qa0/ql0) ml + M3(ml-r) + M4(m1-s)] (7.4.7)
m2-ml 0

and MI = 6(0) - G (qa0/ql0) - M3 - M4 - M2 (7.4.8)

Making use of the properties measured in Chapter 5, the time
dependent stress relaxation in the off-axis is plotted in Figure 7.16
for the case of the cross ply laminate. Figure 7.16 represents the
situation where, under constant load, no additional damage occurs. In
reality the crack array may continue to develop. The stresses in the
cracked plies are reduced by the viscoelastic stress redistribution.
Accordingly, the stress concentration at the crack tips is reduced
during intervals of constant loading, increasing fatigue life. Periods
of unloading are a particular case, = 0. The strain tnput is given
by the solution to the creep recovery of the cross ply laminate as
shown in Figure 7.4. In this case only the residual stresses relax.

The second mechanism by which intervals of constant loading or
unloading affect fatigue life is by cooling the specimen. For some
cases the cooling effect could have a much larger influence than
viscoelastic stress redistribution. Taking advantage of the
capabilities of the PAM model it is possible to predict the magnitude

and rate of this effect. Defining Ta(x,t-t*) as the temperature
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differential above ambient conditions after cyclic loading for a time
t*, the time dependent temperature distribution during these intervals

is found by solving the transient heat transfer equation,

|

2
oL hRq . 0T (7.4.9)
3 x k" 8t

where the coefficients have been defined in Chapter 3 and the

boundary conditions are,

Tda(x,0) = 0 the temperature returns to ambient conditions as t->eo

Ta(b,t) = 0 at the grips the temperature is constant

Ta, (O) = 0 the temperature gradient is 0 at x=0.

Ta(x,0) = Ta(x,t*) which is the steady state temperature distribution

at the time that the cyclic loading  was

interrupted, given by Equation 3.5.18 for t->ee.

The solution to the transient temperature distribution is,

v

Ta (x,t>t*) = Ta(x,t*) exp [- v (t-t*) ] (7.4.10)
k" Tda(x,t*)

Figure 7.17 shows the temperature profiles of three different
points along a specimen during unloading or constant loading
intervals. It is evident that the loci that heat up the most (due to
local stress concentration or any other reason) cool down faster.

Cooling during unloading or constant load intervals retards fatigue
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damage [89, 163] and increase fatigue life.

A somewhat similar effect is accomplished when low frequency
cyclic loading precedes high frequency cycling in notched laminates.
At low frequencies, the viscoelastic nature of the material is
dominant allowing for stress relaxation and creep deformation that
reduces the local stress concentration, thus increasing the fatigue
life at the higher frequency. In turn it can be argued that at low
frequencies, creep phenomena dominates the damage evolution whereas at
high frequencies, life is determined by the development of cyclic
damage [161]. Thus, it is expected that at low frequencies, fatigue
life is inversely proportional to frequency and at high frequency life
is directly proportional to frequency. This would lead to a frequency
range with maximum fatigue life (for the same stress level) and the
locus of this frequency maxima should be inversely proportional to the
maximum applied cyclic stress.

Preliminary  analytical results for dual frequency  fatigue of
cross ply laminates with an initial period of low frequency cycling
indicate that these periods do increase the total number of cycles to
failure. Consider the case of the cross ply laminate investigated in
this program, which has a predicted fatigue life of approximately
257000 cycles at S=0.6 and 10 Hz. An initial period of 50000 cycles at
0.1 Hz would only increase the predicted fatigue life by 11000 cycles
(4%), but 100000 low-frequency cycles would increase life by a total
of 102000 cycles (40%). If the initial low frequency is 0.01 Hz, 10000

initial cycles would be enough to increase the total life by 8000
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cycles. Initial loading at frequencies higher than 10 Hz reduce the
total life by a small fraction only, indicating that the magnitude of
this effect is “saturated" at frequencies over 10 Hz (for this set of
PAM  parameters). Although there is no data available from this
experimental program to confirm many of the computer generated
predictions, there is supporting data presented by Sun and Chim [163].

These and  other  damorheological  effects  are within  the
capabilities of the PAM model and the present CYPERS code. Further
refinement and understanding of the role of all the physical processes
taking  place  during fatigue loading could lead to  substantial
improvements in the modeling of time dependent laminate behavior. This
code was developed as a subset of the MRLife family of codes [178].
Together  with  the  detailed fatigue  damage  representation  and
sophisticated  stress  analysis already available in the MRLife codes
developed at VPI&SU, this model could improve the prediction of the

long term engineering performance of composite laminates.



8 Summary and Conclusions

The present investigation addressed the interaction mechanisms
between time dependent material behavior and cyclic damage during
fatigue loading of fiber reinforced composite laminates. Damorheology
is a new term that has been coined to describe such physical behavior.
Classical ~ representations  that  isolate  cyclic = mechanical  behavior
(fatigue) and time dependent behavior (creep rupture) ignore the
fundamental  coupling of these effects, and many  experimental
observations escape the grasp of such theories.

The body of knowledge and understanding of fatigue of composites
has been extended to include creep-fatigue interactions. This s
particularly  significant for  thermoplastic  matrix  composites  because
of their inherent viscoelastic behavior. In this study the extent of
the damorheological effect has been quantified, a model sensitive to
all the relevant parameters has been formulated, and the concept of
damorheology has been extended to other loading conditions.

The lamina has been chosen as the building block and a cross ply
laminate configuration was the selected test case. The chosen material
system is the Radel X/T65-42 thermoplastic composite by Amoco. The
fatigue performance at the lamina level is represented by the dynamic
stiffness,  residual strength and fatigue life  of  unidirectional
laminates. The time dependent behavior has been represented at the

lamina level by modifying the Wilshire-Evans "6 Projection” model,
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developed for polycrystalline isotropic materials. The procedure
combines mechanical (creep) and thermal (dynamic mechanical analysis)
characterization  techniques. ~ The  proposed  Pseudo-Analog  Mechanical
(PAM) model provides a complete representation of the effects of
temperature and stress on the viscoelastic response. It is only a tool
that  can be further refined and adapted to different material
categories. [Eventually, it should be replaced by a model based on
micromechanics.

The experimental investigation of unidirectional (90°) and cross
ply laminates revealed that indeed there are significant changes in
the time dependent response of a laminate due to fatigue loading. In
turn, the viscoelastic stress redistribution (at all  physical  scales)
is responsible for the changes in the rate of damage evolution and
varying extent of damage modes. Due to time and other constraints, the
amount of experimental data collected in this respect is limited.
There are no deterministic theories that correlate each damage mode
with a specific variation in the viscoelastic response. In general,
damorheological effects have been found to have significant impact on
the failure mode and the long term performance of these laminates.

Employing the PAM model, time dependent constitutive
relationships  were  derived for the laminate in  the from of
differential equations that may be solved for a wvariety of loading
conditions.  Applying  classical lamination  stress  analysis  together
with the Shear Lag model, the damage evolution of cross ply laminates

was evaluated. Master curves which correlate the apparent lamina
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stiffness and local stress concentration to the normalized crack
spacing were presented.

Based on the laminae viscoelastic and fatigue characteristics, a
cyclic performance simulation code - CYPERS - was developed. The code
was designed to predict the long term performance of cross ply
laminates subjected to cyclic loads. The numerical procedure assumes
that for a certain interval (cycles or time) the state of stress and
state of the material are constant and the constitutive equations
derived from the PAM model hold true. At the end of each interval the
effects of damage and temperature are taken into account and the
material  parameters are  adjusted. The  redistributed  stresses  are
evaluated and the process continues until the residual strength of the
laminate is degraded to the the level of the maximum applied load, at
which point the laminate fails. The code could be easily extended to
handle a variety of loading conditions and arbitrary laminates.

The analysis and/or accompanying code have produced satisfactory
predictions of the response for a variety of situations,

1. Unidirectional 90° laminates:

- Long term creep

- Cyclic creep at low amplitude and low frequency
2. Cross ply laminates:

- Short term creep

- Creep recovery

- Tension-tension fatigue (residual strength and life)
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The model provides a complete laminate performance description.
It includes dynamic stiffness, global deformation, complex moduli and
compliance, temperature history, frequency response of the complex
moduli, damage state, time dependent stress redistribution, residual
strength and fatigue life.

The present analysis was also able to predict, in a qualitative
way, the experimental findings of other investigators. The effects of
periods of unloading, constant loading and initial low-frequency
loading were considered. The measured behavior supports the predicted
variations of ply stresses and temperature profiles.

These and  other  damorheological  effects are  within  the
capabilities of the PAM model and the present CYPERS code. Further
refinement and understanding of the role of all the physical processes
(particular to the material system constituents) taking place during
fatigue loading could lead to substantial improvements in the modeling
of time dependent laminate behavior. This code was put together as a
subset of the MRLife family of codes developed at VPI&SU. Together
with  the detailed fatigue damage representation and  sophisticated
stress analysis already available in these codes, this model could add
a new dimension to the long term engineering performance prediction of

composite laminates.
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