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1. A REVIEW OF FAILURE ANALYSISOF
COMPOSITE STRUCTURES

Fiber reinforced composite materials are used in a wide varetiyuctures due to their
light weight and superior strengths. Applications include airdoafifs, motor vehicles,
military equipment, and technologically advanced sporting equipméXdmposites
encompass an extremely broad material class as a multituddeof and matrix
combinations can be used to form materials with a wide varietilesmomechanical

characteristics.

While composites offer superior attributes to the vast majoritynaferials used for
lightweight structures, predicting their failure accuratslya difficult task. Designers
compensate for unknowns in failure predictions by generating overhgecvative
designs, thereby mitigating many of the benefits promisedinposites. However, the
increasingly severe service loads for composites are now placing a premmyotimized
designs, thereby warranting significant time and effort devoteddcurate failure

analysis.

1.1 I ntroduction to Progressive Failure Analysis of Composite Structures

Thermomechanical analysis of composite structures proves ta bexteaordinarily

complex task as structural components are typically comprisedutifple plies with



fiber orientations varying from ply to ply. Ply-level matér@operties depend on
constituent (fiber and matrix) material properties of thecsetelamina, and furthermore,
the constituent properties can be functions of time, temperatoisture, and even stress

and strain fields.

Over the past fifty years, significant progress has been nraddaracterizing the
mechanical properties of a wide variety of composite magenavarious environments.
While these advances have expanded the availability and use oftér@alndo a variety
of applications, failure predictions are still of large conatue to lack of availability of
an accepted progressive failure methodology. Consequently, overnanghtjsually
overly stiff, structures are repeatedly designed. Alterngtiveany composite structures
are fabricated using a “design and test” process that trenegly costly and time

consuming.

The fundamental “building block” of a composite structure is the posite ply, or

lamina, assumed here to consist of continuous fibers of carbon orglassided in an
epoxy matrix. Clearly, an accurate representation of ply-lesleavior requires detailed
knowledge of the material properties of the fiber and matrix. rFierial properties
are difficult to characterize as fiber diameters are onattaer of microns, thereby
making strength and stiffness measurements perpendicular tonih lef the fiber

extremely difficult to obtain. Matrix material propertigsesent a different set of

problems, as these properties are usually strong functions of therenent and the



deformation. The constituent unknowns of the fiber and matrix leasubstantial
uncertainty when predicting failure of laminates placed in gegavironmental settings
and loading combinations. The failure analysis itself is highlyineal leading to

intense computational demands.

Failure of composite structures may be attributed to a variefgcbdrs other than the
prescribed mechanical loading, with the most notable of these beingrenental
conditions. For instance, large temperature differences can faause in a laminate
before any mechanical loading is applied. This phenomenon is due tohdrent
mismatch of the fiber and matrix thermal expansion propertiggegily level as well as
the global mismatch of thermal expansion properties between timuwvelies that
comprise the laminate. Thus, any failure prediction must takecmtsideration the
“stress-free” temperature at which no residual stressgsrasent, and the temperature of
interest where thermally induced stress fields within thetitaaats may be a significant

factor.

The characterization of failure is also vague, as many fexiss for a laminate. Failure
mechanisms transcend multiple geometric scales, including subraigkcaccumulation
in the matrix, ply-level matrix cracking, fiber fracture tension, and fiber buckling in
compression. It is interesting to note that the various failuwdes) described may be
related to the individual fiber and matrix constituents. This phenomisnancentral

theme of this entire thesis.



The various scenarios of constituent level failure identifiedva must all be handled
differently. For instance, the case of fiber breakage or burklitimately results in the
inability of the ply to carry load, and thus final failure of thlg should be concluded.
However, submicrocrack accumulation on the ply-level does not resaltcompletely
failed ply, but rather a damaged ply in which the ability of thetplcarry load is only
hindered. Therefore the material properties of the matrix, ancegoestly the failed

lamina, should be reduced but also allowed to further carry loads.

The use of the term “failure” is also considered a loosepretation of an analyst’s
design goals and needs. For example, pressure vessels contaidirggefisaid to fail if
the tank “weeps” fluid through a wall due to matrix cracking, whiteaircraft structure
might be assumed failed when excessive deformations existamnidation of plies are
present. In extreme cases, ultimate failure may not baréeclntil a laminate is unable

to sustain a given load.

1.2 A Review of Current Approachesto Progressive Failure Analysis

In order to provide a comprehensive means of evaluating leadilgefaheories, a
World-Wide Failure Exercise (WWFE) was developed in which dmutiors were asked
to provide progressive failure analysis predictions for a knowmfsexperimental data
comprised of multiple materials, laminate configurations, and midtidoad cases.
Hinton, et. al.(2004) provide a detailed discussion of the Exercise and theehedthe

4



contributors. Here, an overview of several theories is presentedien to provide a
brief introduction of the current approaches to progressive faloadysis of composite

laminates.

Before the discussion continues, an introduction of local and globaliaha@i®ordinates
is provided as a basis for the remainder of this thesis. Figtia) depicts ply-level
local (material) coordinates, while Figure 1.1(b) depicts a tloketerial coordinate

system for a laminate.

Figurel.1 Local (a) and global (b) material coordinates.

Any quantities relating toy, xo, or X3 reference the local coordinate system, while any
guantities relating tx, y, or z reference the global coordinate system. Note that if the
laminate is comprised solely of a unidirectional lamina, the lacdlglobal coordinates
coincide. In the case of local (material) coordinatess always taken to define the fiber

direction while theq- % plane defines the plane of the lamina.



Perhaps the most notable failure theory of the WWEFE is thaucik Bnd Schirmann
(1998). They develop a three-dimensional interactive stress-bésedy which
recognizes two modes of failure from laminate stresses, Ipamnagrix (inter-fiber) and
fiber failure, based upon an “action plane” approach. For irter-failure, a principal
plane is calculated about the longitudinal (fiber) axis on whiabking is most likely to
form. Depending on the crack initiation angle, two different medtelegradation
schemes are employed. In particular, under transverse té€asipthe lamina properties

E,, Gio, and vy, are degraded continuously from material independent experimentally
deduced curves. In transverse compression, only the lamina sbeatusG;, is

degraded.

Another widely known failure theory is that of Rotem (1998), in whibkr and matrix
failure are separated in accordance with the early work dfirl@$980). Macroscopic
stresses and strains are used to predict failure and initiatking, and progressive
failure analysis is conducted by continuous degradation of an isotnogirix elastic
modulus after crack initiation is detected. Degrading the mstiffress in all directions
is overly restrictive as experimental and numerical studiearlgl reveal directional
dependence of matrix failure. Uniform matrix degradation could vel} have an
erroneous influence on a damaged ply’s ability to carry loaderaio directions and

should be considered cautiously.



Perhaps one of the most well known composite failure theoristsais ds the Tsai-Hill

failure criterion is widely used in the industry. Liu and Tsai (199&)elop a two-

dimensional quadratic stress-interactive failure criterion basegly-level stresses and
strains. Thermal cure stresses are included in the fail@dicgions by using a linear
theory of thermoelasticity. While this approach seems reasofabla first order

prediction of thermal residual stresses from a curing cyctestiesses predicted by a
linear elastic theory are unrealistically high as sigaiit stress relaxation occurs in
polymers at elevated temperatures. Liu and Tsai implemengeaegsive failure analysis
which relies on the values of the lamina transverse strain thicprigansverse crack
densities. Specifically, if the strain is positive, a ply-dist method is employed in
which ply-level transverse stiffness and shear propertiesegmadied instantaneously to

material dependent tabulated values.

Gotsis and Chamis (1998) introduce a theory that relies on gegetatina material
properties from those of the constituents. While failure iscatifulated from stresses at
the ply-level, damaged lamina material properties are edémlilby suddenly degrading
the fiber and/or matrix to approximately 10% of the originalenak properties and
updating the macroscopic properties through a finite element analjhile this type of
degradation is not considered accurate in the case of multi-dirdclaonmates, the
concept of allowing homogenized ply-level material propertidsetéormulated through
the constituent properties is considered a large step in enfordegradation process in

which the constituent material properties can be reduced independently of each othe



Huang (2004) opens the constituent window of information further than Ghlayni
proposing a means of decomposing the lamina stresses to those ofshirients with
the use of an approximate two-dimensional theory that relatesafiidlematrix stresses to
those of the composite. Huang also realizes the importancdcafatimg failure at the
constituent level rather than the lamina level, and proposes anomaxstress failure
criterion for both the fiber and matrix. Thus, fiber and mafaiure modes are

independent and easily identifiable.

Mayes and Hansen (2004) also propose a means for decomposing laesssstsain
fields to the constituent level by the use of an exact threerdiional relationship
developed from continuum mechanics. Like Huang, the importance ofataiguiailure
at the constituent level is realized, and a three-dimensionasstteractive failure
criterion is developed, largely motivated by Hill (1950). A didtindvantage of the
theory proposed by Mayes and Hansen is the coupling of the falgyoatlan to a
routine finite element analysis, thus eliminating the need fasidal lamination theory
(CLT). Furthermore, Mayes and Hansen follow the work of Gotsis dran@ (1998)
by calculating ply-level material properties for failed filzand failed matrix states prior

to performing any failure analysis.

Both the theories of Huang, and Mayes and Hansen, realize thetamgmiof thermal
residual stresses on failure predictions. Moreover, becausetgensinformation can

8



be easily calculated, residual stresses from mismatchettiahgroperties at both the ply
and constituent level can be used within any analysis. Theyaloiliteadily compute
constituentevel thermal stresses is a distinguishing feature from the othaeféhleories

discussed thus far, where only thermal stresses at the ply-level rmagnpated.

Huang approximates the residual stresses from a cure dygleusing linear
thermoelasticity and finds some failure predictions are atéve to the residual stresses.
Again, the assumption of linear elasticity in a thermal aralg$icuring will lead to
unrealistically high stresses. Moreover, to the knowledge of the rautieo strength
parameters used for the failure predictions are not alteradctmunt for the presence of
the residual stresses. If thermal residual stresses@gorated in a failure analysis,
strength parameters must reflect the impact of the thestredses. In contrast, Mayes
and Hansen argue that the effect of thermal cure stressestarally accounted for in
strength data provided by the WWFE. The differing views of Huand, Mayes and

Hansen, are thoroughly explored in this work.

1.3 A Comparison of Failure Predictions

In accordance with the WWFE, 19 theories were submitted pravigliedictions for a
variety of failure envelopes and stress-strain curves. Tsieportion of the Exercise,
named Part A, required contributors to submit blind predictions knowing only
unidirectional lamina and constituent material properties. [Retaiformation regarding

the Exercise can be found in the publication of Hinébnal. (2004). Here, a brief



summary of the experimental data and “blind” predictions is eptesl to offer
observations on what specific details should be considered in any gmiegréailure

theory.

The first three test cases of the WWFE involve unidirectionalposites under two-
dimensional multiaxial loads. The unidirectional fiber orientatbérthese materials
removes the need for any post-failure degradation schempy asadrix or fiberfailure
results in complete failure of the lamina. An examination ofetkgerimental data for
these cases shows that any max-stress or max-strain n@tiivie theory behaves
poorly when longitudinal shear stresses are encountered, aghtbeses only consider
normal stresses along the longitudinal and transverse direck@nsnstance, Figure 1.2
shows failure data for combined longitudinal tension/compression andudimgik shear.

The data clearly indicate longitudinal shear stresses influence faihds. |

Following the analysis of unidirectional laminates, the WWFE rstggefour envelopes
for various multidirectional laminates and material combinatioriiese test cases
included a layup configuration of [90° / £30°lor an EGlass/LY556 glass/epoxy
laminate loaded in combinesk.:cxy. Figure 1.3 depicts the experimental data for this

laminate.
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Figure 1.2 Experimental failure data for combined andc1, loading for a unidirectional lamina
(Hinton et al, 2004).
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Figure 1.3 Experimental failure data for combineg, o, loading of an EGlass/LY5580° / +30°%
laminate (Hintoret al, 2004).
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Blind predictions of failure for the EGlass/LY556 laminate ajufe 1.3, as provided by
Rotem (1998), are shown in Figure 1.4. It is clear that degradatlongifudinal matrix

stiffness for matrix transverse failure, such as done bgR@1998), results in a severe
under-prediction of final failure. If the matrix longitudinal stéks is degraded, the
ability of the ply to carry on-axis loads is severely hindened way that does not reflect

experimentally observed behavior.

T v v v T ™ * T ™ T

[ | —— Final failure
600 |- ---- First crack 7

-

Gy (1P 2)
=

Figure 1.4 Theoretical failure predictions for combined, o, loading of an EGlass/LY556 [90° / £3Q°]
laminate (Rotem, 1998).

An explanation of the lack of influence of matrix cracks on longitudatiéfiness is
provided by considering matrix cracking of a [0° / Qd&minate where macroscopic
cracks extend through the thickness of the laminate. Thée'temsverse crack” is used
to refer to a crack where a unit normal vector definingctiaek surface extends in the
transverse direction. An example of transverse cracking isrslowigure 1.5. In

contrast, a longitudinal crack is defined by a unit normal of the craclcewrfdending in

12



the longitudinal, orx;, direction. Because the fibers typically carry nearly el ibad
under longitudinal tension, any longitudinal cracks forming in a muldsgenerally not
inhibit the ply’s ability to sustain loading in the longitudinal diifec. Furthermore, the
stiffness in the longitudinal direction of a ply is not affeldby the presence of transverse

cracks, as these cracks open perpendicular to the longitudinal direction.

L..

s e e

Figure 1.5 Transverse cracking of a [0° / 99gminate (Akula, 2007).

The WWFE also required participants to make stress-straincpoedi for several
multidirectional laminates. Laminates were loaded in variousbow@hons ofcyy:cyy to
allow participants to demonstrate the ability to model matewallinearity caused by
submicrocrack accumulation and transverse cracking. Figure 1.6 Hiog®bal stress-
strain response of a [0° / £45° /90AS4/3501-6 carbon/epoxy laminate loaded biaxially
asoxy.oyy = 1:-1. Biaxial loading of this nature produces significant longitaidshear in
the £45° plies. From the results, one can deduce that modeling norgimear is

imperative to predict correct stress-strain behavior.
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Figure 1.6 Experimental data for combineg,:.c,, = 1:-1 of a [0° / +45° /903]AS4/3501-6 laminate

(Hinton et al, 2004).

Finally, Figure 1.7 shows the global stress-strain response fiy° / +45° /90°%

carbon/epoxy laminate loaded under transverse tensiog:ag, = 0:1. Also shown in

the Figure are theoretical predictions of Mayes and Hansen (200%). juinp in the

stress-strain curve near 400Pa is caused by a prediction of matrix failure and the

subsequent “zeroing” of matrix properties. Examination of theatgbiedictions with

experimental data suggests that post-failure matrix degradatidoransverse tension

should occur gradually to eliminate the unrealistic jump in the ssgteain response.

Physically, gradual matrix degradation in the presence of mfatitixe occurs due to

load redistribution, through complex interlaminar load paths, back to ttrexraashort

distance from the localized failure.
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Figure 1.7 Stress-strain curve for a combingg:o,, = 0:1 of a [0° / +45° /90¢]JAS4/3501-6 laminate
where the solid lines are theoretical predictioms e open circles are experimental data (Magds a

Hansen, 2002).

From the results of the WWFE cases discussed, it is evidenarijaguccessful failure

i)
i)

criterion should incorporate certain fundamental aspects, including:
Different failure modes for the fiber and matrix,

Interactive failure criteria allowing for multiaxial influemcof stress or
strain,
iii)
iv)

Nonlinear material behavior in longitudinal shear, and

A gradual reduction of matrix material properties in the directibn
loading under transverse tension/compression.

The theories that incorporated these effects predicted the belavite WWFE

laminates exceedingly well. The theories described by PL&%8) and Cuntze (2004)
15



are notable in this regard. Furthermore, it is considered eafiyeatlvantageous to
predict failure at the constituent level, as failure modesbeanlearly identified. The
work of Mayes and Hansen (2004) and that of Huang (2004) provide detaileiuenst

level information that other theories simply cannot capture.

14 Numerical | mplementation of Theories Discussed

If nonlinear stress-strain behavior is introduced in any progeedailure theory, an
incremental analysis must be performed to accurately predittrial behavior at any
point during the analysis. Because of this fact, it is advantageodsperhaps even
necessary from a pragmatic view, to couple failure theorieB wimnonlinear finite
element analysis. Of all the theories presented in the Brem@nly two have explicitly
accomplished this feat, namely Gotsis and Chamis (1998), and MayeBlamsgn

(2004).

An additional important point related to numerical implementatiohasthe majority of
the theories presented in the WWFE rely on classical lamnmétieory (CLT) to predict
the stresses and strains at the lamina level. The use ofh@tTserious negative
consequences in the fact that only a two-dimensional stressfsttd can be considered.
An extension of CLT to accommodate three-dimensional stregs s@inmonly found in
large scale structures would ultimately lead to a complex and rioathe inefficient
solution process. Moreover, while it may be argued that the \aetity of composite

laminates are only loaded in states of plane stress, Gaii®&6) demonstrates that,
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even for a state of plane stress in a lamina, the constituents have a édhgitnensional
stress state. Thus, a failure criterion trying to capture distinatdaihodes in the fiber or

matrix constituent must recognize the three-dimensional nature of trefstles

An additional consideration for evaluating the fidelity of anjufai theory is the relative
complexity of the implementation. For example, the three-dimensfaitate theory
presented by Puck (1998) requires numerous curve fitting coefficmsmaterial
behavior characteristics to calculate macroscopic failure. tcplar, five different
failure criteria must be evaluated to determine a failure etk each criterion utilizes
different coefficients (Puckt. al, 2001). Moreover, most of the failure coefficients are
empirical in nature and must be fit to material-dependent ewpatal stress-strain

curves, which may or may not be available at the time of a failure prediction.

Finally, a desired feature of any failure prediction methodolsglge ability to determine
all failure coefficients prior to an analysis, and the calcufatito determine the
coefficients involved should be as few as possible. Furthermoraasegamodes of
fiber and matrix failure should be transparent and accomplishefficsntly as possible.
This goal is best met by evaluating failure using constituemel stress/strain

information, thereby naturally separating fiber and matrix behavior.
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Noting the desired features of numerical implementation of agseiye failure analysis,
the theory proposed by Mayes and Hansen (2004) is considered torbesthattractive
of any developed for the WWFE. Constituent information is reaaligilable at any
point during the analysis, failure criteria evaluate to alsinglued scalar for both the
fiber and matrix, all coefficients are determined prior to anglysis, and the theory
inherently provides failure criteria for three-dimensionalssirstates. All of these steps
are accomplished in an extremely efficient computational mank&wever, several
improvements to the original theory of Mayes and Hansen (2004)oasthfe, and the

work here-in is aimed at addressing these.
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2. MULTI-CONTINUUM THEORY

The discussion presented in Chapter 1 highlights that the majofritguccessful
progressive failure criteria for composite structures recoguiwtinct differences
between fiber and matrix failure. Furthermore, implementatioth@fmajority of the
theories in an incremental analysis is onerous, as often numerousdagtfieients from
various equations must be solved simultaneously to obtain an acceptabtnsabome
of the coefficients generated for these equations must be detdrras the analysis
progresses, or from large quantities of experimental data thgt or may not, be

available for the specified material.

It has been argued here that the most numerically efficientythede implemented for a
composite progressive failure analysis is the MCT approach ofesland Hansen
(2004), for which the macroscopic composite stress-state igerfficdecomposed to the
constituent level. This multi-scale decomposition allows for @eytification between
fiber and matrix failure states. The progressive failuréyaisacan also be coupled to a

nonlinear finite element code with minimal additional input requirementséoanalyst.

In this chapter, the general framework of the MCT progredailire analysis of Mayes
and Hansen (2004) is developed along with a collection of proposed ratdifscaimed
at improving the theory. To begin, the concept of a multi-continuumtrisduced and

the relationships between macroscopic and microscopic materialithebee presented.
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The MCT constituent-based failure criteria are also developethé fiber and matrix.
Matrix material behavior is inherently nonlinear, and the defoomamechanisms
responsible for nonlinear inelastic behavior are discussed. Finallgyerview of the
finite element implementation is presented. Issues addresdedeirite incremental
solution scheme, effects of thermal stresses, and orthotropicddégraof the matrix

material.

21 The Multi-Continuum Concept

The fundamental premise underlying continuum mechanics is thanahematical
variables represent average values of the quantity of intéFastaveraging occurs over
a material volume whose physical dimensions are small compardtde physical
dimensions of the system of interest, yet large enough to reptasamicrostructure of a
“material point.” The latter requirement is of particular iegt in the context of the
analysis of composite materials. Specifically, in the cakea continuous fiber
unidirectional composite material, a material point must reptdbe characteristics of a
volume large enough to contain numerous fibers and the surrounding asasirown in
Figure 2.1(a). The macroscopic value used to characterizréss tensor at a point in

the continuum is given by the volume average of the micro-stress field o€ 2duyn) as

o=

%j FOdv (2.1)
D

whereD is the region representing the continuum (material) point.
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The concept of a multi-continuum simply extends the notion of a continuuefléat
coexisting materials within a material point. Such an extenisigratural in any case
where there are two or more clearly identifiable constituests drastically different
material properties. Hence, the composite material of Figur@) may be viewed as
two interacting continua composed of fibefjsapnd matrix §n) as shown in Figures 2.1(b)

and 2.1(c), respectively.

. V.}:&? .
KNG TS
{;’.‘:3-""%\ 1.:&"3';:
* 3*. i‘.‘.:.
'.-:.-: '-.. Y3 R T
i

(b) (c)

Figure2.1 Schematic of a multi-continuum decomposition simgw(a) a continuum point for a
unidirectional composite lamina, (b) a continuunmpéor the fibers only, and (c) a continuum pdiot
the matrix material.

Applying the continuum definition of stress given in Equation (2.1) &mheconstituent

there follows:
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1
@zﬁjﬂ@w, (2.2)
f

and

o} —1 5 (x)d 2.3
am—afa(x)V, (2.3)
Dm

where

D=D;UD,, . (2.4)

Combining Equations (2.1) through (2.3) leads to

where¢ andd, are the volume fractions of fiber and matrix, respectively.ewike, a

similar relationship holds for strains given by

While Equations (2.5) and (2.6) are standard results for any volwacgoh-based
mixture theory, the context of the multi-continuum constituent ggtessm fields and
their distinction from the micromechanical constituent stresafstields is critical. Note
the above relations inherently give averaged stresses and sfiréines constituents as a
consequence of the definition of the multi-continuum. Hence, variatibsgress and

strain within each constituent are not accounted for at the roopms level.
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Accommodating these variations in stress and strain at theogtrigctural level is
computationally unfeasible. Furthermore, there is little evidémaipport the value of
microstresses and strains in the context of a failure apalysithese values are clearly
dependent on an actual microstructure that is random in natureontrast, constituent
averaged stresses and strains are efficiently calculatédtimet MCT decomposition.
These constituent fields open an exciting window of multi-scaleysisathat may
provide substantial insights to composite material failure thate wareviously

unavailable.

Given a composite stress and strain field, and assuming linesticetar linear
viscoelastic behavior in an incremental loading scheme, istsaghtforward matter to
decompose the composite stress/strain fields down to their constauehstress/strain
fields for the fiber and the matrix. Garnich (1996) developed the pogmEmposition
for a unidirectional composite consisting of linear elastic filers linear elastic matrix
as well as a linear viscoelastic matrix. In what follpthe linear elastic decomposition

is presented, as this algorithm forms the basis for subsequent failureeanalys

The development of the MCT decomposition is best accomplished usingatedtr

matrix notation where stress and strain tensors are represented in eeutasf

{o}=1011 022 033 012 013 0y3|T | (2.7)

and
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{e}=1€11 €2 €3 Viz Y1z V23|l . (2.8)

The linear elastic constitutive relations for the compositecandtituents may be written

as
{o} =[Cl{e} —{eD) (2.9)
{or} =[G ]({er} —{erod) (2.10)
and
{om} = [Cnl({em} — {€mo)) (2.11)

respectively. Here, vectors with subscrpare defined as stress-free straiy, is the
composite stiffness matri*Cf] is the fiber stiffness matrix, and,,] is the matrix (resin)

stiffness matrix. Following the development of Garnich (1996), Equatbisand (2.6)

can be combined with Equations (2.9) through (2.11) to give the matrix strain vector as

{em} = (mll] + B£[4]) 7 (e} - ATRD) (2.12)

where

4] = —ﬁ—’:([C] [ ) del - 16D (2.13)

and

) = (1¢1 - [¢/]) " (IcHa} - ¢rlCrHay} — pmlCallam}) - (214
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In the above, [I] is the 6x6 identity matrix{a}is the composite coefficient of thermal
expansion (CTE) vecto{af} is the fiber CTE vectofa,,} is the matrix CTE vector, and

AT is a change in temperature from an assumed stress-free state.

Given the matrix strains from Equation (2.12), the fiber strains lgam lbe solved from

Equation (2.6) as

1
{er) = o ({e} — Pmien)) . (2.15)
f

Thus, if fiber, matrix, and composite material constants are knoien tpra structural
analysis, the constituent stresses and strains can be extgadt&ty and efficiently,

solely from a composite strain field.

2.2 MCT Constituent L evel FailureCriteria

Virtually all successful failure theories developed for dtrtad analysis of high
performance composite materials recognize that differehtréacriteria apply for the
fiber and matrix within a composite material. Hashin (1980) wasobiiee pioneers of
such an approach when he proposed failure criteria for both the fiberadurixl materials
within a composite based on thempositestress fields of a homogeneous lamina. The
theory is based upon transverse isotropy of the lamina and recoghaecomposite
materials have different ultimate strengths in tension and cosipneg\ failure criterion

can then be defined for a lamina as
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K\l + L2 + Kyl + Lyl2 + ML + Kl + Kyl =1, (2.16)
whereK;, L;, andM,, are coefficients determined from composite strength dataj;and

are transversely isotropic invariants of the composite stesssort given by Hansen

(1991) as
L =011 ,
I, = 0y, + 033
I; = 6% + 0% + 204
(2.17)
Iy = 0122 + 0123 )

and

_ 2 2
Is = 02,01, + 033013 + 201,0130,3

A natural extension of the approach of Hashin is to devadogtituentailure criteria for
the fiber and matrix of a composite based oncthestituentstress fields. The necessary
continuum level constituent information is efficiently generated udimg MCT

decomposition outlined previously.

Following the work of Mayes and Hansen (2004), failure of a constiiseagsumed to
be quadratic in stress and her¢gin Equation (2.16) is set to zero. After relabeling

failure coefficients for consistency, Equation (2.16) becomes
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A2 — T4 02 — TALL + Asl; + A, =1 (2.18)
where differences between compression and tension have been ré¢atmegh the
leading superscript on the failure coefficiems, Note termsd; andA, do not contain
dependence on the sign of loading as these terms contain shesest@nd the square of
normal stresses. Equation (2.18) represents a general interaidssefailure criterion,

and it is here that a distinction is made between fiber and matrix failure.

To develop a criterion for fiber failure, it is noted that mobefs have transverse
strengths much greater than their matrix counterparts, and thigsassumed that
composite transverse failure is dominated by matrix faillirés also of interest to note
that the last term itz found in Equation (2.17) contains transverse shearing, which is

also assumed to be matrix dominated. Based on these observaticiedcandg the
derivation of Mayes and Hansen (2004), coefficieﬂé , iA{.: andA; are set to zero as

their associated invariants involve transverse stresses. heuihdr failure criterion is

given by

AL + Al =1 (2.19)
Here the fiber constituent is defined by the supersdiipgnd any other numeric
superscript represents a power. The remaining coefficients in i&gug.19) are
determined from experimental data. The actual derivations padinumerical values

for the coefficients are presented in detail within Chapter 5.
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Most multiaxial loading conditions of composite materials resuthatrix stress states in
which off-axis stresses are comparable to those of the direatidtmading, and thus
substantial matrix stress interactions exist. The three-dioreshature of the matrix
stress field provides motivation for retaining terfia™, *AT, and AT that were

discarded in the case of fiber failure. Realizing these aegtsn the matrix failure

criterion takes the form

tam(my2 — Egmmyz _ tpmpmpm oy qmpoyoqmpmo — (2.20)
where the superscriph represents the matrix constituent. Again, Chapter 5 details the

numerical determination of these coefficients.

2.3 Nonlinear Matrix Material Behavior

As a composite material is loaded, nonlinear behavior is often obséuesto inelastic
deformation mechanisms occurring in the matrix constituent. , lddoeef discussion of
nonlinear matrix behavior is presented along with its effect grogressive failure

analysis in a finite element setting.

2.3.1 Matrix Damage
When a composite is loaded, nonlinear matrix behavior initiatepaals | far below
ultimate failure in the form of submicrocrack (void) accumalat By submicrocracks,
we refer to voids developing in the matrix with length scalesherotder of a 1 to 100

nanometers (Zhurkov, 1974). Eventually submicrocracks will accumuladectdgical
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density and coalesce to form a macroscopic crack. NumerouBeakacounts of
theoretical and experimental research on submicrocracking ajpptree literature, and

most may be traced to the pioneering work of Zhurkov (1965).

The effects of submicrocrack damage are most apparent inddimgit shear, where a
strong nonlinear response is observed far below ultimate failuiis.nétt uncommon to

see nonlinearity begin at loads that are 20-25% of the ultimate load.

Damage in the matrix material also presents itselhenform of both longitudinal and
transverse cracks through the thickness of individual plies in a lemirfskula (2007)

investigated the effects of both longitudinal and transverse&kingaén laminates and
compares experimental data for a variety of authors. From tbhesgarisons,
longitudinal cracking within a ply is found to have little effect jply-level material

properties, while transverse cracks lead to immediate failure of unidiraictomposites,
or significant reductions of ply-level matrix properties for tigidectional composite

laminates.

2.3.2 Enforcing a Consistent Set of Material Characteristics
The discussion above is limited to damage occurring in the n@instituent for both
submicrocracking and transverse ply cracking. In an incremenii® élement analysis,

when the matrix material properties are updated as damagmalates, the composite
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properties must also be updated to enforce a consistent setrobthechanical material
properties at the micro and macro scale. Thus, when the MComgesition is
performed for the next iteration, the stresses and strains cairgdutee constituent level

are consistent with the current state of the material.

To compute the relationships between thermoelastic propertibge atitro and macro
scales, a finite element micromechanics model is utilized. rikeomechanics model
requires a geometric representation of the multi-continuum discusS&attion 2.1. To
create such a model, a fiber packing arrangement is assumedpanddic unit cell, or
representative volume element (RVE), is constructed represehgngitrostructure of
the multi-continuum. Periodic multipoint constraints are employed along the bowidary
the unit cell to force the model to behave as if it were aesgmtation of the entire

composite.

The relationships between matrix and composite material propéaesthe form of

curves relating elastic constants. These curves may be celypletveloped for any
material prior to structural analysis, thereby circumventihng need to perform a
micromechanical analysis at each load step where nonlinear bebawios. Thus, the
matrix material properties can be altered, and the currentdiematrix properties can
then be used to predict a new set of composite properties. Titg &biconnect

composite and constituent properties through simple predefined esiavesitical aspect

of the computationally efficiency of an MCT progressive failure structuralysis.
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2.4 Nonlinear Finite Element | mplementation

To implement the MCT constituent-based progressive failure amaiywo a finite
element setting, an incremental analysis must be conductedloiw for nonlinear
material behavior. Stresses and strains are updated at esment, as are material
properties for the composite and constituents. Here, a brief dscugkithe finite
element solution process is presented for a general nonlinear prtobigve insight into

solution techniques used within this work.

A typical solution algorithm for an incremental finite elememtalysis consists of
approximating the material behavior of the system for the spdcificrement and
performing iterations on the global system of equations to finelgh a converged state.
Convergence is typically judged by comparing the work done by intsimregses within
an element to nodal loads of external forces. If a residual ito® large, the solution
is performed again using the residual nodal loads to update the dmaplaicfield.
Iteration continues until the residual forces at each node dnenwsitspecified tolerance,

and then the analysis resumes for the next increment.

In general, nonlinear material behavior usually “softens” r@snst increase, as shown by
the solid line in Figure 2.2. To capture this behavior at eachngerein a finite element
setting, an incremental solution using instantaneous “elastic pegiers used to
approximate the stresses from the known strains for the desirechenat. Keeping with
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Figure 2.2, consider th& increment. The increment in stresses can be computed from
the incremental strains using a tangent modulus, denoted ynEalternate approach is
to compute the total stress based on the total strains usimgra seodulus, denoted by
Es. For the purposes of stability, a secant modulus approach isredefeecause, as
strain levels increase, the secant modulus is still a positiveerumuch larger than zero.
For the purposes of convergence, a tangent modulus approach is gratethe rate of
convergence is improved for a given load increment. Howevertaltigent modulus is
utilized, the modulus tends toward a zero slope when the matehavibe begins to
plateau, which adversely affects the stability of the solutleurthermore, if the material
behavior exhibits a drop in stress for elevated strains, &gisal of crack induced
damage, the corresponding tangent modulus is negative. A negativat temaggulus

results in serious stability issues in a load-based finite elemenisoégjorithm.

Figure 2.2 Nonlinear material behavior, and a representaifdhe tangent and secant moduli for the i
increment.
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However, if the tangent modulus begins to assume a zero or neglajpesin a load

driven finite element solution, stability can be improved by switg to a solution that is
displacement driven. For the purposes of this work, a secant moslyiteferred as the
majority of finite element problems encountered are load drit/emthermore, a negative
tangent modulus for an integration point in a multidirectional lamirdes not

necessarily mean the laminate is experiencing a large drdgfess. Thus, switching
to a displacement driven solution from a load driven solution is deresl a trying task

for multidirectional laminateprogressive failure predictions.

Many techniques exist to converge on a solution in a nonlinear aalygeé minimizing
computational costs. The choice of the technique depends on the nonlioéahgy
material behavior and the size of the finite element model irntiqnesin this work, the
finite element models are quite small in the context of typstalctural analysis
problems. Thus, it is considered beneficial to reformulate lblgabequations at every
increment to achieve rapid convergence. This technique is genefaiyed to as the
full Newton method in a finite element setting, in accordanceh BAQUS

documentation (2007).

25 | mplementation Challenges

The MCT constituent-based failure analysis outlined in this chéysigibeen proven to
compare very well with the vast majority of acquired experimet@ga. However, there

exists the possibility for substantial improvements in the arsafgsicertain materials,
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laminates, and load cases. These improvements include enhancingribreenhanics
solution times to allow for embedding the micromechanics in a nanlisguctural
problem. This capability may lead to more flexible degradationnsebehat recognize

advanced failure mechanisms at the constituent level.

An in-depth investigation of the effects of thermal residuassts during curing is also
of interest. To achieve this, the micromechanics analysis mushfgdemented with
advanced viscoelastic material modeling capability to coyestidel polymer behavior

at elevated temperatures.

2.5.1 Enhanced Micromechanics Solution Times

As explained in Section 2.3, degraded composite properties aredrdlatough a

micromechanics model to degraded matrix properties in order to erdaronsistent set
of material properties across the geometric scales of gasita. The degradation
schemes employed with the MCT constituent-based progressiueefaihalysis utilize

known “material curves” for matrix degradation schemes, andnafact limited to a

special case of degradation. The choice to limit degradation sshentigose that may
be quantified by material curves is due to the fact that predidegradation “on the fly”
is computationally inefficient as the micromechanics model whaite to be employed
for every increment, and every integration point, in an analysiduti@ times for the

current micromechanics model are far too large to incorporat@mémhanics in every

time step of a nonlinear analysis.
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In reality, matrix degradation may not generally result mterial behavior that can be
guantified by one or two material dependent curves, and thus bein@ @geommodate
various degradation schemes within an analysis is desired. Howaverder to
accomplish such a feat, the micromechanics model solution timsslba dramatically
decreased to make such a coupled macro/micro analysis nutydaeaible. Thus, an
investigation of enhanced solution times of the micromechanics modekianted, and

further presented in Chapter 3 of this work.

2.5.2 Thermal Stresses

Another major challenge with the progressive failure anabfssomposite structures is
the unknown impact of thermal cure stresses on failure predictiopgical composite
materials undergo cure cycles during fabrication, where elkvateperatures are used to
set the resin. When the temperature returns to ambient conditr@ssestdevelop in the
fiber and matrix due to a mismatch in thermal expansion propertidse current
approach to an MCT failure analysis is to assume both theditkmatrix are at a stress
free state before any mechanical or thermal loading occunsargument in support of
this assumption is that all composite failure test data isntat ambient temperatures.
Thus, any residual stresses are assumed accounted for duengtlsttesting as the
constituent stresses at failure would inherently incorporate the thernaseff®hile this

argument seems to be well grounded, there has been no conclusemcevid support

the claim due to large difficulties in predicting constituent level steefg a cure cycle.
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In order to thoroughly investigate the effects of a cure ogyoléailure predications, an
advanced constitutive model for the polymer matrix must be developeddmeodate
time and temperature-dependent material behavior. An appropriatéutoesiaw for
polymers at elevated temperatures is one of viscoelasticitygrpo@ting time-
temperature superposition (TTS). Implementing such a constitutive réguires
experimentally determining material data at a range of temperdbereslymer matrix is
expected to encounter. In practice, the availability of suctemah data is virtually
nonexistent, as viscoelastic data for most materials is ystaken at a single
temperature. However, Seifert (2002) provides temperature-depecréept data for
Derakane 510, a vinylester polymer used as a matrix materilS. Navy composite
materials. We use the viscoelastic data acquired for Der&d@nt study the effects of

thermally induced cure stresses on composite failure.

Numerical implementation of the TTS algorithm in the micromedsaanalysis requires
the creation of an incremental finite element routine that incatg®rthe viscoelastic
effects of the material properties at each integration pditapters 4 and 5 detail this
analysis and further examine the effects of thermal ssegssing from cure cycles on

failure predictions.

Also, increasing numbers of composite materials are being utii@edcryogenic
environments. Fuel tanks containing cryogenic liquids for aerospadceadiopls are a
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prime example. The effects of large temperature changes on composite failargely
unknown, and experimental data for such environments is sparse. Adii@goitty in
modeling the effects of thermal loads at the structural levéhat traditional analysis
techniques cannot capture the large thermally induced constituessesty as they are
self-equilibrating and hence do not alter the composite stedds fA huge advantage to
an MCT analysis is the fact that any thermal loadingasgetely captured in the
constituents, and thus any failure predictions at the constituentimdezently contain
the constituent stresses resulting from temperature chang€snstituent stress
information presents a large opportunity to conduct a detailed anabysifailure
predictions of composite laminates placed in cryogenic environmentiis@asssed in

detail within Chapter 5.

2.5.3 Orthotropic Degradation

A critical deformation mechanism to model in progressive faituralysis of composite
materials is the formation of transverse cracks and theteaffadransverse crack density
on composite stiffness properties. Currently, the transvefBeest and transverse shear
stiffness of the composite and matrix are degraded in a mamueistconsistent with
transversely isotropic material behavior. Akula (2007) investig#iedinfluence of
transverse cracking on the material properties of individual lamitiaa finite element
micromechanics model to deduce that transverse cracking causssopit degradation
of the damaged plies. Chapter 6 details an investigatioortbbtropic degradation
schemes employed to model material behavior in the presenceng¥erse cracks in

accordance with the work of Akula.
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3. ENHANCING MICROMECHANICS SOLUTION
SPEED

31 M icromechanics M odel

MCT relies on composite and constituent thermoelastic matenaperties when
decomposing the macroscopic stress and strain fields to those obribituents. A
critical aspect of the MCT decomposition is the development obresistentset of
thermoelastic properties linking the composite and the constituéhtsachieve this
consistency, given thermoelastic properties for the fiber and xnatrfinite element

micromechanics model is utilized to generate composite material pespert

In general, computing a set of composite thermoelastic matedpénies for use in a
linear analysis is a trivial matter using the micromeatsamodel. However, when
constituent material properties need to be continuously updated in a aormiraysis,
composite material properties must also be continuously updateda démnputationally
efficient analysis, the composite material properties musugmated as quickly as
possible. It is therefore desirable to have a micromechanics wegkgble of generating

composite material properties extremely efficiently as the asglysgresses.

The micromechanics model used in this thesis is based on the assuofptiniform

hexagonal packing of a unidirectional lamina as shown in Figure 3.1.
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Matrix

Symmetry Fiber

Lines

Figure 3.1 Idealized uniform hexagonal packing representdtora unidirectional composite (Garnich,
1996).

Following the work of Garnich (1996), a triangular unit cell can Xteaeted from the
hexagonal packing as shown in Figure 3.2. The fiber volume fractiotilized to
determine the geometric parameters, and constraints are appdiefibtce the periodicity

of the repeating boundaries.

The most general class of materials considered here-intisftibathotropic behavior of
the matrix and transverse isotropy of the fibers. Orthotropicxrathavior is the result
of degradation schemes to model various levels of matrix damage. For orthotatmc m
behavior, the resulting composite is orthotropic as well. In the eiasrthotropy, nine
independent elastic constants must be determined along with thrependdeat
coefficients of thermal expansion (CTE). A total of six independesthanical load
cases are necessary to apply to the micromechanics manlghio the nine orthotropic
material constants for a composite material. A singlenthk load is sufficient to

calculate the three composite CTE.
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Figure3.2 ANSYS periodic unit cell and finite element mdsdm Garnich (1996).

A common approach to computing tbempositestress and strain fields for a given
thermomechanical load is to volume average the respective fieldshevanit cell. In
particular, recall the definition of stress at a point given by

&= %j )V 3.1)

D

In terms of a finite element formulation, volume averagingcisieved by summing the
stresses and strains in each element multiplied by theect#e element volume.
However, the stress and strain fields within each elementsrsatially variable. The
averageelementstresses and strains are obtained by calculating the stesg$strains at
integration (Gauss) points and multiplying these values by theneofraction associated
with the respective integration points. The volume of the elementsoaply be

approximated as the sum of the Jacobians at the elementahiittiegoints (Coolet.
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al., 1974). In this manner, the volume averaged stresses and strabes agproximated

for the composite as

e MNint

&= %2 2 GeiWe (3.2)

i=1 k=1
wheree is the number of elements;,; is the number of integration points within the
elementy, is the Jacobian of the integration poimj, is the weighting factor employed

by Gauss quadrature, aNds the total volume of the model.

3.2 ABAQUS Micromechanics Solution

In the period since 1996, University of Wyoming (UW) researchers hagrated from
ANSYS to ABAQUS as a commercial code for research. An @B/S micromechanics
model, patterned after Garnich’'s (1996) model, has been previously delelope
generate composite material properties. The standard mesh6@¥oafiber volume

fraction using this model is shown in Figure 3.3.

The model incorporates 578 nodes and 255 fully integrated isoperimétke@aments,
and the element stresses and strains are volume averaged tfpeopessing subroutine
that is linked with ABAQUS. Given this model, along with fully implemented multipoi
constraints that enforce periodicity, the mean wall-clock timegeénerate composite
material properties is approximately 4.0 seconds. The hardwadletaigenerate the
material properties was a personal desktop computer using athypaded Intel® Dual

Core Xeon processor with 3@B of RAM and a clock speed of 3@GHz
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Figure 3.3 ABAQUS standard mesh for a 60% fiber volume fract

33 The Search for Computational Speed

In the search to speed up solutions of the micromechanics model, secbratues,
both simple and complex, were used to reduce the total number of equiagionseded
to be solved. First and foremost, a mesh density analysis evaduated on the
ABAQUS micromechanics model to obtain the optimized number of nodes wilil
generating accurate material properties. After a coenesystudy was completed with
the ABAQUS model, the geometry, constraint equations, and load conditoagported
to an in-house finite element code developed at UW. Multiple higligiefrspecific

numerical algorithms were then implemented to optimize performance.

3.3.1 Mesh Density Analysis
The standard mesh of Figure 3.3 used to develop composite materiatipsopensists
of 578 nodes, resulting in 2,517 equations after implementing the necesdéppint
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constraint equations. A mesh density analysis was conductédthgitstandard mesh
used as a baseline, to determine the minimum number of nodes regunetdin the
accuracy of the calculated macroscopic material propertiesasitdetermined that for a
fiber volume fraction of 60%, the nodes could be reduced from 578 to 242 while
retaining material property convergence to within 0.5% of the stdne@del. The
optimized mesh is depicted in Figure 3.4, and a comparison of volunragade
mechanical material properties for a carbon/epoxy composite with asbhene fraction

of 60% is given in Table 3.1.

The progressive failure analysis developed in this thesis reqoine to compute
“damaged” composite properties based on degraded matrix propditiesefore, similar
results to those shown in Table 3.1 were computed for a range aidddgmatrix
properties to ensure convergence of the solutions. In all casesined, material
properties of the optimized mesh of Figure 3.4 were within 0.5% of those computed using

the baseline mesh of Figure 3.3.

Figure 3.4 Optimized mesh for a 60% fiber volume fraction.
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Table3.1 Composite material property comparison for a TB80L914C carbon/epoxy with a 60% fiber volume

fraction.
Carbon T300 Fiber Material Properties
Young's Modulus GPa Poisson Ratio Shear Modulus GPa
Eq 227.0 Gy, 28.00
Via 0.2450
E, 25.00 Gy 9.500
BSL914C Epoxy Matrix Properties
Young's Modulus GPa Poisson Ratio Shear Modulus GPa
E 4.500 v 0.3400 G 1.679
Original Mesh Volume Averaged Composite Properties
Young's Modulus GPa Poisson Ratio Shear Modulus GPa
Eq 138.0 Gy, 5.520
Via 0.2790
E, 11.30 Gy 3.990
Optimized Mesh Volume Averaged Composite Properties
Young's Modulus GPa Poisson Ratio Shear Modulus  GPa
137.7 5.495
£ Vi 0.2790 G2
E, 11.25 Gy 3.986
% Difference
Young's Modulus % Poisson Ratio % Shear Modulus %
0.2170 0.4530
£ Vi 0.1080 G2
E, 0.4430 Gy 0.1000

The optimized mesh reduces the total number of linear algebra@mti@sps in the
micromechanics model from 2,517 to 1,149, which is a decrease of ovéoradfatwo

from the standard mesh. Wall-clock solution times within ABAQiIS§pped from 4.0
seconds to approximately 2.0 seconds. While the drop in solution tinmeeggh mesh
optimization is unimpressive, the reduction in the total number of emsais a critical

step in the search for speed in the in-house code.

3.3.2 Composite (Volume Averaged) Stressand Strain Calculation
As discussed in Section 3.1, the stresses and strains of the sdb@mcs model can be

volume averaged to determine the macroscopic stress/straindfeliis composite. The
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process of volume averaging must be repeated for seven diffeeghtcases to fully
characterize the thermoelastic properties of the composite. pidugss is obviously a
significant factor in the total calculation time of compositatenial properties as the
stresses and strains at every integration point must be computegas-processing
operation after solution of the displacements. Volume averagingesé tfields is then

achieved using equations of the form of Equation (3.2).

An alternate approach to volume averaging the stress amnal fe¢tds is to determine the
macroscopic quantities based on the nodal values of the corners oictbenechanics
model. As a related example, consider a constant strain trianglefinite element
setting, where the strains are calculated solely frontdneer node displacements. An
outline of the procedure to calculate the composite strains tremcorner node
displacements of the micromechanics model can be found in Appendaras 8. The
use of nodal forces and displacements to determine composite/sitees fields

eliminates a vast set of floating point operations in a material propectyaan.

3.3.3 Implementation of Constraint Equations
When linear multipoint constraint equations are implemented in aaerwventional
finite element analysis, the equations are typically addeteterid of the stiffness matrix
by the use of Lagrange multipliers. This technique is utilimembmmercial codes as it is
readily implemented for any general problem. However, whiletipedcfor broad

functionality, the Lagrange multiplier method is computationally ioeffit as it

increases the total number of equations to be solved.
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Although model specific, constraint equations can also be used to eé#ndiegrees of
freedom from the stiffness matrix instead of adding equations,bthesxlucing the
numerical effort of solving the problem. Because the micromecharodel is specific
to that of the hexagonally packed unit cell, it is computationafficient to use the
periodic constraint equations to eliminate degrees of freedom fremtiffness matrix.
Curiskis (1978) presents a detailed explanation of the algorithm edduireliminate the

nodal degrees of freedom for a generalized set of linear constraint equations.

3.34 Static Condensation

Static condensation is a technique employed to “condense” nodal sledréeedom
from a finite element mesh in order to reduce the size of ttembsystem of equations.
In particular, nodes residing in the interior of a mesh can bevetnby “passing” the
effect of the node to the nodes on the boundary of the mesh. This risutxect in the
sense of correctly capturing the global response of the fulh,meesd can potentially
reduce the size of the global stiffness matrix tremendoudiys,Twhen a majority of the
nodes reside on the interior of a mesh, a significant enhancensmititddn speed can be
obtained when solving the global system of equations. Static cotidenslaninates the

ability to compute micromechanical stress and strain fields,thitneed for such

information has been eliminated as described in Section 3.3.2.

Observing Figure 3.4, it can be easily seen that the hexagmaalked unit cell can be

reduced further to three symmetric portions as shown in Figure 3.5. It is elstrem
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Figure 3.5 Symmetric partitioned mesh for a fiber volumecfian of 60%.

advantageous to utilize symmetry in conjunction with static condensation. ibulzart
the fiber and matrix can be statically condensed in each symmetric volumengesul

three fiber super-elements and three matrix super-elements.

Static condensation utilizes Gaussian elimination to condense ountdm®r nodal
degrees of freedom in a super-element. Wilson (1973) outlines the eppgoraan
arbitrary stiffness matrix and load vector. The nature sfghbcess requires numbering
nodes in a manner such that any degrees-of-freedom to be condensed out are fhlaced at

bottom of the solution vector.

3.3.5 FiniteElement Matrix Operations
Inherent with any finite element solid mechanics solution iahaulation of element
stiffness matrices and load vectors for assemblage intolobal gstiffness matrix and

load vector. The development of these matrices requires largeitiggant matrix
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multiplications and the corresponding floating point operations. Spabificonsider

the local element stiffness matrix formulation in matrix notation, given by

[K.] = f (B]"[C][B]aV (3.3)

%4

where B] is the strain-displacement matrix ar@ s the material stiffness matrix. For
an 8-node, three-dimensional isoparametric element used for thysiartak B] matrix

size is & 24 while the €] matrix is 6x6.

The geometric nature of the hexagonal micromechanics model is one tivbematerial
principal axes are aligned with the global coordinate systehereiore, restricting the
most general case of anisotropy to orthotropic behaviorGheétrix can be partitioned

as

_ [C11 O]

whereC;; andCy, are %3 matrices. Similarly, the strain-displacement matrix rnay

partitioned as
B
Bl = [ 11] , 3.5
(8] = |5} (3.5)
andB;; andB,; can be further partitioned as

By, = [By B 3131 Bf1 B151 B161 B, B%] ) (3.6)

and

By, = [3%1 3221 3231 B§1 3251 B§1 3271 331] ’ (3.7)
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respectively, wher®:,and Bl, are now %3 matrices. Substituting Equations (3.4-3.7)

into Equation (3.3) results in

k1= |

T T
4 Bf1 3211

BL" BL"
1:1 2-1 [Cll 0 ] Bi:lll B?l dV (3 8)
0 Cyl|BY, - BE : '

Then, carrying out the matrix multiplications yields

[Ke]=f[

14

T T T T
Bly Ci1Biy + B}y CyuB3y - By Ci4BYy + Bjy (B3,
: . : av . (39)

BfchllB}l%Bngczngl Bfchanl%Bngczngl
The zero terms of the partitioned stiffness matrix are caelpléegnored in the above
matrix equation, thereby eliminating half of the matrix muitigtfions. Appendix A
details additional manipulations of the stiffness matrix of Equa8.9) to further reduce
the number of multiplications involved when encountering zeros withinnitigidual

3x 3 partitioned matrices.

Now consider the formulation of any arbitrary element load vector defined as

(£} = f B"[C1(zZ}dV (3.10)
\%4

where{Z} represents an arbitrary dimensionless strain vector. For the analysikepeths
here,{Z} may represent strains produced from thermal loads or viscoaleetp. [f{Z}

is partitioned as

o= ()

the procedure outlined above for the element stiffness matrix camptoyed in the
same manner to give a load vector as

49



T T
Biy C11Z41 + B3y Cyply,
: av . (3.11)

= |

T ) T
v \Bii Ci1Zy1 + B3 CpZy;
Again, a detailed derivation of the load vector computation is outimekppendix A.
Numerical integration using Gauss quadrature is then employedlitate the integrals

of Equations (3.9) and (3.11).

As discussed previously, the hexagonal periodic unit cell can be brokerthiae
symmetric portions as shown in Figure 3.5. To exploit the syneagbne symmetric
region could be rotated about the longitudinal axis passing through rnhreideof the

unit cell by positive or negative 120 degrees to define the other two symregtans.

Consider the micromechanics model of Figure 3.4 withxthéirection orientated with

the longitudinal axis. Now, consider a coordinate array for a node given by

{x}=1x1 x2 x3]7 . (3.12)
For a two-dimensional rotation of these coordinates about the |dimgtudirection as

shown in Figure 3.6, the rotation matrix is given by

1 0 0
[@] = |0 cos(xz,X;) cos(xy,X3)| (3.13)
0 cos(x3,%;) cos(xz, X3)

where the overbar represents the transformed coordinate system.
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X3

X2

X1,X1

Figure 3.6 Rotated coordinate axes about the longitudingl. ax

For a rotation of 120 degrees, the rotation matrix becomes

1 0 0
V3
_lo -1 ¥
[a] = s (3.14)
0 F -3

The coordinate transform of the vector of Equation (3.12) is givgi oy [a]” {x}, or

1 0 0
0 1 v3|(*
{x} = 7z 7 [{x2p (3.15)
0o VB _1|\3
2
which is simply
X1
X2 \/§
Zy=<"27"27; . (3.16)
V3 X3
2Ty

Given the transformed coordinates for a symmetry section, the formulatioa efement
equations proceeds identically to the original (master) sectamally, to complete the
element formulation of the entire model, an identical procedure tmtitlihed above is

employed for the section requiring a -120 degree rotation.
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34 | mplementation

The various numerical techniques outlined in this chapter were impleché an in-
house finite element code developed at the University of Wymmiithe code was
purposely limited to only accommodate the hexagonally packed michamies model
discussed in this work. Code specificity is necessary to implemeany of the

numerical techniques aimed at computational efficiency.

The program first calculates the nodal coordinates and connedtivighe symmetric
portion of the mesh in conjunction with the mesh density analysidedkia Section
3.3.1. Specific node numbering is introduced to accommodate static commlensati
routines for the entire model. In particular, node numbering of nodeseaétafter static
condensation is performed in increments of 3. This numbering sciléwme the other
two symmetric regions to have nodes numbered as 1 or 2 plus the node ortheer
master super-element as shown in Figure 3.7. Consequently, tla¢ agebmbly of the

rotated matrices is straightforward.
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Figure 3.7 Representation of global node numbering fort{@)rhaster fiber super-element and (b) a fiber
super-element rotated 12&bout the longitudinal axis of the unit cell ceidr

A fiber super-element with a fiber volume fraction of 60% is shawkigure 3.8 (a).
The back face nodes must be condensed first by employing the pecmwtraint
equations described by Garnich (1996) and utilizing the algorithmestktaithe work of
Curiskis (1978). All nodes on the back face are eliminated hlexception of a single
node on the back bottom-left corner. The front face interior nodethea be statically
condensed using the algorithm of Wilson (1973) to form the completed dilyser-

element shown in Figure 3.8 (b).

(b)

Figure 3.8 Node representation for a fiber volume fractié®@o for (a) the uncondensed super-element
and (b) the condensed super-element. Note somefdeekodes are hidden in (a), and the back
face corner node is hidden in (b).
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The matrix super-elements are formed in a similar madtiethe fiber, except the
constraint equations utilize different nodes for elimination. A imauper-element

before and after construction is shown in Figure 3.9 (a) and 3.9 (b), respectively.

(a) (b)

Figure 3.9 Matrix node representation for a fiber volumecfian of 60% for (a) the uncondensed super-
element and (b) the condensed matrix super-elerNete. some back face nodes are hidden in (a).

Again, a single back-face node remains in the condensed super-elamsmiven in
Figure 3.9 (b). Note for all super-element constructions, the femetdoundary nodes
must be kept because other super-elements share these boundiames, the nodal

degrees of freedom on these boundaries effectively tie the entire modeetoget

After the fiber and matrix super-element stiffness matrieesl load vectors are
assembled into the global system, several nodes residing on #m@orexinit cell
boundary are condensed with the remaining periodic constraint equasianglined in
Garnich (1996). Finally, the nodes residing on the back bottom cornemgnéncell
centroid (Figures 3.8 and 3.9) leftover from the super-element constructiconalensed
in the same manner. Note, however, the node residing on the top cotimebatk face

must be retained to constrain the model from rigid body motion.
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Finally, before the system of global equations is solved, a remurgbalgorithm is
employed on the remaining nodes and super-element connectivitieadeddey Sloan
(1986). This renumbering process reduces the bandwidth of the gldfmasstimatrix,

thereby further increasing the efficiency of the global stiffnedsixrmdecomposition.

The thermoelastic material properties of a unidirectional congtasnina are generated
by forming a load vector for each of six mechanical load s;aged one additional
thermal load. The specific mechanical loads are developed inndpp€. The LU
decomposition and back-substitution algorithms employed for lineartieqgusolution

are detailed by Presgt. al (2007). An important feature of this solution process is that

all load cases may be solved using a single factorized stiffnesg.matri

The importance of static condensation to solution speed in a progr&skive analysis
lies in the assumed material behavior of the fibers. In péaticbecause the fibers are
assumed linearly elastic to failure and do not degrade duringpgressive failure
analysis, the fiber super-elements need only be formulated amcenfy specific
composite lamina. Moreover, typical fiber volume fractions faghhperformance
composites are on the order of 60%. These features collectilely one to make

significant and permanent reductions in model size.

In contrast to the fibers, static condensation of the matrix ®ipesrents provides less

computational benefit. As the matrix material degrades, statidensation must be
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implemented at each stage of the degradation process to formgitaele composite
material properties. Minor computational savings are achievesblvng the smaller
problem three times for each of the super-elements, as opposed srgmedlution of

all the elements that discretize the matrix.

35 Results

Solely by conducting a mesh density analysis with ABAQUS, tttal number of
equations in the micromechanics model was reduced from 2,517 to 1,149, and the
analysis time was cut in half. By following the various nuoerefficiency techniques
outlined in this chapter, the micromechanics model was furtheceddio a remarkable

132 total equations. Wall-clock solution times of fewer than thrilssesonds were
achieved for the generation of orthotropic material propertiesesepting a solution
speed-up of 3 orders of magnitude over the original ABAQUS moddbreover,
because the fiber super-element stiffness matrices aredantg once, each subsequent

call to the hexagonal micromechanics material module led teckalk solution times

for composite properties of under one millisecond with convergence ¢ériala

properties within 0.5%.
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4. CURE STRESSANALYSIS

The fabrication process for composite materials varies widelgifferent fiber/matrix
combinations. Inherent in most of these processes is the settihg E#sin at elevated
temperatures to ensure complete bonding between the fiber and nidigxprocess of
starting the material at an elevated temperature and eventeadliying a base reference
temperature is known as curing. Typical cure cycles involveirgjathe composite
material at a specified temperature and pressure, imposing@&ipeel temperature and

pressure history, and finally bringing the temperature and pressurdi@naiconditions.

Even though theeompositeis at a stress-free state at any temperature for whieh
structure is not constrained, the constituents of a unidirectionahdamave self-
equilibrating residual stresses occurring from thermalinstranduced by mismatched
coefficients of thermal expansion. It is of particular iestrto focus on the residual
stresses residing within the matrix during a cure cyclehag tan become very large
compared to ultimate strengths and therefore have a dramd#ict efn failure

predictions.

At elevated temperatures, the resin has very low stiffnessflawd freely. As the

temperature decreases, the material stiffness of the resws gand consequently
increases the stress interaction between the fiber and m&wobymer matrix resins also
tend to exhibit a fading memory under thermomechanical loads. Condgguent

reasonable constitutive model to account for the time-temperatureidrebfneat resins
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is to treat the resin as a linear viscoelastic matestal time and temperature dependent

material properties.

4.1 Linear Viscoelasticity

Viscoelastic materials are defined as those which exhitmtrdomation of both solid and
fluid like behavior and are often referred to as having an imperfect memory fibgci

they have a tendency to not return to an undeformed state whenhammeat load is

removed. Because the theory of linear viscoelasticity isdbagen linear superposition
of stress and strain fields, the concept of volume averaging adityrbe extended to a
linear viscoelastic analysis, and the micromechanics model dedelog@hapter 3 can
be employed to calculate constituent and composite level st@sdedrains. The term

linearity used here may be expressed through a general constitutive law as

a(t) = S::G(Hfl(t —5)+ Bey(t—s)) =

W Z6(et -]+ Bl “6(ex(t - )] (4.1)

wBER
whereG is a function of the strain field and the subscripts dltustrate different strain

histories.
A one-dimensional theory of linear viscoelasticity begins wlith development of the

creep compliance. For a constant stregsapplied under isothermal loading, the creep

compliance is defined as
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D(E) = %’;) ’ (4.2)

(Lakes, 1999). Figures 4.1 and 4.2 illustrate the applied stress &rpical creep

compliance response for a viscoelastic polymer.

By direct analogy to linear elasticity, a three-dimensienaép compliance matrix can be
formed that completely describes the multiaxial materialabien. Following the
derivation of Lakes (1999), linear superposition can be used to model ra siress
history and non-constant temperature history, and a hereditary Infiegthe strain in

three-dimensional space can be formed as

6 t t
ei(t)=ZI%Dij(t—T)dT+ fZ—iai(t—r)dr , (4.3)

j=1 0~ 0~
where D;;(t) is the material compliance matrix;(t) is the applied stresg(t) is a

known temperature history, ang is the matrix thermal expansion coefficient vector.

For the scope of this work, the thermal expansion vector is assorbecconstant for all

time and temperatures, giving

6 t

j=1 0—
The creep compliance functioik;(t) are assumed to take the mathematical form of

exponential functions as
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Uniaxial Stress

time

Figure 4.1 Constant applied stress for an isothermal loading.

D(t)

time
Figure 4.2 Creep compliance resulting from a strain hist@ayse by an applied stress,
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N
—t
D;;(t) = D} + z D{fexp (—L> ) (4.5)
L=1 i
where[]}; denotes time constants associated with each exponential terid enthe
number of exponential terms required to model the material behavrfuasction of

time (Lakes, 1999). The work within this chapter focuses on a pw@isopic matrix,

giving the material compliance matrix as

Dy1(t) Dip(t) Dya(®) 0 0 0
Di,(t) Di1(t) Dya(®) 0 0 0 }
D;;(t) = Dlzo(t) Dlzo(t) Dl(l)(t) D:i(t) g 8 , (4.6)
0 0 0 0 Dy4(t) 0
0 0 0 0 0 Dy
where
Dys(t) = 2[D11(t) — D1, (B)] . (4.7)

Hence, the three-dimensional compliance matrix is completedyacterized by two

functions,D,; (t) andD,,(t), respectively.

An additional simplification of Equations (4.6) and (4.7) is achieved bynasg the
viscoelastic material has a constant bulk modukus, In this caseD;,(t) may be

expressed in terms &, (t) andK as

1711
Di,(t) = 5 [ﬁ - D11(t)] . (4.8)

Equations (4.6 - 4.8) then provide a complete description of a three-diménsiona

viscoelastic compliance matrix in terms of a single uniagiaep function given by
D11 (2).
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To model a viscoelastic material in a finite element setis®, constitutive law of
Equation (4.4) must be approximated in an incremental form. Considecrament in
time fromn to n+1 and defineAt = ty+1 - t,. Following the work of Garnich and Hansen

(1997) an incremental solution of the hereditary integral begins by writing

Ae; = €;(tns1) — €(tn) (4.9)
or
6 [tn+1 d tn d
0; 0;
AEi = 2 J Dij(tn+1 - T)d—‘[]d‘[ - f Dij(tn - T)d—‘[]d‘[ + ociAH . (410)
j=1]o0~- 0-

For clarity, denote the integral difference pair (IDP) in square brackets a

tnt tn
doj doj
f Dij(tn+1 _T)d_‘L']dT_ f Dij(tn —T)—T]dT“ . (411)

An approximate solution to the IDP of Equation (4.11) is achieved hyriag| the time
. . do; . . . Aq
step to be sufficiently small so thgf is well approximated as constant and glvenﬁéy

Noting Equation (4.5), the integrals of Equation (4.11) may then be edlergécitly

to give

—At Ao;
D{Aa; + Z (1 —exp <—L> (DlLJ 7 A_t] - Pfj(tn))‘ , (4.12)
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—At Ao; —At
Pl(tass) = Bleeny (o )+ Dl 52 1-ex0 () |+ aaa
ij )

andPl-Lj(O‘) = 0. A detailed development of Equations (4.12) through (4.13) is found in

Garnich (1996).

Note that singularities in the form of finite jumps in strass possible dat= 0. For this

situation, the response frars 0 tot = 0" is elastic and Garnich (1996) has shown

P:(0%) = Djoy;;(0%) . (4.14)

In the above, as in the entire development of this section, there is no implied summation.

The strains generated by the IDP of Equation (4.12) arise frardistinctly different
contributions consisting of terms involving the stress incremi&sjt and terms

independent oAg;. We identify terms independent &#; as “flow strains” and write

N
Aelf = z Z (exp <_—ALt> — 1) PL(ty) (4.15)

(4.16)
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The incremental viscoelastic constitutive law of Equation (4.16) Imeaiynplemented in
a standard displacement based finite element formulation as follé@rsa given loading
increment, first compute the flow strain/seif, and the thermal straing;A6. Using

standard finite element analysis procedures, these strains tgemedal loads defined at

the element level as

f [B]IT[C1({A€T} + {a}AB)dV . (4.17)
\%

Additional incremental mechanical loads given{A¥, } are added to Equation (4.17) to

give an element load vector defined by

{AR,} = f [BIT[C1({Ae”} + {a}AB)AV + {AE,} . (4.18)
\%

Assembly of all elements leads to a global system of mmsafor the incremental

displacement given by

[K]{Au} = {AR} . (4.19)

Incremental strains are computed from standard strain-displacensitn®lgiven by

(A€} = [B]{Aw) . (4.20)

and incremental stresses are given by Equation (4.16).

Using the finite element linear viscoelastic algorithm prexkatove, the hexagonally
packed micromechanics model discussed in Chapter 3 was modifiegplement linear
viscoelasticity within the matrix. The super-elements wdeeonstructed” to allow for

element stress calculations at the end of each time increasemequired by the
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viscoelastic constitutive model. Note the matrix was assunodiepsc, as is generally
the case for an undamaged neat resin polymer. Following the ebpiwaa linear
elastic analysis, composite stresses and strains werelatatl using the corner node
forces and displacements as detailed in Appendix C. The fildematrix stress/strain
fields were volume averaged in order to calculate the multi-contireanstituent stress
field and ensure the volume averaged results were correctly prgdibe composite

stress/strain field.

To test the micromechanics analysis, a combined multiaxial dmeechanical loading
was applied based on a test case from Garnich and Hansen (IBI9&)fibers were
assumed to be linear elastic and transversely isotropic v@@¥@fiber volume fraction.
The matrix was taken to be viscoelastic and isotropic. Tablgides the matrix and
reinforcement material properties, where #iedirection is assumed aligned with the

fibers.

Table 4.1 Viscoelastic matrix and elastic reinforcement matgroperties for a 60% fiber volume
fraction.

Transversely Isotropic Linear Elastic Fiber Reinforcement Material Properties

a oisson Ratio ear Modulus a ermal Expansion ) °
“:Z‘;'quss GPa  Poisson Ratio  Shear Modul GPa  Thermal Expansion 10 (1/°C)
E, 220.6 0.2000 Gy, 26.00 oy -0.3600
E, 1335 ‘2 7 Gy 5.516 a 18.00
Linear Viscoelastic Isotropic Epoxy Material Properties
D° (GPa)™ D! (GPa)® IT* (Sec.) K (GPa) Thermal Expansion 10 (1/°C)
0.325 -0.08300 107.0 4.309 o 40.00

65



110 \ \

—+— Axial, 11
1004 —u»— Transverse, 22
ool —©©— Transwerse, 33
Axial Shear, 12
o 80+ —ll— Axial Shear, 13 |+
S8 Trans Shear, 23
g 70r —&— Temperature ]
[0}
= 60r- B
S
g 50+ q
2
@ 40 - n
o
» 30} .
20 ;
10 H—.—.—I—ﬂv
(5 .' . i N Y, W - o rdn _ rin Wi pin _ win  pin  min  rin  min r’}

A 7 Al
[$7 — < = SO Ry AYd AYd Avd AW AW AW Avd AW

0 2 4 6 8 10 12 14 16 18 20
Time (Min.)

Figure 4.3 Composite stress and applied temperature higdory combined thermomechanical loading.
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Figure 4.4 (a) Matrix strains and (b) reinforcement strginsdicted by Garnich and Hansen (1997).

Figure 4.3 depicts the imposed thermomechanical loads, and Figuessl#4% compare
the micromechanics results to those of Garnich and Hansenre3hiés of the current
work are in agreement with the independent results of Garnich andrijardieating the

viscoelastic algorithm has been properly implemented.
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Figure 4.5 Matrix and reinforcement strains as a functiotie predicted by the current micromechanics
model.

4.2 Time-T emper atur e Super position

The discussion of neat resin behavior thus far has been limited in $zojme-
dependent behavior. However, the mechanical properties of a polysoeheavily
depend on temperature. In order to capture the temperature depeindaraee stress
analysis, the viscoelastic model must be expanded such that chesiobés modeled as

a function of time and temperature.

4.2.1 Theory and Finite Element I mplementation

The simplest material model for time and temperature-deperdesp behavior is to
assume the material is thermorheologically simple. This gstgam implies the
viscoelastic response under a change in temperature is equteateshift in logarithmic
time. A response of this nature is said to follow time-tempegasuperposition (TTS).

TTS is very useful in the fact that material creep compliaseta taken at various
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temperatures can be used to extend the model of creep behavimety large time

scale.

Following the work of Seifert (2002), the creep compliance terms can be vastten

D(t,T) = D(§ Trer) (4.21)
whereTs is defined as the reference temperatureéaisdreferred to as the reduced time

given by

t
ar(T)

&= (4.22)

In the abovear(T) is defined as the shift factor (Lakes, 1999).

To implement TTS, a reference temperature must be chosendh tilei material creep
compliance is known. Then, the remaining creep compliance datebmskifted along
the reduced time axis to form a master curve around themeéetemperature. The data
is shifted by calculating the shift factor introduced in Emumt(4.22). The most
common form of the shift factog(T), is the Williams-Landel-Ferry (WLF) equation
given by

—Cy(T = Tyey)
Co+T—Trep ' (4.23)

log(ar) =

whereC; andC; are arbitrary real constants, ands the temperature of the shifted data
(Seifert, 2002). Note that the nature of Equation (4.23) requireastttivo sets of creep
compliance data other than the reference temperature data toetslynglefine the

constantsC; andC,. It is desirable to incorporate a set of data with one tegidmture
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higher than the reference temperature and one test tempdoaverethan the reference
temperature, but this reference temperature selection is redsagg as the constants can

be determined regardless.

To develop the constitutive theory behind TTS, consider the work of &sest (1982)
in which an isotropic constitutive law for a thermorheologicalln@e material is

introduced as

6 t t
do; do
€i(t) = Z jd—?Dij(f—f’)dT+ J-Eai(t—r)dr . (4.24)
ka

j=1 0~

where

&= fX(T(n))dn ,
0

and (4.25)

&= fx(T(n))dn

Keeping with the definition of TTS, andé’ are reduced time variables, ands defined

as the inverse of the shift factor given as (Christensen, 1982)

x(T,t) = [ap(T,0)]7 L. (4.26)

Again, the coefficients of thermal expansion are assumed to bewcbmsth both time
and temperature for the scope of this work, thereby allowing Bquét.24) to be

written as
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6 t
do:
ei(t)=z jd—?DU(f—f')dr+ai9(t) | (4.27)

j=1 0~

Implementing the above constitutive relation into a finite elenpeagram is a direct
extension to that of linear viscoelasticity, where the creeppbante is a function of
time only. Consider an increment in time frono n+1, and definé\t = ¢, ., - t, and

Aé = &,.1 - &, The incremental thermorheological viscoelastic constitutive ddw

Equation (4.27) then takes the form

tn+1 th

6
do; do;
Agi(t) = z lf d—?Dij(fnﬂ —§dr — f d—?Dij(fn —&dr| + a;A8 . (4.28)
j=1{o- 0~

Assuming constant stress and strain over sufficiently smak steps, the integral

difference pair in brackets, denotedAly(t), above can be calculated as (Seifert, 2002)

6

VIGEDY

0
D;jAg;
j=1

N
+ Z PL-L]- (tw) <exp <_—ALS(> — 1>
L=1 U
Ao; At —AE— &, i - (4.29)
DL-L]- A;‘t]z exp <—€ iLj i ) (exp <$_LL]> + 4exp <€_le1>

(%;))H_

Hereé'is defined for half points of the defined time increment, i.e.
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$n =80t
$nt1 = E(tnros) (4.30)

$nrz = E(tns1)

andP/; is defined as

PL'Lj (tn+1)

—AS Ac; At —&$ni1 +én
= PA(t )exp< ) +DE == exp <—
v ;) 7 At e b

_ + ! _ + !
+ 4exp< §n+1 - §n+1> + exp< §n+1 - §n+2>> .
ij ij

(4.31)

Seifert (2002) gives a detailed derivation of the solution of thgnaltalifference pair
given by Equation (4.30) and (4.31). The flow strain increment, defindlgeastrain

increment in Equation (4.29) that is independemtaf is given by

N

Aeif = Z Z (exp (—_Af) — 1> Pl(ty) . (4.32)
ij

j=1L=1
The reduced time variables must be calculated in advanaavirigs the inelastic strain
increment. To approximate the reduced time variables, Se2@oR] utilizes a three

point Simpson integration scheme with the WLF definition of the shift factorite at

n—1A Cl(T(tk)_Tref) Cl(T(tk+0.5)_Tref) C1(T(tk+1)_Tref)
£ ~ z = 10C+TW)~Tres 4 4| 10C2+TCkros)=Tres | 4 10C2+tTCk+1)=Tref
o R

k=0

‘ (4.33)

n=>1 ,

whereé, = 0, and the temperatures are evaluated at half points in time. Similarly,
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m-1AT Cl(T(Tk)_Tref) Cl(T(Tk+0.5)_Tref) C1(T(Tk+1)_Tref)
z < 10C2+T@)~Trer 4 4| 102 TCk+o5)~Tref | 4 10C2tTTk+1)~Tres

& ~ (4.34)

k=0
m=>=>1 ,

where &y = 0, At = At/2, T = tosk, Tkros = tosk+ozs aNd Teyr = Loskros- It IS
extremely important to note that the temperatures in Equation (dr84¢valuated at
quarter points in time (Seifert, 2002). Note that if the temperatirinterest is
equivalent to the reference temperature, the terms within the ationnof Equations
(4.33) and (4.34) simply evaluatett@ndz, respectively. Thus, an increment in reduced

time collapses to that of a real time/&s= At.

Given the flow strain of Equation (4.32), the element flow strainl leector can be
formulated for any time and temperature and assembled intglti@l system of

equations.

Finally, note that the creep compliance of Equation (4.21) impieelastic response of
the neat resin is a function of temperature. The temperatyrendence of elastic
constants has serious adverse effects on numerical effiasntye stiffness matrix must
be formulated at every increment. Hence, incremental solutigngeeactorization of
the global stiffness matrix at every time step. Thereflwoen a numerical viewpoint,

TTS represents an enormous jump in computational effort.
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2.2 Derakane510 Master Curve

The material chosen to model the resin during a curing cycle tgpieal composite

material was Derakane 510, a vinylester polymeric resin sdppliehe Naval Surface

Warfare Center and manufactured by Dow®. This specifio i@as chosen because of

the known material properties at elevated temperatures, ad t@gtthe University of

Wyoming (Seifert, 2002). Table 4.2 gives the neat resin eldatecfor a wide range of

temperatures, and Table 4.3 gives the neat resin viscoelastic ftudaga for three

elevated temperatures based on a creep compliance of the form
N
0 L —t
D(t)=D"+ ) D" exp|—=r
L=1 H

Table 4.2 Average isotropic material properties of Derakah@ for various temperatures.

T Young's Modulus Poisson’s Shear Modulus
emperature -

(°C) (GPa) Ratio (GPa)

24 3.300 0.3200 1.250

66 2.500 0.3300 0.9400

93 1.500 0.3700 0.5470

121 0.01400 0.4800 0.004730

149 0.008000 0.3300 0.003010

Table4.3 Derakane 510 neat resin viscoelastic data faovaitemperatures.

DO Dl DZ Hl HZ K
Temperature R . .
’:, A (GPa)®  (GPa)'  (GPa)'  (Sec)  (Sec) (GPa)
24 0.327 -0.03000 -0.01100 16040 1623 3.241
66 1.053 -0.2380 -0.4140 873.0 22840 2.451
93 2.774 -1.108 -0.9990 339.0 4686 1.923

(4.35)

The viscoelastic data given in Table 4.3 was utilized to developpstemcurve in

accordance with TTS. After trial and error modeling of theterecurve, the reference

temperature was chosen to be 66°C. The shift factors werenchased upon a “best
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eye fit” approach and the two unknown constants were calculatedngfilibe WLF
equation (Equation (4.23)). To give the reader an intuitive ga@aspTS, an example of
shifting experimental data in time is shown in Figure 4.6. Tablgi¢es the constants

C, andC; calculated for Derkane 510 along with the corresponding shift factors.

Table 4.4 Master curve coefficients for Derakane 510.

Shift Factors

Temperature C) ar
24 3.000x16
66 1.400x103
Williams-Landel-Ferry Equation Constants
G G (O
-13.31 166.89
3
25+ .
2 L -
=
3 15 .
&
1 L -
0.5+ e
0 4 ‘ 2 ‘ 0 ‘ 2 ‘ 4 ‘ 6 3
10 10 10 10 10 10 10

Time (seconds)
Figure 4.6 Master curve for Derakane 510.
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4.3 M icromechanics Cool-Down Study

When a unidirectional composite material is exposed to a tempeddiange, constituent
level residual stresses will develop from a stress-freee st8 a direct result of
mismatched constituent thermomechanical properties. The swesstlte for a cure
cycle is the elevated temperature from which cool-down initialdége cure cycle chosen
for this study was a linear temperature profile in timmmfran elevated temperature to
room temperature for one hour at atmospheric pressure. The onerhewuration is
typical of many composites with a vinylester matrix. Beeathe neat resin elastic data
was only known up to 15C, the elevated temperature was chosen to be this
temperature. A plot of the creep compliance indicates that, at this temegtiatumatrix
behaves as nearly liquid in that the stiffness is virtually xistent. Thus, the rationale
for choosing the elevated temperature at €58°supported in that higher temperatures

will produce negligible thermal stresses in cooling to £50°

To generalize cool-down results for a range of composite ialgtean isotropic glass
fiber and a transversely isotropic carbon fiber were employddthe thermoviscoelastic
micromechanics model outlined above. Table 4.5 gives the elastic pspert the

glass and carbon fibers, and Table 4.6 gives the coefficients ofahexpansion for the

neat resin and both fibers.

75



Table4.5 Fiber material properties for micromechanics edmivn study.

AS4 Carbon Fiber

Young's Modulus GPa Poisson Ratio Shear Modulus GPa
Eq 227. Gy, 28.0
E, 25.0 vie - 0.245 Gy 9.50

EGlass Fiber
Young's Modulus GPa Poisson Ratio Shear Modulus GPa
E 71.0 0.260 G 28.3

Table4.6 Coefficients of thermal expansion for micromedbarmool-down study.

Longitudinal a; Transverse a, Transverse a;
Constituent 10° (1/°0) 10° (1/°0) 10° (1/°0)
Derakane 510 60.0 60.0 60.0
AS4 Carbon Fiber -0.70 5.00 5.00
EGlass Fiber 5.04 5.04 5.04

A time sensitivity study was also conducted to ensure thatalbalated stresses did not
heavily depend on the rate of cooling. The times chosen for thgsenalere 10
minutes, 1 hour, and 5 hours. Table 4.7 details the time sensitigitytsrefor a
glass/vinylester with a 60% fiber volume fraction, and Table 4 &ldd¢he results for the
carbon/vinylester composite with a 60% fiber volume fraction. b&ar stresses are
absent as changes in temperature only impact normal streAsesxpected, the stress
magnitudes decrease with increasing time but not enough to wiamidwetr investigation

or discussion.

Table4.7 Glass/vinylester composite viscoelastic cool-d@anstituent stressesIPa) for a fiber volume
fraction of 60%. Superscripts represent the carestit

Time o11 0% o33 ‘7{1 ‘lerz 0.13’3
10 minutes 16.2 6.29 6.29 -10.9 -4.24 -4.24
1 hour 15.7 6.09 6.09 -10.6 -4.11 -4.11

5 hours 15.1 5.88 5.88 -10.2 -3.97 -3.97
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Table 4.8 Carbon/vinylester composite viscoelastic cool-daonstituent stresselslPa) for a fiber
volume fraction of 60%. Superscripts representctiestituent.

Time o1 022 033 ‘7{1 ‘lerz ‘7/;3
10 minutes 17.7 6.37 6.37 -12.0 -4.30 -4.30
1 hour 17.2 6.17 6.17 -11.6 -4.16 -4.16

5 hours 16.6 5.96 5.96 -11.2 -4.02 -4.02

A cool-down was also conducted for a single time step assurmirggant elastic material
properties at room temperature for both the fiber and matrix. TaBladetails the
stresses predicted for an elastic increment for the glaglester and carbon/vinylester

composites with 60% fiber volume fraction.

Table 4.9 Glass/vinylester and carbon/vinylester compoddstie cool-down constituent stress®P@)
for a fiber volume fraction of 60%. Superscriptpresent the constituent.

m m m f f f
Material 911 922 933 011 032 033

Glass Vinylester 35.1 13.7 13.7 -23.7 -9.22 -9.22
Carbon Vinylester 38.6 13.8 13.8 -26.0 -9.30 -9.30

Note the elastic stresses are almost two times those tekdiyg the TTS viscoelastic
analysis. This difference is due to the fact that the miinivs at elevated temperatures,
thus relieving the stresses residing in both the fiber andxmdtor an elastic time step
the matrix cannot flow, and thus the change in temperature causes lad)el Igsesses.
Therefore, modeling a cool-down elastically does not properly @pghe residual

stresses produced by a cure cycle.
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5. THEIMPACT OF THERMAL LOADSON
FAILURE PREDICTIONS

The current approach to determining constituent-based failure MiCananalysis relies
on the assumption that both the fiber and matrix are at a steesstate before loading.
This assumption is based on the premise that any residual messest residing in the
constituents before a strength test are accounted for duringrémgtkt test, and the
resulting strength parameters intrinsically account for the stiesses. In other words, if
a tested failure strength of a composite at ambient tenuperatas decomposed to the
fiber and matrix, the constituent failure strengths would inchh@eeffects of the cure
cycle. While this argument is both elegant and desirable @monimplementation
perspective, the question of thermal cure stresses affecilimg faf composite materials

presents itself as a viable, and somewhat problematic, possibility.

Thermal loads in a composite structure induce several completkisieare not seen in a
purely mechanical problem. For instance, consider free thexpahsion/contraction of
a multidirectional composite laminate. Because each individumaihéa has its own

thermal expansion properties, thermal stresses are introdudea @y level that are, in

total, in equilibrium for the overall laminate. In addition to theaasiply-level stresses,
self-equilibrating internal stresses at the constituent lewisle due to mismatched
thermal expansion properties between the fiber and matrix constitudence, even the
simplest case of uniform thermal loads produces extremely corspless states. The
problem of analyzing such stress states is compounded by tthéoneanscend multiple

geometric scales.
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A key advantage to MCT over conventional composite failure aesalis the ability to
compute induced constituent thermal strains and corresponding consitesatfields in
the course of a structural (laminate) level analysis. Beaafudes capability, a natural
and worthy exercise is to investigate the effects of teryerachanges on failure

predictions.

51 Failure Coefficient M odifications for Thermal Cure Stresses

Consider the constituent failure equations given in Chapter 2 as

2
AN + a1l =1, (5.1)

and

FATUT? = FARUEY + ATI + APIR - FATIM =1, (52)
where the superscripta andf represent the fiber and matrix constituents, respectively.
The Af (B = f,m) terms are failure coefficients determined from compositength
data and the MCT decomposition. Finally, mfeterms are the transversely isotropic

stress invariants given by Equation (2.17), where the longitudiislc symmetry is

assumed aligned with the axis.

5.1.1 Purely Mechanical Approach

Consider the fiber failure criterion given by Equation (5.1). Tleaficients, given by

+A{, ‘A{, andA{, are required to completely characterize fiber failure.
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To determine*A{, a longitudinal tension test for a composite is assumed to result in fiber
failure. Thus, the longitudinal composite tensile strength cashebemposed to that of

the fiber, and Equation (5.1) can be solved as

1

+Af: - >
+
( Sll

1 (5.3)

where *S/, represents the longitudinal stress in the fiber at composite longitudisééte
failure. The procedure outlined above can also be completed for longitudi
compression, as this failure state is assumed to be goverrfigmbibiginking (buckling).

Therefore, one can write

1
2
(78t

Al = (5.4)

The remaining termA{, is calculated from composite longitudinal shear data. In

particular, given a longitudinal composite shear stress.ofEquation (5.1) reduces to

Al = ; 5 (5.5)
(s

12

whereS/, represents the longitudinal fiber shear stress at failure.leWHis approach
appears straightforward, the actual value computed in Equation (5.5) is problkesrthic
type of test used to determine the composite longitudinal sheagtstrean significantly

alter the results. For example, if the test utilizes woundhagtis consisting of a +45°
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laminate to generate the data, failure is assumed to be fibénatechdue to the inherent
continuous fiber fabrication of the cylinder. In contrast, if thet teslizes a
unidirectional laminate, such as in an losipescu shear test, hine fisi assumed to be
matrix dominated. Excessive deflections are typically obsarvéolsipescu shear tests
indicating large matrix strains are occurring. For askest governed by matrix failure,
fiber failure due to longitudinal shear must be estimated. Based on datth&MWFE,
fiber failure for amatrix failure dominatedongitudinal shear test is modeled as
AL = !

4= W : (5.6)

where 5/, is the fiber stress at composite longitudinal shear failuFae fiber shear
strength at composite shear failure is scaled by a factor of 1.25 to enf@rctailure at a

larger composite stress state that that of matrix longitudinal shaaefail

The failure coefficients for the matrix failure criterion Buation (5.2) are much more
difficult to determine, as there are multiple interacting eemaking it difficult to isolate
individual coefficients. To begin, consider the matrix stress stader composite
longitudinal tensile failure. As discussed previously, this faiisrassumed to be fiber
dominated. Moreover, matrix failure is assumed to occur assisegreater than those at
composite longitudinal failure. Next note that under composite longéltension or
compressiow;; » o35 = 033. Thus, the transverse stresses in the matrix at longitudinal

failure are disregarded, and the matrix stress statesism&sl to be one-dimensional

leading to the isolation ofA™ in the matrix failure criterion. Because the precise value
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of matrix strength is unknown in longitudinal tension and compressionfaithee

coefficients*A™ are expressed as

fam_ A 5.7
1 - 2 .

(*sm

and
K
- m __

1 =T 2 5.8
‘Sf{z (5.8)

where J—”S{’{ Is the matrix stress at composite failure in uniaxial tanand compression,
respectively. The coefficients andk are arbitrary scaling factors that are adjusted to
provide a best fit of biaxial composite dataf c22). In the absence of biaxial data, data

from the WWFE suggests good valuesA@ndk are 0.8.

The coefficientA"is determined from an losipescu shear test of a unidirectional

composite as

1
Ay = —= 5.9
4 (SIrzl 2 ( )

where S% is the matrix stress at composite longitudinal shear failuFailure in
transverse shear is also assumed to be matrix dominated and hence themogffican

be calculated from a transverse shear test to failure as

1
AT = , (5.10)
S (S)?

whereSJ% is the matrix stress at composite transverse shear failure.
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Figure5.1 Matrix invariant axes plotted against compositxial stress space.

The remaining coefficientstAT, AT, TA™, A", ~A™, and TA™, are more difficult
to determine as they cannot be isolated with a standard tesadditional complicating
factor is that “quadrants” of matrix stress space, definef™oy 0 andl}* = 0, are not
comparable to the biaxial quadrants defined by composite sp@ss. sFigure 5.1 shows
typical quadrants of matrix stress-space plotted in the coofeitte quadrants of a

composite loaded biaxiall§g;; — g55).

Matrix stress space is defined in terms of stress invariaatopposed to stress
components because any biaxial lamina stress state usualtg resa three-dimensional
state of stress within the constituents. Defining the mapadrants in terms of the
invariants allows one to view these stresses in a two-dimensional form, sudéfthition
will provide the basis of the discussion for the remainder of the coefficients.
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Referring to Figure 5.1, determination 0fA}' is achieved by loading the composite
biaxially such thaf® = 0 andI}* < 0. Along this load path, the matrix failure criterion

collapses to

—TATIME+ AT =1 . (5.11)
Thus, knowing the terndi* from Equation (5.10), parametéerd]* can be calculated
easily provided biaxial composite data is available in quadrant Ivoofposite stress
space. If no biaxial data is available along the load Jatk 0, there exists two ways of
determining parameter AY' depending on the type of reinforcement used in the
composite. If the composite utilizes a glass fiber reinforcement, itheefariteria of Hill
(1950) for anisotropic materials is employed, as experimetddh indicates that
composite failure is reasonably represented by this criterion. cohtrast, if the
reinforcement is a carbon fiber, experimental data showsathmax-transverse stress
criterion should be employed. The difference between glass/epakgaahon/epoxy
behavior may be explained by the longitudinal modulus of the fibBpecifically, the
longitudinal carbon modulus is approximately three times that efglAs a result, axial
matrix stress in carbon/epoxy composites does not have the opportunity to build to

sufficient values to impact failure under biaxial loading.

Parametert AT is calculated in a similar manner to thatoff in that the composite is
loaded biaxially such thati® =0 and I;* > 0. However, a max-stress criterion is
employed for both glass/epoxy and carbon/epoxy unidirectional lamiteasite failure

is generally governed by a max stress phenomenon.

84



Now that parameterd AT and "AT* are known, the remaining paramatémy, *A™,

A7, and T’Ag" can be determined. Specifically, paramefqu’ Is calculated by
following any biaxial load path in quadrant IV of matrix streggace. In the absence of
biaxial data, the anisotropic yield criterion of Hill is agampboyed for a glass/epoxy
unidirectional composite, and a max transverse stress criteriagain employed for

carbon/epoxy unidirectional laminates.

*A™ is determined from loading the composite in transverse tensionata stresses

from transverse tension reside in quadrant | of matrix stress spdgeis calculated in a

similar manner by loading the composite in transverse compressiastly, $A’5” is
calculated by enforcing a max transverse stress criterioarfoarbitrary load path in

guadrant Il of matrix stress space.

5.1.2 CureStressApproach

The discussion presented in Section 5.1.1 assumes both the fiber and areataix a
stress-free state when determining failure coefficients. ritheestigating the effects of
cure stresses on failure predictions of unidirectional compositego#fécients of the
failure criteria in Equations (5.1) and (5.2) must be determined elitfigr than the

process followed in Section 5.1.1.

To introduce cure stress effects into a failure analysispst first determine the values
of the cure stresses at ambient (reference) temperat@esmputing precise values of
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cure stresses for all possible materials studied here-ineasomable due to the onerous
material characterization required. However, one canarlyhe cure stress analysis
presented in Chapter 4 as a means of providing reasonable valueg stresses for
glass/epoxy and carbon/epoxy unidirectional composites. In parfitubacure stresses
for a one hour linear cool-down given in Tables 4.7 and 4.8 are considerepr¢sent
the constituent stresses for a typical curing cycle. Toesestresses are utilized within

this chapter to analyze the effects of cure stresses on failure peslicti

Now consider the fiber failure criterion of Equation (5.1). The prodessribed in

Section 5.1.1 for computinéA{ and ‘A{ does not change as transverse stresses are not
included in the fiber failure criterion. However, the longitudinedsses found in Tables

4.7 and 4.8 for a cure cycle must be added to the stresses fronCithdédomposition at

failure. Thus, the coefficients4/ and ~A7 are represented as
1 1

ta] = - (5.12)
1 2
f f( ) :
(+511 n O_llcure )
and
1

—Af _

4 = (5.13)

—of f(cure) 2
( Si1t oy )
Here, *S/,and s/, are the fiber stresses at composite longitudinal tension and

compression failure, respectively, and“"® is the longitudinal stress in the fiber

resulting from the cure cycle.
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Following Section 5.1.1, coefﬁciemﬁ is calculated based on longitudinal shear failure
data. However, because cure stresses have been introduced, tlsrégeitensor is
inherently three-dimensional, even in a simple longitudinal shedinigpa Thus, the fiber

failure criterion becomes

2
A v Al =1, (5.14)
where ‘A{ has been calculated previousll;f, contains the longitudinal stress in the fiber

from the curing cycle as

If — O_lfl(cure)

] (5.15)

)

andL{ contains the fiber shear stress from the composite failure in longitubesal as

L{ 25{2 ) (5.16)

Noting the above, parametef is solved for as

_ 2
1- AL (1)

(5.17)
7
14

AL =

Note that the composite longitudinal shear stress at failuyeb@acaled to capture the

type of test used to determine the longitudinal shear strength.

Determination of *AT and ~AT* follows the same process as Section 5.1.1, but the
matrix stresses from the cure cycle must again be addbd giresses at failure. Again
note the stresses residing in the matrix for a typical cuyete are shown in Tables 4.7
and 4.8. The longitudinal cure stress exceeds the transversesitesses by

approximately a factor of three, thereby preserving the asganmmtesented in Section
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5.1.1 thata] >» 07% = 04% for the matrix stresses at composite longitudinal failure.

Thus, *A™ and “AT* are represented as

A

+ —
A" = )2 : (5.18)

(+S1ni n O_lrrlt(cure)

and

K
—-Am _
L 2 5.19
(_Slnll _I_O_Irll(cure)) ( )

respectively. Her€ S* and ~SI% represent the matrix stresses at composite tension and

compression failure, respectively, and;““"® represents the residual stress in the
matrix from the cure cycle. Alsol and k represent the same scaling coefficients

identified and discussed in the purely mechanical derivation presented in Section 5.1.1.

The shear coefficiem]' is calculated similarly to the purely mechanical analysis
considering a transverse shear loading. However, following theisdisn for fiber
failure in longitudinal shear, incorporating thermal cure steesssults in a three-

dimensional matrix stress state, and the matrix failure criterion become

TATUTY? = TARUFYE + ARIT - TARIT =1, (5.20)

wherel{*, I}, andI}* are given by
I{n — Glrrlz(cure) ,
(5.21)

m _ _m(cure) m(cure)
I;" = 0y, + 033 )
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and

2 2
1 = (oY 4 () 4 p(spy2
Note the only known failure coefficient in Equation (5.20)"i4™*, and thus no other

terms can be solved for explicitly.

Next consider a composite loaded in longitudinal shear to failuee.this loading, the

matrix failure criterion collapses to

FATUTY? = TARUED? + ATIT + AT - TARIT =1 (5.22)
where
I{n — O_Irll(cure) ,

m _ _m(cure) m(cure)
I;” = 0y, + 033 )

I;n _ (O_zrrzl(cure))z n (O_;r;(cure))z , (5.23)

and

I = (S12)°

To obtain closure for determining the remaining coefficied4]*, ~AT:, TA™, *A™,
~AT, and TA™, the procedure outlined in Section 5.1.1 is closely followed. However,

the matrix stress space delineated by the bisectingifixes0 andl}* = 0 must shift, as
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Figure5.2 Matrix invariant axes incorporating matrix cuteesses plotted against biaxial composite stress

space.

a zero composite stress results in nonzero matrix stresggse b.2 depicts the matrix

stress space plotted against composite biaxial stress space with resesas included.

Coefficient “A}' is utilized by loading the composite biaxially such th&t= 0 and

IJ' < 0. As discussed in Section 5.1.1, two different failure criteria, depgrah the

type of reinforcement, are employed when biaxial data alondoduspath is absent. In

particular, a max-stress criterion is enforced for a carbon/dpaxpna, and Hill's (1950)

anisotropic yield criterion is employed for a glass/epoxy tamiSimilarly, *AZ* is used

by enforcing a max-stress criterion along the load fate 0 and/)* > 0.
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An equation involving the matrix failure coefficieRd™ is formulated by following a
load path in quadrant IV of matrix stress space to failure. Again, in the albsdniaxial
data, the anisotropic yield criterion of Hill is employed forsglapoxy unidirectional
laminae, and a max transverse stress criterion is employedcddoon/epoxy
unidirectional laminae. An equation f&rﬁlg” is formed by following an arbitrary load
path in quadrant Il of matrix stress space, and enforcing a masw&&e stress criterion.
Lastly, equations involving matrix failure coefficientsA?* and ~“A” are formed by
considering the transverse strengths of the composite in tenssbnca@mpression,
respectively. Note that when decomposing the composite striestoftae matrix for the
failure coefficients*A?, TAT, TA™, and “AT, the thermal residual stresses from cure
must be added to the decomposed stresses to gain an accurafgialesdrihe stresses

residing in the matrix.

In summary, determining the matrix failure coefficientshwiesidual stresses from a

thermal cure cycle generates eight failure coefficigmis ¢annot be solved for directly
due to coupling of the equations, namdl}, AT, TAT, ~AT, *A", TA™, TAT, and
“AT'. However, it is a simple manner to solve the system of eigisitions and eight

unknowns for the linear system by employing matrix algebra solution techniques.

5.2 Unidirectional L amina Room Temper atur e Failure Predictions

The failure coefficients outlined in Section 5.1 were computed farloo/epoxy and
two glass/epoxy unidirectional composites with 60% fiber volumetitnas. Table 5.1

provides the fiber, matrix, and composite material properties foE@ass/LY556
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transversely isotropic composite, Table 5.2 gives properties forlemk&MY750
glass/epoxy transversely isotropic composite, and Table 5.3 gives t@mepEr a
T300/BSL914C carbon/epoxy transversely isotropic composite. All rahtéata is
explained in detail in Hintoret. al. (2004). However, it should be noted that the
constituent material properties were modified to give the smhef composite material
stiffness properties provided by Hintat. al. while also being consistent with the
micromechanics model. Finally, note that for transverse isotrahysymmetry about
the x; axis: Ex = Eg, vi2 = v 13, Gi2= Gy3, andaz = a3. Moreover, the transverse shear
modulus may be written as

E,

Gpyg = —=——
2721 4 vy3)

(5.24)

Table5.1 Fiber, matrix, and composite transversely isatropaterial properties for EGlass/LY556.

EGlass/LY556 Transversely Isotropic Composite Material Properties with 60% Fiber Volume Fraction

E, (GPa) E, (GPa) Vi Vs G, (GPa) a;10°(1/°C) @, 10° (1/°0)

53.5 17.7 0.278 0.400 5.83 8.60 26.4

EGlass/LY556 Transversely Isotropic Composite Strengths with 60% Fiber Volume Fraction

S (GPa) S11 (MPa) S5, (MPa) S52 (MPa) S12 (MPa) Sy (MPa)

1.14 -570. 35.0 -113. 72.0 50.0

EGlass Isotropic Glass Fiber

El (GPG) E2 (GPG) V12 V3 GlZ (GPG) o 10-6 (1/°C) o) 10-6 (1/°C)

80.0 80.0 0.200 0.200 333 4.90 4.90

LY556 Isotropic Matrix

E, (GPa) E, (GPa) Vi Vs G, (GPa) a;10°(1/°C) @, 10° (1/°0)

3.35 3.35 0.350 0.350 1.24 58.0 58.0
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Table5.2 Fiber, matrix, and composite transversely isatropaterial properties for Silenka/MY750.

Silenka/MY750 Transversely Isotropic Composite Material Properties with 60% Fiber Volume Fraction

El (GPG) Ez (GPG) V1o V3 GlZ (GPG) o 10-6 (1/°C) o) 10-6 (1/°C)

45.6 16.2 0.278 0.400 5.83 8.60 26.4

Silenka/MY750 Transversely Isotropic Composite Strengths with 60% Fiber Volume Fraction

Si (GPa) S11 (MPa) S, (MPa) S32 (MPa) S1, (MPa) Sa3 (MPa)

1.28 -800. 40.0 -145. 73.0 50.0
Silenka Isotropic Glass Fiber

E, (GPa) E, (GPa) Vi Vs Gy, (GPa)  a,10°(1/°C)  a,10° (1/°C)

73.0 73.0 0.200 0.200 30.8 4.10 4.10
MY750 Isotropic Matrix

El (GPG) E2 (GPG) V1o V3 GlZ (GPG) o 10-6 (1/°C) o) 10-6 (1/°C)

3.35 3.35 0.350 0.350 1.24 58.0 58.0

Table 5.3 Fiber, matrix, and composite transversely isdtropaterial properties for T300/BSL914C.

T300/BSL914C Transversely Isotropic Composite Material Properties with 60% Fiber Volume Fraction

El (GPG) Ez (GPG) V1o Va3 GlZ (GPG) o 10-6 (1/°C) o) 10-6 (1/°C)

138. 11.00 0.280 0.400 5.50 -1.00 26.0

T300/BSL914C Transversely Isotropic Composite Strengths with 60% Fiber Volume Fraction

Si (GPa) S11 (MPa) S, (MPa) S32 (MPa) S1, (MPa) Sa3 (MPa)

1.500 -900. 27.0 -200. 80.0 74.3
T300 Transversely Isotropic Carbon Fiber

E; (GPa) E, (GPa) Vi Vs Gy, (GPa)  a;10°(1/°C)  a, 10°(1/°C)

230. 15.0 0.200 0.0710 15.0 -0.700 12.0
BSL914C Isotropic Matrix

El (GPG) E2 (GPG) V12 V3 GlZ (GPG) o 10-6 (1/°C) o) 10-6 (1/°C)

4.00 4.00 0.350 0.350 1.48 55.0 55.0

In the WWFE, the first three failure envelope predictions raqueBy the organizers

were for unidirectional laminates (Hint@t. al, 2004). In particular, Case 1 was for an

EGlass/LY556 unidirectional lamina loaded under longitudinal shear amdverse

tension/compression. Using this case as a benchmark, failunemes/evere generated

with and without residual stresses to determine the effects of cure swwessdure
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Figure5.3 Room temperature failure envelope comparisomfoEGlass/LY556 glass/epoxy
unidirectional lamina.

predictions. Figure 5.3 depicts the failure envelope comparison. Wefailure
envelopes are, for practical purposes, identical, thereby indidh@iggure stresses are
intrinsically accounted for by the failure data generatexhdiient temperature. It should
be noted that Mayes and Hansen (2004) argued for this position inotigmal

submission of the WWFE.
Figure 5.4 compares failure predictions for combined longitudinal sirehlongitudinal

tension/compression of a T300/BSL914C carbon/epoxy unidirectional lamihaandl

without residual cure stresses. Again, any difference in the two envelopebgibleeg
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Figure5.4 Room temperature failure envelope comparisomf6800/BSL914C carbon/epoxy
unidirectional lamina.

The last room temperature failure envelope studied was biageding of a
Silenka/MY750 glass/epoxy unidirectional lamina. Figure 5.5 depicés room
temperature failure envelope comparison for the analysis condudiedand without
thermal curing stresses. Once again, incorporating thermalliced cure stresses did
not alter the failure envelope predictions by assuming a dtesssstate under no

mechanical load.
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The conclusion from Figures 5.3-5.5 is that residual stress effectscure cycles on
room temperature failure predictions are negligible for unidwaaticomposite materials
whose failure strengths are determined from standard ambiemeneé temperature

tests.

To enforce the importance of this result, it is useful to compaitare envelopes
generated with and without thermal residual stresses utiliiagourely mechanical
failure coefficients Figure 5.6 provides this comparison for the biaxial glass/epoxy
failure envelope that is also shown in Figure 5.5. The reselslglindicate the residual
stresses are large enough in magnitude to alter the failuréopayéhereby predicting

lower failure strengths. It must be emphasized that this apparent reducti@mgits
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Figure5.6 Room temperature failure envelope comparison irm@atimg only mechanical failure
coefficients for a Silenka/MY 750 glass/epoxy uredtional lamina.

predictions is incorrect in that the effect of thermal steessere neglected in the

determination of the failure coefficients.

While the above discussion argues a very good case for neglectingréhstresses in
unidirectional lamina failure predictions, it does not guaranteethieaeffects of cure
stresses can be neglected for multidirectional laminate piadict To determine the
effects of cure stresses in a laminate, a TTS analysss be conducted for the laminate
of interest. Such an analysis would require a TTS viscoelastigion with MCT
capability. Currently, MCT viscoelastic modeling is restdct® isothermal creep

compliance material behavior.
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While a detailed TTS analysis of multidirectional laminatasnot be conducted, we
have investigated the significance of thermal stresses inducedismatched thermal
expansion of individual plies compared to thermally induced constituealt s$&resses
within a ply. Table 5.4 compares the ply-level stresses and theteensstresses for a
[90° / £30°k EGlass/LY556 laminate subjected to a cool-down of C5Ssuming linear
elastic behavior. The table shows stresses in the 90° ply only. naradieply level

thermal stresses are on the same order of magnitude &ethmally induced constituent
stresses. Therefore, further investigation of thermal resgiiedses for multidirectional

laminates must be conducted.

Table5.4 Comparison of ply level and constituent leveésses for a linear elastic cool-down of 150°
for a [90° / +£30°] EGlass/LY556 laminate.

90° Ply Stresses
Stress Ply (MPa) Fiber (MPa) Matrix (MPa)
oy -34.5 -60.7 4.83
0 24.2 28.1 18.4
033 1.51 0.198 3.48

53 Unidirectional L amina Cryogenic Failure Envelope Comparisons

As discussed previously, an extremely large advantage of MCihais constituent
thermal stress contributions are completely accounted for in larynomechanical
problem. Hence, these self-equilibrating stresses generatedhermal problem are
readily available to an analyst. These stresses can have a prh@iffect on matrix
failure predictions in particular, as thermal stresses alanecause matrix cracking at

cryogenic temperatures.
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It is of interest to determine the effects of the residtraisses from a cure cycle at
cryogenic temperatures. Here only carbon/epoxy laminatexarsidered as most
glass/epoxy laminates cannot withstand such temperature chatgese the strength of

these material systems are not suited to cryogenic environments.

To analyze the effects of large temperature drops on failudécpoms, the load cases of
Section 5.2 were conducted at cryogenic temperatures with the T3@U/BS
carbon/epoxy whose properties are given in Table 5.3. Materialrpespand strength
data were assumed to stay constant during the temperature chamde a lack of

available low temperature data.

The temperature change chosen to model the thermal loadingAWas -15C0C.
Temperature changes larger than “I50such as cryogenic applications with liquid
nitrogen AT = -219C), were not achievable as failure of the resin used in this ialager

predicted well before the complete temperature change could be reached.

The first load case considered was for longitudinal shear and traesve
tension/compression of a unidirectional lamina with and without resstiieses from a
cure cycle. Figure 5.7 depicts the failure envelope comparisahifoload case. It is

evident from the predictions that the large temperature change induoes #il
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Figure5.7 Failure envelope comparisons for a T300/BSL914Man/epoxy unidirectional lamina at
cryogenic temperatures for combined transversedeft®mpression and longitudinal shear.

significantly lower stress states. Furthermore, it islevi that the effects of the thermal

residual stresses from a cure cycle are negligible.

Next, a failure envelope for longitudinal shear and longitudinal tercsioigression was
generated for a unidirectional lamina subjected first to a @ldoad of AT = -150C. A

comparison of the failure envelope with and without residual strassdepicted in
Figure 5.8. The large temperature change induces failurewsatly longitudinal tension

and combined longitudinal shear. However, the temperature change only sliggtdy
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Figure 5.8 Failure envelope comparisons for a T300/BSL914Man/epoxy unidirectional lamina at
cryogenic temperatures for combined longitudinasien/compression and longitudinal shear.

the predictions under longitudinal compression. Moreover, the predictionpanating
thermal residual stresses from cure deviate from those not inabngpthe cure stresses

when the lamina is loaded in longitudinal shear.

The last loading considered was biaxial loading inxhandx, directions. Figure 5.9

depicts failure envelope comparisons for reference temperanaeAT = -150C,

respectively. The low temperature predictions show results for an assanstiuent
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Figure5.9 Failure envelope comparisons for a T300/BSL914Man/epoxy unidirectional lamina at
cryogenic temperatures under biaxial loading.

stress-free state at reference temperature as wiek@porating residual stresses from a

cure cycle.

Collectively, Figures 5.7 through 5.9 show that cure stresses hagteah on failure
predictions at low temperatures involving longitudinal shearing arakiahilongitudinal
loading, while having a minimal effect on the other load casesestudiWhile cure

stresses often have a negligible effect on failure predictibeslarge self-equilibrating
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thermal stresses caused by t#tie = -150C cool-down dramatically alter the predicted

failure envelopes.

Finally, in order the fully characterize a thermomechanitalure analysis at
temperatures far from a reference state, an investigatiokilofe strengths at low
temperatures should be conducted. Such a study should include tempdependent
material characterization in addition to determining failureergjths at the final

temperature.

54 L aminate Cryogenic Failure Envelope Comparisons

The importance of thermal stresses arising from larg@eaeamture differences is also of
interest in multidirectional laminates. In the absence ofcpmability to model cure
stress effects using a TTS viscoelastic analysis, we dlde@ssumption of a stress-free

state at room temperature.

Two T300/BSL914C carbon/epoxy laminates consisting of a [90° / £30Y a [0° /
+45° / 90°], were chosen to study low temperature effects on failuregbi@as. Hinton
et. al. (2004) provide detailed descriptions of the laminate lay-ups, anchaik#rial
properties are given in Table 5.3. Both configurations were loadelbyanri the plane
of the laminate after being exposed to a temperature clednd®0°C, and the results

were compared to the predictions for room temperature.
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Figure 5.10 depicts the results for the [90° / +30fhile Figure 5.11 shows those for the
[0° / £45° / 90°} laminate. The figures show that large temperature changesaha
distinct effect on matrix failure. The significance of thalteads on matrix failure may
be explained by the fact that matrix coefficients of therexglansion are generally large,
and consequently large temperature changes introduce signtfiesuntal strains in the
matrix. The resulting thermally induced matrix stresses,baoed with the relatively

low failure strengths of the matrix, have a prominent effect on matrix égpiadiction.

In contrast to the matrix constituent, fiber failure is largetgffected by the temperature
change as the thermally induced fiber stresses are small comparachaveuiber failure
strengths. Moreover, ultimate failure of multidirectional compokitainates studied
here-in is generally predicted by fiber failure. As a iesbére is little difference in the
ultimate failure predictions at room temperature compared tolaivetemperature

environment.
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Figure5.10 Biaxial failure envelope comparison for a [9@°30°]s T300/BSL914C laminate AfT=-
150°C and room temperature.

While considering matrix failure may seem trivial in the cehtd ultimate failure loads,
many aerospace applications utilize multidirectional compos#éesnhtes similar to
those considered here to store liquids and gasses in cryogenic erenten If the
matrix cracks, these fluids may “weep” from the laminate aondldc produce a

catastrophic failure and/or precious loss of liquid fuels.
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Figure5.11 Biaxial failure envelope comparison for a [0°452 / 90°]s T300/BSL914C laminate /&t =-
150°C and room temperature.

The conclusion then is that thermal constituent stresses mustcdented for in any

thermomechanical problem where the environment deviates subsyarit@ih the

assumed stress-free reference temperature. The abiliptore thermal stresses at the

constituent level is a hallmark of MCT that truly separatesittadysis from conventional

finite element analysis.
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6. ORTHOTROPIC MATERIAL DEGRADATION

In an MCT progressive failure analysis of a composite lamjnfilure mechanisms
cross multiple geometric scales. Specifically, ultimaéastrophic) failure of a laminate
is often preceded by failure and/or intermediate damage oagumithin individual

lamina. Ply-level failure itself is multi-scale in nata®failure within a lamina may take

the form of fiber failure or matrix failure.

When considering constituent failure mechanisms within an individunainé fiber

failure and matrix failure are treated differently. In dase of the fibers, linear elastic
behavior is assumed up to a critical failure load. The subsecpiknmefis assumed to
result in a complete loss of load carrying capacity, and fitzeemal properties are set to

near zero values with loads redistributed to neighboring plies.

In contrast to fiber failure, matrix failure within a plynauch more complex. Damage is
assumed to occur at loads well below ultimate failure and tmitia the form of
submicrocrack (void) accumulation. This type of damage is well dected in polymer
behavior (Zhurkov and Kuksenko, 1974) and results in nonlinear stress-straimobaha
the macroscopic level. As loads continue to increase, the medickes a critical stress
state, typically resulting in transverse cracking within theidate. In the case of
unidirectional composites, a transverse crack (failure) in tregrixmis assumed
catastrophic for the entire laminate. However, in the caseultfidirectional laminates
matrix failure is not catastrophic in that the deformation nlearctack zone is highly
localized and the constituent is able to support loads a short @ish@ms the crack
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through complex load paths utilizing adjacent plies. The positréalesponse of the
matrix is characterized by an increasing number of trasev@ly cracks. Eventually, a
crack saturation limit is reached where the matrix has liardgst its load carrying
capacity. Knopps and Bogle (2004) used a unique set of experiments toyqtient
material phenomenon of increasing transverse crack density intamadgx failure

response.

Inelastic behavior caused by the variety of matrix deformatienhanisms noted above
is further complicated by the effect damage has on the nma#igrial properties. In an
undamaged state, the matrix is assumed to be isotropic. Subntkracaumulation is

assumed to affect the longitudinal shear behavior of the matnmedmtely causing the
matrix to be transversely isotropic. The presence of transpbrsgacks introduces an

even more complex matrix response thatrthotropicin nature.

6.1 Ply-L evel M aterial Degr adation

6.1.1 Submicrocrack (Void) Accumulation

In the present MCT failure analysis, nonlinearity causedubyngcrocrack accumulation,
such as typically seen in longitudinal shear behavior of unidirettioomposite
laminates, is modeled as follows. Material degradation is asstonee driven by the

longitudinal shear contribution to the matrix failure criterion given by

Nsm = AL (6.1
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At low levels ofysm, the matrix material properties are assumed lineatielasplying
that low levels of stress cause no damage. However, upon excadtneghold value of

nsm, the composite moduli are degraded functionally as

Gf3 = sz = sz (Msm) > (6.2)
where the superscript denotes a degraded property. The degradation curve defined by
Equation (6.2) is determined functionally from composite longitudinalr stesss-strain

data.

When composite properties are altered due to matrix damage, thetipgopethe matrix
material must also be degraded in order to maintain consistatibmships through the
micromechanics analysis. This consistency is enfoacpdori to structural analysis by
generating composite material property curves as a functionatfix damage. The
development of these curves begins with isotropic matrix majgogkrties, sa¥, and
Gm, representing Young’s modulus and the shear modulus, respectively. uglGgyils
allowed to degrade in longitudinal shear@g;,, and G%,,. Transverse isotropy is

enforced, requiring

GY o =Gh . (6.3)

Given the degradation scheme outlined above, it is a straighttbmmatter to relate
degraded composite longitudinal shear properties to degraded matrixidiomg) shear

properties as functions of simple curves for any composite maf{dtayes, 1999).
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These curves are generated by repeated execution of the mitramcs material

property module with steadily decreasing values of the matrix longitudinal reloekli.

6.1.2 Transverse Cracking

A critical aspect of modeling the development of transverse plgksrof increasing
crack density is to determine the effect of the cracks on #texnmaterial properties and
the composite properties of the lamina. A schematic of a trasgsplr crack is shown in

Figure 6.1 where a unit normal to the crack is oriented imth@ection of the lamina.

Figure6.1 Schematic of transverse ply cracking, Akula (2007

Akula (2007) presented work on ply-level material degradation as aidanof

increasing transverse ply crack density. Finite elementomiechanics models of
increasing crack density were developed and a set of periodic bowmhalyions were
enforced to model transverse cracking through the thickness of atpin wilaminate.

The results were compared to a range of experimental data, aag fiound that the
micromechanics model predicted ply level material degradatieeriyn good agreement
with experimental data. A significant result of Akula’s wevks that only selected ply

level material properties were found to degrade as a function efsing crack density.
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In particular, if the fibers of the ply are aligned with #elirection, it was found that of
9 possible independent orthotropic constants, only 5 constants givien By, vz, Gi
and Gz were found to degrade in the presence of transverse ply cragikbermore, an
equally important observation was thaf, v,;, andv,3 were found to degrade by a

consistent percentage as a function of increasing crack density.

Now consider the compliance matrix for an orthotropic matrixenedt Since principal

material axes are aligned with the local (lamina) axes, one can write

1/E, —v1,/E; —viz/E; 0 0 0
—v1,/E; 1/E, —vy3/E; 0 0 0
_ [~ viz/Er  —vx3/E; 1/E; 0 0 0 6.4
L] 0 0 0 1/G;, 0 0 (6.4)
0 0 0 0 1/Gys 0
0 0 0 0 0 1/Gys

Note that even thoughy; is changing as a function of crack density, does not. This

result can be proven by considering the Maxwell-Betti theorem as

d d
v v
12 _ Va1 (6.5)

ES B¢

Since the modulug; is not affected by transverse cracks, the above can be rearranged to
give

d Vgl
Vlz = E1 . (66)

Ef

Becauser,; andE; are degraded by the same amouptdoes not change as a function

of transverse crack density.
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Now considetS,; of the compliance matrix given by

d

Uz3
23 Eg

Since bothwg, andE¢ degrade by the same percentage, this term is also unaffgcted b

transverse cracks. In summary, a degraded compliance matrix takesrthe f

1/E, —v2/E;  —vy3/E; 0 0 0
—v1,/E4 1/551 —vy3/E; 0 0 0
—vy3/E;  —Uy3/E 1/E5 0 0 0
cd] = v13/Eq 23/ b2 6.8
5] 0 0 0 1/G4% 0 0 (6.8)
0 0 0 0 1/Gis 0
0 0 0 0 0 1/G%.

The surprising conclusion is that only 3 diagonal terms in the comsplianatrix are

affected by degradation due to transverse cracks.

6.2 Orthotropic Degradation

Figures 6.2 through 6.4 depict the findings of Akula for matgnaperty degradation as
a function of normalized transverse crack density, given by

# cracks
e
millimeter

whereh represents the thickness of the laminaiilimeters Note that a value af = 1

implies the distance between cracks is equal to the thickness of the ply. The work

112



V3

d
23

d
[Ep voylvaye v

d
E2

0.1r —

0 ! ! ! ! !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

4

Figure6.2 E4/E,, v4,/v,1, andvi; /v, lamina degradation as a function of normalizedsvarse crack
density as presented by Akula (2007). Symbolsesgt FEA data.

completed by Akula considers normalized transverse crack dengi¢o 1.0, as most

experimental data used for comparison did not consider crack densities tyaatixs.

It is obvious from Figures 6.2 through 6.4 that material degradatioa doe stay
constant for normalized crack densities greater than 1.0. To edeégnaldation functions
beyond 1.0, the data presented was extrapolated using a “best eydilfa leveling off

of degraded properties was achieved, which was identified as crack saturati
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Figure6.4 G4,/G,; lamina degradation as a function of normalizedsvarse crack density as presented
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6.2.1 Degradation Parameters

For the purposes of an MCT progressive failure analysis, it sseary to havboththe
matrix and composite mechanical property degradation as a functteeme¥erse crack
density to enforce a consistent relationship between matrix anglosttenproperties. To
accomplish this, a program was implemented following the developimégdy (2000)
in which orthotropic matrix material properties could be “revensgineered” from
known composite and reinforcement material data using an iterptbeess. The
process was completed for both glass/epoxy and carbon/epoxy lamsahean
reinforcement properties strongly influence matrix degradatiigures 6.5 - 6.7 depict
matrix and composite degradation as a function of normalized traeass@ick density.
It is assumed that the glass/epoxy and carbon/epoxy laminaahpteperties generated
here represent the entire collection of their respective reerfeent and matrix

combinations.

From Figures 6.6 and 6.7, it is clear that matrix shear stgfdegradation is independent
of the type of reinforcement used, and thus only analytical repgegsms of four curves
need be developed for the matrix degradation parameters. Namelyor glass/epoxy
E, andv,3, one for carbon/epoxi, andv,s, one forG;,, and one foiGys. Analytical
representations of the three composite curves in Figures 6.5 throughusét 7also be

developed.
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Figure 6.7 G4,;/G,3 as a function of normalized transverse crack dgnsi

While knowing degraded property curves as a function of crack denstyiloes the
material behavior of the matrix and homogenized composite to its ekint,
determining the transverse crack density after failure iffiauli task to accomplish. In
order to relate transverse crack density to easy calculatachgi@rs during a routine
analysis, a strain measure was chosen to model the crackyddnsparticular, consider

the third strain invariant of the matrix constituent given by

I = (e35)? + (e53)? + 2(e53)? . (6.9)
The third invariant was chosen to relate to transverse crackydbesause the invariant

is a function of transverse normal strains and transverse shear strain.
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To give an identifiable measure of transverse crack densityhitidestrain invariant was
calculated for the matrix at composite transverse tensiturdaand set to a valug,.
Then the same parameter was calculated for subsequent crackesdessithe same
composite stress state, denotedypyand degradation curves were generated for the
matrix as a function ofyy — y,)'/3. The exponent of 1/3 was chosen to produce curves
that were easily fit to a simple polynomial. Figures 6.8 - 6.10 show matrix and ctenposi

degradation as a function @p — 1,)*/3.
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Figure 6.8 E4/E, andv,;/v,3 as a function of the third strain invariant.
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Table 6.1 details the curve fitting coefficients for the comppaite Table 6.2 provides

the coefficients for matrix. The composite degradation can be modeled by

O° =14 Ciz + Cyz? + C3z3 + Cuz* (6.10)

and the matrix degradation can be modeled by

M =14 Cz + Cyz?+ C3z3 + Cuz* + Cz° (6.11)
wherez is the strain parametdr) —1,)'/3, and ¢ is the reduction multiplier to the

original material property of interest.

Table6.1 Lamina curve fitting coefficients for compositegitadation based on Equation (6.10).

E$/E; v43/ Va3

& G G Cy
104.7 -147.5 69.74 -13.60
G1,/G1z
c, G G C,
34.22 -71.11 40.09 -8.82
G33/Ga3
& G G Cy
-50.22 5.130 15.10 -5.060

Table 6.2 Matrix curve fitting coefficients for matrix degglation based on Equation (6.11).

E$/E, and v, /v, for Glass Fiber Reinforcement

G c, G Cs Cs
0.0000 102.0 -135.5 64.73 -13.14
E$/E, and v%; /v, for Carbon Fiber Reinforcement
G c, G Cs Cs
-363.5 666.17 -439.8 132.3 -18.52
G/Gy,

(o G G (o Cs
-123.1 241.4 -182.3 66.25 -11.67
G33/Gzs
G c, G Cs Cs
0.00 116.0 -134.2 56.29 -10.20
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6.2.2 Degradation Under Transverse Compression

Transverse compression is fundamentally different than transversgort when
considering the formation of cracks. Specifically, transvessgpcession can be thought
to push cracks together instead of pull them apart. At first bilashdistinction between
compressive and tensile behavior is important as tensile induceks crdlt cause a
reduction in stiffness. Under compression transverse cracksloglé and one may
expect no stiffness reduction duectacking Puck (1998) and Liu and Tsai (1998) both
realized this fundamental difference in crack behavior and adjustgerial properties

accordingly.

A similar approach to Puck (1998), and Liu and Tsai (1998), was initralestigated to
model transverse cracking in the present work. Recall, the saemsddrsely isotropic

invariant for the matrix stress tensor is given by

' =05 +0d}5 . (6.12)
This invariant was calculated for the matrix to form an idestifior transverse
compression. i7" < 0, the matrix was assumed to be in transverse compression as
compressive stresses are dominating, whef§as> 0 was assumed to be a tensile

dominated stress state.

Given a value fod}*, matrix and composite transverse stiffn&gss and E5 were only
degraded whet]* was found to be positive. This approach was utilized to genarate
variety of failure envelopes for known experimental data. Forpeoison, a second set

of results were generated by degradiijgandEJ* under transverse compression. It was
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found that degrading transverse stiffness properties in tensioroamuassion produced
a more realistic failure envelope. This phenomenon can be explajn@ssbming the
matrix behaves plastically under compressive loading. Pladtavioe can produce a
nonlinear response very similar to that caused by crackingedBas these results, the
dependence of the second stress invariant was thrown out, and albimateperties

were degraded regardless of the transverse loads being tensile or cimapress

6.3 | mplementation of the Post-Failure Response for Transverse Cracking

The orthotropic degradation scheme outlined in Section 6.2 is edyeatj@bst-failure
response based on increasing density of transverse cracks. Theénfdtion of this
model begins when initial failure is detected in the mati. initial failure, the third
transversely isotropic strain invariant is calculated from Eqnd6.9) and stored for use
in all subsequent calculations. The value of the third matrainstnvariant at initial
failure is denoted byo. For every subsequent load increment, if the current valye of
exceeds the maximum recorded valueypimaterial property degradation is calculated
for the matrix and composite from the curves described in Sectiomar@l2;ompliance

matrices are reformulated according to Equation (6.8).

If submicrocrack damage has occurred from shear nonlinearitiestprioitial matrix
failure, cracking damage is assumed to compound the degradation., thenealues of
G,, and G{% at failure represent the “original” values 6f, and G{; for degradation

calculations due to cracking.
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The progressive failure analysis continues in this manner uttigrefiber failure is

detected within the ply, or matrix saturation is detected. Rerldtter case, further
deformation results in the material properties being held congttre bbwest calculated
values. For fiber failure, the lamina is considered completelgdfaand the fiber

material properties are set to zero.

6.4 Results

Given the numerical degradation method outlined above with the MCT constiased
failure criteria, the multidirectional laminate load casesnfrthe WWFE were run to
determine the accuracy of the orthotropic degradation algorithme, ldeosen failure
predictions are compared to those of a prior version of the MCT wmrdtbased failure
criteria and known experimental data. There are two important distinguighituges of
the orthotropic degradation scheme developed here compared to theuprACT
constituent-based progressive failure analysis. First, datjoa in the previous analysis
required transverse isotropy of the composite and matrix properfigula (2007), has
clearly shown that the assumption of transverse isotropy in thexne not general
enough in that under transverse cracking

E, # E;
A second important feature of the current orthotropic degradatiormscie that all
stress-strain behavior is treated as being continuous. In cottieagirior version of the
MCT constituent-based progressive failure analysis utilized wiseecontinuous stress-
strain curves that allowed for jumps in the secant modulus. ppmach was adopted

for numerical efficiencies.
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For discussion purposes, the term “transversely isotropic” (TI) will be teselentify the

previous MCT constituent-based progressive failure analysis approad! lay-up

configuration information is detailed in Hinta. al. (2004), and the material properties

used are given in Tables 5.1, 5.2, and 5.3.
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Figure 6.11 Biaxial failure envelope comparison for a [9@%30°]s EGlass/LY556 laminate.

Figure 6.11 compares predictions of a [90° / £3Qfdss/epoxy laminate loaded biaxially

in the x andy directions.

Also, Figure 6.12 gives a comparison for a [90° / £30°]

glass/epoxy laminate loaded under combined longitudinal tension/conopreasd
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longitudinal shear. It is obvious from these figures that tharéagnvelopes developed
using the orthotropic degradation algorithm predict failure much moregately than the

Tl progressive failure theory.
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Figure6.12 Failure envelope comparison for a [90° / +3@Elass/LY556 laminate.

Furthermore, the theory using orthotropic degradation predicts a sfadoth envelope,
while the TI theory predicts one that is choppy. The choppy appearof the TI
envelope can be attributed to the use of conditionals when post-failureddegn is
employed within the TI theory. The conditionals cause degradpacameters to be

turned on or off depending on the strains encountered within the composite.whieas
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composite straining from different loading is on either side ottmalitional statement, a

discontinuous failure surface is formed.

Figure 6.13 depicts a comparison for stress-strain curves @b8°]s EGlass/MY750
laminate loaded biaxially undexy:.cy = 1:2. This loading configuration was chosen
because it exhibits extreme amounts of nonlinearity afteraliniatrix failure, and
transverse cracking is considered a large factor in the nonliesponse. Note the
experimental and theoretical strains in xhdirection differ by a large amount for strains
in excess of 1%. While strains above this limit will rardeé/designed for, it is useful to
compare this data with other sources of experimental data to igsight to the
discrepancies. In particular, the experiments conducted by Knop@ogiel (2004) for
the same laminate and loading yielded data closely resenthiatgproduced by the

orthotropic degradation curves.

Figure 6.14 highlights the same curves of Figure 6.13 for strainsupnly 0.9% for a
more detailed comparison. The results indicate that degradingriahgproperties
orthotropically results in a theoretical prediction in very good egemt to the
experimental data, particularly for strains up to 0.5%, whicls@teonsidered large. A
prominent and undesirable feature of the Tl approach is the vegy jlamgps in strain

occurring neaw,,, = 250 MPa.
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Figure 6.13 Stress-strain curve comparison for a [ £+535lass/MY750 laminate loaded under

Finally, consider loading of a [ +55°]EGlass/MY750 laminate undex:.cy,y = 0:1 as
shown in Figure 6.15. This loading configuration produces substantial nonlinear shearing
and transverse cracking within the plies. As such, the loadinggooation tests the

ability to couple submicrocracking and transverse cracking durimgp@ressive failure
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Figure6.14 Close up stress-strain curve comparison for 35 EGlass/MY750 laminate loaded under
Oxx.Oyy = 1:2.

The orthotropic degradation approach developed in this thesis performametyt well
for strains approaching 1.5%. These strains are extremely dend) are likely well in

excess of any strains encountered for service loads of such a structure.

In conclusion, the numerical orthotropic degradation progressive faihaigsis modeled
after the work of Akula (2007) was implemented into the MCT carestitbased failure
criterion as outlined in this chapter. Laminate failure envelpmslictions for the

orthotropic degradation model compares favorably with results from the WWFE.
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Figure6.15 Stress-strain curve comparison for a [ +5%Glass/MY750 laminate loaded under

Two important features of the orthotropic degradation schem#hareontinuous nature
of the stress-strain curves along with the ability to gezerdegradation from transverse
isotropy to orthotropy. Moreover, the theory captures the critaskhlre mechanisms

known to occur in progressive failure including submicrocrack damiagesvierse matrix

Oxx.0yy = 0:1.

cracking, crack saturation, and ultimately fiber failure.
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/. CONCLUSIONS AND RECOMMENDATIONS

The entire basis of this thesis has been to provide means to ernthangsgressive
failure analysis of composite structures under combined thermomechaautialg by the
use of numerically efficient techniques. A detailed discussionewéral advanced

techniques for progressive failure analysis of composite structuréebagpresented.

7.1 Micromechanics Enhancements

An optimized micromechanics model was created to calculate cdmposterial

properties from those of the constituents. The analysis was e@mudy use of an in-
house finite element code. Numerical procedures aimed at redbeisge of the global
stiffness matrix were carried out in an attempt to decrsakgion times. Results were
remarkable in that thermoelastic properties for a composite beagomputed on the

order of milliseconds.

The micromechanics model was then extended to allow for time angetature
dependent material properties. The matrix was taken to leenpetature dependent
viscoelastic material, while the fibers were assumed to meardi elastic. Time-

temperature-superposition (TTS) was implemented within the finite eldoremilation.
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A consideration for future work is to decrease solution speedfidof TS viscoelastic
micromechanics model. An avenue worth exploring is partitioning #sieimodulus
into sets defined by temperatures. Partitioning the elastic m®chib discrete sets will
allow the global stiffness matrix to be factorized at sped¢ifne increments as opposed
to every time increment, thereby decreasing solution tenasatically. Furthermore,
assembling the elemental load vectors for the flow strainsassed in Appendix A will

further increase solution speeds.

Another micromechanics problem spiking interest in the compositeiatateommunity
is the analysis of composite weaves. Woven fabric composi&riaiatconsist of two-
dimensional, and even three-dimensional, fiber tows that interlacerio & complex
microstructure. Simply obtaining macroscopic material propeh#ssbecome a very

large obstacle due to a paucity of experimental data.

Finite element micromechanics provides a powerful means to cpreaechanical
properties of weaves with complex microstructures. For instaeash fiber tow, or
bundle, is merely a two-constituent continuous fiber composite whosduldingl
direction is constantly changing orientation due to the undulatidmeabivs. Therefore,
the weave bundle properties may be readily computed using a contifibeus
micromechanics model such as the hexagonal packed model used her&-in.

micromechanics model of the entire weave, using the previouslypuwtedch bundle
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properties, provides a means of predicting thermomechanical propeKeg.(2000)

provides an excellent example of micromechanics modeling of a plain weave.

The techniques used to decrease solution times for the hexagquedked
micromechanics model can be extended to a micromechanics modelesHva. The
potential gains in solution time for such a micromechanics modefaargreater than
those of the hexagonally packed unit cell, as a weave micromesimaode!| represents a
complex geometry that involves a greater number of nodes, elemadtgeaodic

multipoint constraints.

7.2 Effects of Cure Stresses on Composite L aminates

In order to evaluate the significance of residual thermmatsés caused by fabrication, a
cure cycle modeling a temperature cool-down from a resin sepemature was
conducted. Failure envelopes incorporating residual cure stressescomputed for
three unidirectional composites. Results indicate that failuesmgth data at ambient

temperature inherently accounts for the effect of residual cure stresses

Unlike unidirectional composites, multidirectional laminates preseradded dimension
of difficulty in a cure stress study because ply level residtrasses are generated in
addition to constituent level residual stresses with a ply. Alysiaaf cure stresses in

multidirectional laminates requires extending the TTS algoridfitine micromechanics
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analysis to accommodate anisotropic viscoelastic behavior of a caenfasina. The
work completed thus far lays the groundwork to extend the TTS thedaminates.
Specifically, the micromechanics model incorporated with TTSbeansed to generate
master curves for a unidirectional laminate, and these cansé@ to compute the

stress/strain field for a cool-down of a multidirectional laminate.

7.3 Analysis of Failure at Cryogenic Temperatures

Cryogenic environments place composite materials under sevemneatHeands and are
commonly encountered in the aerospace industry. The mismatch dkevply
thermomechanical properties give rise to ply stresses, andigmatch of constituent
thermomechanical properties gives rise to large interactiopsses between the
constituents. To provide insight on the effects of such environmentfailare, an
investigation of cryogenic temperatures was conducted for both wtidiral laminae

and multidirectional laminates assuming a carbon/epoxy composite.

From the results for unidirectional laminates, it was found thaigemic temperatures
have a large impact on matrix dominated failure and fiber dominated tensile,faihite
fiber dominated compressive failure is hardly impacted. Resitheslses caused during

curing may have an effect on specific load cases and should be considered when possible.
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Failure envelopes were also generated for multidirectionain&es under cryogenic
temperature loadings. It was found that such temperature charvgea laage effect on
matrix failure when compared to predictions at room temperaturde Wer failure is
largely unaltered. An investigation of residual cure stressesmultidirectional
laminates at cryogenic temperatures could not be completed dhe tack of accurate

ply-level stresses from a cure cycle.

Finally, to fully characterize the failure of unidirectional lage at cryogenic
temperatures, thermomechanical properties and strengths should bategeraé such

environments to allow for accurate failure predictions.

7.4 Orthotropic Degradation

Damage progression involving orthotropic degradation of the matakerial under
transverse cracking was implemented to the multi-continuum thBGEY ( constituent-
based progressive failure analysis. The specific form of odpictidegradation of the
matrix was based on detailed experimental and analytical woakdardance with the
results obtained from Akula (2007). The resulting failure envelopessaesis-strain

curves compared very well against known experimental data.

An important failure mechanism that has not been studied heréhiat isf delamination,

or separation, of adjacent plies. Future work in the area of déigradacludes
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extending the degradation scheme to account for delamination, thus hel@ngount

for a very complex failure mechanism in multidirectional laminates.

75 Progressive Failure at Elevated Temperatures

Finally, an important extension to the work completed in this ghissito model the
impact of the “hot-wet” environment on progressive failure of com@astructures,