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Chapter 1: Introduction

1.1 Introduction

The past four decades have seen remarkable changes in the manner in which
industry utilizes materials. Particularly prevalent in the militadustry, is a marked
shift away from heavy, homogenous, and well understood metallic materialstdo m
versatile, and lightweight polymer matrix composites. Structures that were
traditionally metal | beams are often replaced with composite sandwichuses.
Structures which were sheet metal are now often replaced with lamifnaesieed
for low cost and lightweight materials for use in aviation platforms, automotive
industry, and marine vehicles has spurred tremendous advances in composite
technology. Composite engineering has come a long way from the thatched straw
and mud bricks used by the Egyptians some 4000 years ago, though the principles
have remained relatively unchanged. The first fiberglass-epoxy systera
developed in 1935, however these were still too weak for industrial application. It
wasn’t until the 1970’s when carbon fiber structures were developed that could match
and outperform the strength of some metals. Today, composites are a statetof the a
material; extremely versatile and offering limitless potentimlparticular, carbon
fiber has become an industry and high design favorite, often applied in weaves with
high performance resins such as PEEK, carbon fiber has found itself in almost every
imaginable application. Such tremendous advances in technology however, are not
without disadvantage. Carbon fiber composites, by nature, are a highly directional

material, and one which exhibits favorable characteristics in only digtiretdions.



The major drawback to the use of composite laminates is their predisposition to
fracture failure. Very little is known about crack propagation in composite |&sina

and until recently only global load conditions and displacements have been measured.

This research program is focused on developing an appropriate damage
model, capable of analyzing microscopic stress strain growth at the g@adk ti
laminated composites. This course of study intends to capture the varyssgesite
strain fields, as well as other microstructural details and phenomena uniquekto cra
tip propagation in unidirectional carbon fiber panels using a novel mechanical
characterization technique known as Digital Image Correlation (DIC).gUXHi@
and very fine resolution cameras enables detection and quantification ofistosn f
present in mixed mode fracture. These details are then used to enhance existing
models by providing critical details and explanations on the failure mechazansms
fracture growth which occurs under loading.

This research represents the first attempt to utilize DIC to efteattire
parameters of composite laminate structures under mixed mode | and mode Il
bending conditions with the Wyoming Test Fixtures, MMB-52 fixture. The analysis
presented within this research affirms the successful use of DIC for ajopigcavith
fracture mechanics, as well as the limitations of such techniques. Thichesisa
presents a systematic and comprehensive protocol for conducting DIC unddr mix

mode bending for composite laminate structures.



1.2 Thesis Outline

A literature review is presented in subsequent pages, briefly describing the
fundamentals of composite materials engineering, the most common failure
mechanisms involved with them, as well as an introduction to the principles behind
Linear Elastic Fracture Mechanics. Also presented in the literavien are the
basic principles behind DIC, and its application for this course of study. Following
the discussion of these principles comes the mathematical analysis usadifiontl
analysis of fracture parameters, followed by a detailed test protoach whows an
in depth method for conducting fracture tests using the Wyoming Test Fixtures MMB
apparatus. Theoretical analysis using traditional methods, crack tip disglaic
analysis, full field data analysis, as well as synthetic data acquiredjthFanite
Element Analysis are presented in the results section. Conclusions about the use of
DIC for extraction of fracture parameters are made. Lastly, futark and suggested

improvements to this course of study finish the thesis.



Chapter 2: Literature Review

2.1 Composite Materials

Composite materials are engineered materials made from two primary
components known as constituents, which remain separate and distinct within the
finished structure, but combine to create a super lightweight yet amamsdient
structure. The first material is typically a pattern weave of fibroatenal called the
reinforcement, usually consisting of extruded glass fibers, carbon fibersy Kevla
fibers, metal or in some cases ceramic particles. These fibersmentbedded in a
much softer matrix. The matrix may vary with the use of select softsnetaxy
resins, or even ceramics. This course of study however focuses exphcitig use
of polymer matrix compositions as they are commonly found in the aerospace
industry. The reinforcement material is what gives the composite its himh ax
strength and other favorable properties, while the matrix serves to trdresfead
among the reinforcements, and hold the reinforcement in an orderly and continuous
fashion. The reinforcement may vary with orientation with the fibers all in one
orientation, known as a unidirectional composite, or in two directions, known as a
bidirectional weave. Non-continuous fibers are also used for composite materials
and the reinforcement may vary from short randomly spaced fibers to discrete
particles, however only continuous fibers are investigated in this researchnprogra
Composites may also be comprised of numerous discrete fiber orientations; this

most commonly referred to as a laminate. Laminates make use of theodakcti



properties of the reinforcement, and by stacking several plies in multipttiaiiea
much stronger structure is formed, resistant to stresses in multiple directions
Characterization of the stacking sequence is intrinsic to understandinduhe ofea
particular laminate under investigation. Laminate stacking sequeng®rtekfor
each test specimen used in corresponding tests. Puishys, [1] This course of study

primarily analyzes unidirectional carbon fiber composite laminates.

2.2 Laminate Damage Mechanisms

Though good strength to weight ratios may be fundamentally positive
characteristics of composite laminates, they are not without significawbacks.
The directional nature of fiber reinforcement puts special emphasis on theeamgi
properly design composite components for its expected load, and application.
Unidirectional laminates are particularly weak when loaded trans\etie fiber
direction, and take on the strength characteristics of the matrix only. This is
predominantly troubling when a laminate is loaded in bending. Nikbakht, [2] Defects
in the composite’s matrix, such as voids, contaminants, resin pockets, and ply drop
off, combined with defects in the fibers themselves such as broken fibers, filbsy slac
kinks, misalignments, and deboned areas are all issues unique to composite
engineering. Scale, [3] The ultimate strength rarely is effecteditty defects,

however the failure mechanisms of composite materials are drasimcpHlgted.
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Figure 1. Transverse tensile failure in Unidirectional Carbon Fiber, taken with
scanning electron microscope. Baral, [4]
Such unique problems truly differentiate composite laminates from homogenous
materials. Though many failure mechanisms are not specifically unique to
composites, the propensity for delamination certainligigure 1 demonstrates the
propensity for crack propagation to occur in the matrix matéiglire 2 shows

catastrophic delamination failure in composites.

Figure 2. Catastrophic delamination of glass fiber composite laminate, Medford, [5]

The most predominint failure mechanism of composite material systems is the
physical failure of the matrix material bonds in interlaminar failldelamination, is
the result of stress which breaks the the cohesive matrix holding together the

reinforcement, forming separate and discrete layers with a signifasntd the



mechanical strength of the laminate. [1] Though it is the engineer’s duty t@ ensur
that a composite system is designed to carry the bulk of the load in the fibers, the
matrix still proves essential in maintiing the structural integrity ostrstem, as well

as transfering and distributing load across the entire specimine. Fractiee i

matrix, and the subsequent debonding of lamina may not be catastrophic for a
composite laminate as is the caségure 2, however, delamination does reduce
structural stiffness, and results in a loss of the system’s integrity. [2jregously
stated, delamintion is not usually the structural failure, rather the pointrthef

damage to the system. Typical delamination in composite laminates @atedhitty
compressive loads, something which composites are notoriously poor at withstanding.
Buckling and bending, especially with a large cross sectional area redaltga
displacements which are different for each lamina ply. The simple thought
experiment may be applied where one attempts to compress a phone book from
binding to the loose end. Imagine how the pages bow outward, and free space
develops between the individual pages. When composites are loaded in compression,
or in bending, plies on the compression side of the neutral axis are subject to large
loads that to pull the individual lamina apart and increase stress the matrix. The
initial delamination is now a localized area of debonded material, and in sh@tka c
defect. This defect under continued load will result in crack propogation and
ultimately fracture if critical loads are exceeded. Thusly, delaoming a process in

the overall failure of a laminate while fracture is the ultimate destructi the

structure. [2] Delamination is closely linked to the primary damage mechahism



fracture, and is the main failure mechanism which will be investigatedsicdlirse

of study.

2.3 Fracture

Fracture is the separation of an object into two or more subsequent pieces.
Fracture can occur globally, as is the case for a specimen which has chymplete
parted, or locally as in the case for cracks which propagate across tthedeag
specimen. Crack propagation and initiation always accompanies fracture of
materials; the rate at which it occurs, all depends upon the loading conditioh as we
as material properties. Fracture in homogeneous materials can undergainaasg
fracture, or intergranular fracture; however, in composite materialk prapagation
is usually limited to the matrix material as it offers the path of leastasce.

Matrix materials tend to fail in a brittle manner, and cracks spread yapid little
or no plastic deformation. Adams [6] This becomes an issue for tracking crack

growth under unstable loading conditions.

Fracture is generally characterized in one of three basic modes, or a
combination of two modes as seerfigure 3. The first is Mode |, or opening mode
fracture, where load is applied in tension to separate layers of the maléeal.
second is Mode I, in plane shear, or sliding mode. And the last fracture mode is
Mode lll, out of plane shear, or tearing mode. Mixed mode fracture could refer to
any combination of these three modes; however, is generally limited to a cbarbina

of Mode | and Mode I, as is the case for this course of study. All of which may



generally be tested using methods pioneered by Williams, Carlson and Reeder, [6, 7]
such as the Double Cantilever Beam (DCB) test, discussed in greatelatietads

well as the Mixed Mode Bending (MMB) method, first developed for use by NASA

=

7 at |

IMode I opening IMode [T cut—of-plane shear
Iode 110 in-plane shear

in 1988. [6]

Figure 3: Fracture Modes, Image Courtesy of Robinson [8]

The traditional means of determining parameters governing crack propagat
was first examined by A. A. Griffith. Griffith’s criterion for quasast loads
explains crack propagation with stress intensity factors, and by comparing energ
stored in the deformed crack tip. Haslach et al. [9] Using Griffith’s appro&h it
possible to conduct tests and calculate the strain energy release ra agsshe
stress intensity factors directly from test data, material propeatielsgeometry.
Williams’s asymptotic solution for wedge cracks in conjunction with Micheiress
and displacement solutions are an accurate representation for homogenowadsmateri
with a wedge initiated crack. Bruck, [9, 10] For such materials, solutions for stress
intensity factor, and stress are known. According to Tada, Paris and Irwin [11] the

exact solution for Tensile cracks (Mode 1) is:

K; = c®Vna (1)
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Oz = 77— (2)
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And the Exact solution for shear cracks (mode Il) is:

K, = t*Vma 3)
012 = ! (4)
x%—a?

This may be applied to provide solutions for mixed mode fracture and crack
propagation quite easily; however this all operates under the assumptions of
homogenous materials. This is certainly not the case for composite |laninasze
numerous other effects cause the estimated value for strain energg releato be
skewed.

Priel [12] demonstrated that delamination and fracture is usually initigted b
high interlaminar stresses [2] at geometric discontinuities. This discaptinsually
in the form of an intentionally implemented delamination insert, results irs stres
concentrations and further crack growth. Many of these experiments have been
successfully affirmed with Cohesive Zone Modeling (FEA) and numeric Finite
Element Analysis (FEA) using modern computer programs. Though there are
limitless opportunities for improving the determination of material behaWiennost
common, and universal method is to use energy based approaches for fracture
mechanics in composite materials. [2, 6, 7, 9, 10, 11] This course of study will
analyze the fracture using both linear elastic fracture mechanicenargly based
approaches for fracture mechanics, but will confirm these values with a mueh mor

precise means of interrogating near field fracture phenomena using DIC.
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2.4 Crack Tip Displacement Theory

Poursartip, et al. [13] were amongst the first to investigate
measurements of crack tip displacement fields in composite laminatesicafigci
focusing their analysis on the crack opening, as well as crack shearingeisgid.
Poursartip, et al. writes with much concern over the practical limitationssting
methods for determination of shear fracture toughness in mixed mode loading.
Problematic phenomena such as friction in Mode Il dominate cases, and fiber
bridging in Mode | dominate cases greatly influence the behavior of crack
propagation. [13] Even the ASTM standard used as the basis for this experiment [14]
operates under the assumption that fiber bridging is negligible, a significantl
incorrect assumption to make, when experiment shows its presence for high Mode |
loading. Poursartip [13] makes the case that crack tip displacement anatysis ¢
accurately account for these anomalies while still providing accuratésresii
minimal assumptions. The difficulty though of Poursartip’s proposed solution lies in
accurate measurements of these displacements, something he relies omg scanni
electron microscope for. The expressions for COD and CSD in the crack tip region
for orthotropic bodies was previously developed by Lekhnitskii and Sih [15] are as

follows for an orthotropic specimen:

- |.-'.1fu’ﬁlﬂ'_‘:}“.'L 2a12 + ags fetaz b Ll
COD = | 4(2)" - + ./ W Giar

2 [
W RIY Voan

(5)

J— 14
) ey 2 ot fiaay -
CSD = [4:2}"“‘ ' “(7{' hule.. 3% ) ]\;’Evﬁ-

j—— {
V x 2ay, Voan

(6)
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This analysis goes a few steps beyond simple beam theory, and corred¢tios) fac
and other problems associated with large displacement tests which liitetis of

far field loads. The analytical framework set forth here is the bastikdanitial DIC
work collected in my research, and as you will see does not apply particulddg we
composite laminate structures. Poursartip et al. concludes that this ansiygis

COD and CSD profiles are well suited for evaluation of strain energy rekgase

[13]. They also conclude the stress singularity is of ardé&f?, as predicted by

linear elastic fracture mechanics. Poursartip also concludes thatdtee @pplied]
strain energy release rate equals the local strain energyeredéaseen by the crack
tip for the tested specimens.” [13] This is a conclusion which is not affirmed by my
results using multi scale crack tip displacement measurements. Theflkvel o
dominance as discussed in chapter 5 is simply not the same. This is in no small part
due to Pourssartip’s assumption that composite specimens are homogenous,
neglecting the individual layers of the composite laminate. [13] This couraedgf st
will be focused on affirming the potential to use crack tip displacement theory for
extracting fracture parameters in composite laminate structures, aléal identifying
several severe deficiencies in this analysis. Additionally, this coursedyf sill
examine techniques which may be used to mitigate the issues common with crack

displacement analysis for this barrage of test specimens.
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2.5 Digital Image Correlation

DIC is a novel technique used for identifying and measuring displacements in
materials. In essence, DIC is an optical method for tracking and rewistiescrete
changes between two or more images. This may be applied for both two dimensional
and three dimensional measurements. The technique was first pioneered by H.
Bruck, S. McNeil, and M. Sutton in the 1980s, and has since been an ideal tool for
obtaining accurate displacement measurements at multiple length stlaées
application of crack tip displacement measurements, and DIC together is truly
elegant. Using DIC programs like Vic-2D by correlated solutions allows tse
quickly measure displacements in a specimen for many different lengts.scal
Mogadpalli et al. [16] used DIC to determine stress intensity factorsdoksin
orthotropic composites. Mogadpalli discusses previous experiments where strain
gauges were used to successfully measure strain and calculate stnsgy ifatetors
for cracked laminates. DIC is important because it removes the additionaisnaly
and uncertainly present with the use of strain gauges. Strain gauges, thioungbng
require a complex and meticulous application process. In some cases, thegpoésenc
a strain gauge, and the mounting glue may alter the fracture propertessahtple
being measured. DIC has become a useful tool for measuring displacemeunse beca
of the minimal effort for surface preparation, but its scope is limited tacaurf
displacements only, or anywhere a series of images may be captureM{Ngil et
al. [17] was the first to use DIC to determine stress intensity factocsaicks,
however this research was limited to homogenous materials. Mogadpalli et al. [16] to

was the first to use DIC to determine stress intensity factors for araokhotropic
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composites. The key difference between this research and that pioneered by
Mogadpalli, is that he was investigating pre cracked, transverseyaioaltied
composites, and not studying delamination in composite laminates. This course of
study is much more useful as it investigates a more challenging and comiuen fai
mechanism. The advantage of using DIC is that it negates the necessitggor us
compliance correction in calculation of the material properties. In tketthie DCB

and MMB tests, the compliance of the load frame and testing apparatus must be
calculated and accounted for to prevent results from being skewed. Because the
measurements in DIC are collected directly from the specimen itsedfitheo need

to consider deformations in the load fixture. This step becomes ancillaryGor DI
testing, but necessary for analyzing tests with LEFM methods. The us€ aidol
negates the necessity of many assumptions used in previous methods, like
Poursartip’s assumption that composite specimens are homogenous [13], or the
ASTM standard's assumption that fiber bridging is negligible, and frictiomode 11
cases should not be considered [15]. DIC enables measurements of displacement
relative to a zero load image, regardless of what anomalies, contrary to assampti
are present in the test. The result is pure measurement for more refinedaregult
analysis. The drawback is that DIC requires a relatively stable phatéord that the
same local area be monitored for all tests. Using the DCB test, and MM Boiest
cases result in large displacements, and keeping the camera in focus @atthe ex
location of the crack tip requires extreme prejudice, a cunning eye, and steady hands
A task made easier after the acquisition of a traveling x-y-z microscape sDIC is

also useful at numerous length scales, from high magnification, to global conditions.
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This enables observation and characterization of crack propagation at both global and
local scales. The successful implementation of DIC to measure crack propdgs

been affirmed by Mogadpalli, Tippur, and McNeil. [16, 18, 17] Though DIC has

been previously used to accurately extract fracture parameters of orthotropic
materials, it has not yet been used to analyze the near field crack tip phanome
common in composite laminates. This course of study intends to prove the viable use
of DIC to capture, analyze and explain unique phenomena in fracture of non-

orthotropic materials such as carbon fiber laminates.

2.6 Closing Remarks

There has been significant ground work that has established the theory which
makes this research possible. DIC has been successfully used to charaltteriz
kinds of materials under different loading conditions. DIC is particularb/ iide
applications with fracture mechanics, enabling the user to charadtacage at
multiple length scales all while neglecting common assumptions requirpcefoous
analysis. Using DIC combined with displacement theory for fracture mesh& his
research will establish an innovative new means of accurately chieniagtéracture

parameters for laminated composite materials.

15



Chapter 3: ASTM Standard and the Wyoming Test Fextu

3.1 Introduction

During the literature search, several competitive methods for meadweing t
shear fracture toughness of various materials were identified, howevelSi A
standard D6671 [15] was designed specifically for aerospace and aircnaibsite
materials in mixed mode bending. The test was developed in the 1980s by Don
Adams in association with NASA as a means of describing the interlamacture
toughness of continuous fiber composite materials. Otherwise known as the Mixed-
Mode Bending Test (MMB), this is a means of subjecting composite matdrials a
varying degrees of both Mode | and Mode Il fracture. This is opposed to
individually loaded specimens using the Double Cantilever Beam test (DCB),eand th
End Notched Flexure test (ENF) which only allow composite materials to be
subjected to a single fracture mode at a time. The process for Mixed Modedendi
fracture testing is summed up in ASTM Standard D6671 [15], and summarized below
with annotations as to the most effective means of conducting the mixed mode
bending test with applications for DIC. The following describes one possible method
to determine the inter-laminar fracture toughness of continuous fiber-reidforc
composite materials in mixed mode bending, the testing rig and its basic opegation, a
well as test itself. The testing rig was obtained from Wyoming TigBirEs, and is

classified as the WTF-MM-35.
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3.2 Nomenclature and Definitions:

Mode | strain energy release rafg:“the loss of strain energy associated with Mode |
deformation in the test specimen per unit of specimen width for an infinitesimal

increase in delamination lengiéhg” [15]

Mode Il strain energy release rafg; “the loss of strain energy associated with Mode
Il deformation in the test specimen per unit of specimen width for an infineesim

increase in delamination lengtig” [15]

Strain Energy Release Rate: G the total shear fracture toughness, rafoulztec!

by the sum of7;, the Mode | component, ard;, the mode Il component.

3.3 Geometric Relations:

In this section | intend to clarify the different nomenclature used for featgsting.

There are several competing methods for nomenclature, the one | have chosen to use
for the entirety of this course of study is as follows:

Crack Length: a

Initial Delamination Lengtha, (measured from loading tab)

Specimen Width: b

Lever Arm Length For Rest Apparatus: ¢

Lever Arm Length to Center of Gravity,

17



Half Thickness of Specimen: h

Half Span Length of MMB Apparatus: L

Slope of Load Displacement Curve: m

Fiber Volume Fraction: V

Non-dimensional Crack Length Correction Paraméter:

Crack Length Correction Parameter: x

3.4 Loading Parameters

Applied Load: P

Weight of Lever and Attached Apparatig:
Critical Load at Nonlinear Point of Curvg;,
Load on the Loading Tal®,,,

Critical Observed Load?,;,

Load Point Deflection§

Compliance: C

Coefficient of Variation: CV
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Figure4. MMB Test schematic [15]

3.5 Specimen Properties

Longitudinal Modulus of Elasticity£; ;
Transverse Modulus of Elasticitl;,
Shear Modulus (out of plang]; 3

Sear Modulus (in planel ,

Total Strain Energy Release Rate:
Strain Energy Release Rate (Moded):
Strain Energy Release Rate (Mode @l);

Total Mixed Mode Fracture Toughnesk:

Mode Mixture:%

3.6 Special Parameters for Experimental Analysis:

vE11E22

Gi3

Transverse Modulus correction Parameter” = 1.18

Crack length correction parameter:x = \/ﬂ [3 - Z(L)Z]
11G43 14T

3.7 Variation in Mode Mixture for Wyoming Test Fixe:

Using the ASTM standard, the appropriate mode mixture is selected. The

[{PR1]

length of the lever arm “c” compared to the possible mode mixture is displayed in
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figure 5 below. It can be seen that unreasonable values of ¢ are needed to achieve
mode mixture below 0.2, so this represents the limit of our current testing system. |
any case, the Wyoming Test Fixtures Mixed Mode Bending apparatus has a

maximum possible length of ¢ limited to 107 mm.

350

300+

250¢

200¢

150+

desired,

100+

50¢

0 0.2 04 .. 0.6 08
Mixture

Figure5: Lever arm length and mode mixture

As a consequence, 0% mode mixture is not possible with the MMB apparatus
from Wyoming Test Fixtures, and the closest to a pure Mode | test possibi@ies li
to nearly 20% mode mixture. For this course of study, three levels of mode mixture
are to be investigated: (a) 22% (close to Pure Mode ), (b) 50%, and (c) 100% (Pure
Mode 11). These were selected as the levels with the most interestingpanducible
results. Due to the nature of the experiments there is only a very narrowaange f

which data may be acquired using high power microscopes and DIC, however
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different methods may be applied to effectively calculate the shear&aotighness.

This is discussed at length in chapter 5, Initial Multi-Scale Testing.

3.8 Pure Mode | Testing:

The nature of the Wyoming Test Fixture is to provide Mixed Mode conditions
for composite laminate structures, however, for calibration purposes, as vl as t
necessity to be comprehensive in my course of study, | was compelled to analyze
specimens in a pure Mode | scenarieigure 5 demonstrates how achieving a 0%
mode mixture with the Wyoming Test Fixture would require an infinitely lengr
arm, considering the maximum value of “c” possible with this fixture is 107mm it is
impossible to apply a pure 0% mode mixture test with this setup.

The most ideal way to achieve a Mode | fracture testing is the test principle
wherein the Wyoming Test Fixture replaced with a simple pair of clamps intemded t

apply a load and displacement at the edge of a specimen in pure opening. This test

setup, known as a Double Cantilever Beam (DCB) test used may be &geneb.

.

Ancp

21



Image 6: Schematic for Double Cantilever Beam Test, Balzani [19]
Testing with this setup enables measurements of slow and consistent craitkajrow
composite laminates. Using the same parameters discussed in previauns st

load point compliance of the DCB specimen must be calculated as:

) 2a3
¢= P 3El ()

The strain energy release rate, G which is only a functiéh ohly, asG,; is by

definition O for a double cantilever beam test. Thusly, G becomes:

G = P2ac (8)

2wda
The combination of the two above equations yields:

. PZaZ

 WEqgI

9)

In order for this test condition to have stable crack growth, the change in G with
respect to crack length must remain below 0. [11] This test, much like the Wyoming
Test Fixture for Mixed Mode Bending must be performed under prescribed
displacement conditions only for stability to exist. All other geometricioelgihot
specifically listed above are assumed to be the same between Mixed ModegBendin
Test, and the Double Cantilever Beam test. Specimen processing, as well as output

data, is collected in a consistent manner between the two tests.

3.9 Identification of Laminated Composite Specimimslesting:

ASTM Standard D6671 is limited to use with composites consisting of
unidirectional carbon fiber tape laminates. It is possible to apply different

configurations of composite types with the test fixture, but for consistency psrpos
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only unidirectional laminates were considered for this test. Becausedhisgue

will be used with DIC, restrictions on use of the global conditions for obtaining the
localized mixed-mode fracture conditions with this standard can be obviated. Though
the ASTM standard equations will be used for a baseline result for comparison, a
much more accurate means of calculating local fracture parametebe aithieved,
negating the necessity to use only unidirectional samples. Despite treragaéxg
circumstances, several material assumptions present in the analysis caedl&be

task critical parameters are: (1) a brittle and tough single phasegratyatrix must

be used, (2) reinforcement must be long and continuous, and (3) delamination must
be initiated with an insert. [15] Linear Elastic Fracture Mechanics (LEf&avior

is assumed in the calculation of fracture toughness for the ASTM standard, but as
indicated previously is not necessarily an assumption with the use of DIC for
localized displacement field measurements near the crack tip. Typibadly, t
assumption would be valid only if the damage zone, where ideally minimal plastic
deformation is present at the crack tip propagation, is small relative to thimepe
thickness. This is consistent with the assumption that a brittle polymer nsaisgd.
Another requirement of successful use of the Wyoming Test Fixture is that
displacements are kept to acceptable values. The following equations vimthtegti
critical load, and estimated load point of deflection may be used to determine the

specimen thickness to achieve permissible amounts of displacement:

sest = pet [4(3C _ L)Z(a + hx)3 + (C + L)2(2L3 + 3(a + O42hx)3)] (10)

8bE 1 h3L2
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3
pest _ ZGgsthEnhBLZ (11)
Be-Ly2(a+hx)? +3(c+L)2(a+0.42hx)?

Using these equations, specimens were manufactured to have 24 plies,
resulting in a nominal manufactured thickness of 3.11 mm with a variation of no
more than .1 mm. Any specimens which fall outside the acceptable parameters we

rejected and subsequently not used for fracture testing.

3.10 Preparation of Unidirectional Laminated Conm@o$est
Specimens:

Specimens were prepared and layed up in accordance with manufacturer
specifications, and ASTM Standard D5528 [20]. For ease of manufacturability, and
to reduce the amount of time dedicated to sample preparation, as well ag &odesir
consistent fiber content between all samples, unidirectional pre-impredgraaten
fiber tape was purchased from the “Composites Store Inc” to be used as thal mate
in this course of study. The pre-impregnated material was bought in a 24 inch wide
roll, and immediately stored with dry ice until it could be cut down small enough to
fit inside the lab’s freezer. Rather meticulously, the roll was cut into 6 yéhirnch
squares, and then individually packaged in plastic wrap for protection against
moisture infiltration as well as possible foreign contaminates. These 24eplyt pr
packs were then placed in a freezed’& until they were ready to be used. The one

drawback with the use of pre-impregnated composites is that the resin begins to cure
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as soon as it is manufactured. Though heat is used to speed up the process, low
temperatures are required to prevent a premature cur@.CAthe material used has

a manufacture rated shelf life of one year. Any samples used for testeg wer
manufactured with materials that were no older than six months. With proper care,
moisture prevention, and acceptable levels of cooling, there is no degradation of
performance within the polymer resin.

Composite manufacturing has a propensity to attract foreign objects and
particulate matter, particularly because of the tackiness of the resin Bgtreme
prejudice was taken to ensure a clean workstation, devoid of dust and debris. Before
any sample was manufactured, the workstation was vacuumed clean, wiped with a
mold release agent, and coated with a clean protective layer of paper. Prepealpe
protective equipment including gloves were used at all times to prevent oils from
contaminating the specimen. All precautions were taken to avoid the addition of any
contaminates to the system which may induce stress concentration factorgpacod i
fracture tests.

Samples must contain an even number of plies in order to prevent asymmetric
loading, and geometric discontinuities. Baseline calculations discussed in Ghapter
proved that a thickness of 3.11 mm, an equivalent of 24 plies after curing, achieved
the desired stiffness characteristics required for testing. The sqeau gineets of
carbon fiber were layed up in the 0 degree orientation (all fibers aligned imtke sa
direction) to ensure that crack propagation occurs consistently for all fiBet8
micron, 0.0005 in, sheet of Teflon film was inserted in between thai® 1%’ layer

of the composite. The film was carefully placed to extend 2 inches into the length of
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the carbon fiber panel. Layers 13 through 24 were inverted compared to the
orientation of layers 1 through 12. This is done to ensure that micro residual stresses
present in the fibers from its manufacturing as they are pressed througt rolle
shipping, and even storage are arranged symmetrically within the compositéhabout
central axis. This negates these micro stresses and prevents warpinfistibd
product. Not inverting the second half of the composite typically results in a slight
curvature of the laminate after curing, resulting in a sample which is vanuke

looks more like a “Pringle” potato chip than like a flat plate. Any samples
manufactured with appreciable curvature were rejected. Specimens niamreafac
were at least .2 inches thick to avoid large displacements and geometric naplinear
[15]

Once the square 24 ply laminate with Teflon insert was manufactured, two
thick sheets of Teflon were placed on the outer sides of the sample. The completed
arrangements were then place between two fine polished aluminum platens, and
pressed to 2000 Ibs. A large number of C clamps were then used 