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Abstract

The present work is aimed at the experimental investigation of the effect of local
compressive stress fields on a crack lying along an interface. Thlsvant tgoroblems such
as interfaces found in adhesivélgnded joints or interfaces found in camsfie materials In
both examples, the interface is betwégo materialswith significantly differentelastic
properties, and the fracture behavior along the interface is a significant contribuitk to
materialperformance Further, complex, mukaxs load cases arise that can resuktither
sheartension or sheatompression load states along the interface.

An experimental procedure is developed that utilizes displacement fields measured using
digital image correlation method to extract fractpaeameters by coupling tlfell -field data
with robust contour integration algorithms built into a commercial finite element cottred
point bendsemicircular beam geometry fgst utilized for the study of mixedhode fracture in
homogeneous mateis experiencing quastaticloadsandthen extended tdynamicconditions
using a singlgpoint impact configuration The use of the geometrysabsequentlgxtended to
experiments where the crack is in the aforementioned state ofcgmepression loadg. A new
test method is then introduced to allow a range of combined shear and compression load states
on a crack lying along a bimaterial interface. Each experimental technique is critically
evaluated. Detailed results for homogeneous and interfack specimen geometries are
presented to improve the understanding of the effect of compressive stress fields in the vicinity
of the crack tip.Under the compressive load states, both the homogeneous and the interface
behaviors undergo a marked incressfacture toughness as the compression stress increases.
An empirical relationship is derived to describe tegponse. fe fracture toughness shown to

increasean a neatlinear fashion as the compressive stress increddessame observations



were made with respect to the dynamic fracture behavior as well. This contribution serves to
guantify the relationship betweenpane stress states and fracture toughness under static and
dynamic conditions, as well as alobignaterialinterfaces.

Anothe significantcontribution from the present stutgthe development & numerical
technique for improving the data reduction and post processing prd@assof the challenges
associated with the interface fracture experiments and the dynamic fragiararents is the
ability to reliably locate the crack tip location for ptsst analyses.An image processing
technique for edge detectiomadapted for use in the crack tip identification problem. Analytical
investigationsare used to demonstrateetperformance for a variety of experimental fracture

problems.
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Chapter 1

Introduction

Composite materials offer many advantages in terms of structural performance. More
precisely, they have high specific strength and stiffness, which makes them favorable for many
applications. Their elastic modulus and tensile strength properties arallyevery high along
the direction of the fibers, and their density is low relative to more traditional materials like steel
or aluminum. In recent years, composite materials have been sought for a wide range of
applications. In commercialiation, rising operating costs have motivated aircraft
manufacturers to pursue structural weight reduction techniques using composite materials. In the
automotive and sporting goods industries, composite materials have begnuseteto improve
perfomancefor a pervasiveange ofproducts to includdrive shafts, frame components, body
panelsbasebalbats, golf clubs, and a multitude of other thinds conposite manufacturing
technologies evolygroduction capacitiescross the industrpr fiber reinforced composites
and their constituent materials increases, and thus they become more feasblérom a cost
standpointandare being exploited for use in numerous industries

Despite their many advantages from a structural standpsimtih any materialfracture
considerations are an important factostructural applicationsf composites The importance

of fracture in overall structural performance of composites is seen as the key motivator for the
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present work. More specifically, they areagelevant to fracture that motivate the current work
areadhesivelybondedstructural jointsand fber-matrix inteface behaviar

First and foremosfracture behavior playan important role in adhesivebpnded
interfaceghat are often used composite structureslhe need for such joining arrangements
arises from &hallenge that persists with many composite structural applicatioios is the
ability to attach secondary components and structures to primary composite structures.
Composie materials tend to have relatively low bearing strength, thus fastening through
traditionalmethodssuch as bolts, screws, or rivets often requires localized buildups to
successfully transfer mechanical loadsoss a joint in a structural assembRhecost and
fabricationcomplexity associated with the localized buildupshake attachment through
adhesive bonding an attractive progésading to more optimized and weiggfticient designs
Adhesivelybonded joints that can transfer load via lap shga arrangements offer many
advantages. Depending on the applicaexacessively thick material buildups can be avoided,
thus reducing the complexity of the overall laminaide disadvantage of such an arrangement,
however, is the difficulty to assess the structural performance of the adhesive joint. Due to the
complexity associated with the stress distribution in the adhesive layer and the interfacial
properties, analysis not a trivialprocessand it is imperative to understand the fracture
behavior of such joint arrangements.

Secondly fracture becomes an important consideration in the overall performance of the
material system due tbe interface between the matmaterial and the reinforcing material
The interface between the fiber and matrix is a critical feature in the overall systemsitm
dominated load cases, a fibeatrix interface may be desired that maximizes uniformity of load

across the many fitaents in the lamina. Whereas, in a compresdmminated load case, the
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desire might be to obtain an interface that maximizes fiber stability to preventlmickbngin

the individual reinforcing filamentand maximize compressive strength.materialformulation

and composite material design, a significant amount of attention is often given to the
characteristics of the fibematrix interface to include chemical and mechanical surface treatment
of the structural reinforcing filaments and formulatidritee matrix chemistry to achieve a

specific interface behaviptailored to a specific application

1.1 General concepts infracture mechanics

To state it concisely, the field of fracture mechanics is generally concerned with the
initiation and propagationf@rack and crackke defects in materials. Well before the many
recent advancements in fracture mechanics, mankind has generally demonstrated an adept
understanding of fracture. For instance, the concept of using a simple wedge to split one piece of
maerial (.g.,firewood) into smaller pieces of material demonstrates an intuitive understanding
of fracture and is itself an interesting anisotropic fracture problem.

Events in the last century, however, have served to spur further progress in th@field.
famous example that is commonly cited in fracture textsasof theDeHavilland Comef1, 2].
One of the first jetliners, which went into s
with significant loss of life. After extensive investigation and testing, it was determined that the
fuselage fractured in flight due to failures initiating at the corners of cutouts in the fuselage for
viewing windows. Theslcations featur@sharp corners which oael local areas aftress
concentration that providehe conditions for crack initiation and propagation under fatigue
loading

Investigation of the mechanics of fracture processes dates back several hundred year

however, pioneering work by Inglj8] began to develop an understanding of states of stress in
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thevicinity of elliptical holes. Later advancements by Griffdh made significant contributions

to the field when he began to understand fracture processes in terms of the strain energy in the
locality of a crack.Irwin [5] andOrowan[6] further advanced Griffith s ~ wThe deneral

principle of thisearlywork considered a flaw in a material undergoing external work. The key
mechanisms of consumption of this energy are elastic strain energy, plastic deformation near the
flaw, and eventually creation of new sagés through the process of fracture. For a given state

of stress, once eritical flaw size is achieved, there is sufficient energy in the system to create
new surfacesThegeneric form of thé&riffith equationthatrelates critical flaw size and stees

at failure using the critical strain energy release &tejs

o0 [1-1]

An alternative to the energy balance approach is the stress intensity factor approach
which examines the state of stress near the cracHipically, three differenpuremodes of
fracture are considered: Mode I, which considers tensile opening atkg tfode 11, which
considers implane shear deformation of a crack, and Mode Ill, which consides-qlane

shear deformation of a craek illustrated irfFigure1-1.

Mode | Mode Il Mode Il

Figurel-1: lllustration of modes of fracture
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For the generdilode | case, the solution developed by Westndf 7] relates the stress
to the radial distance from theack tip (in polar coordinates), and he angular position along
the crack surfagel. The solution introduces the stress intensity fa&tor)n its most simple

form, the relationship follows the general form showfilh2].

o . .—
——AI1-0O [1-2]
nc* 1 C

The relationship is dependent on geometry and has been developed for a wide range geometries.

1.2 Mechanics of lap shear joints

As previouslystated, one of the motivations of the present wot& improve the
understandingf fracture mechanics #srelates to the design oadhesivelybondedstructural
joints. The stress field in an adhesivddgnded jointis quite complex ands complicated by the
stress concentrations at each end of the adhesive layer as well as the fact that it involves an
interface between two elastically dissimilar materidslkerson[8] developed a closed form
solutionfor analsis of stress fields inlap jointbased on an extension of the mechanics of shear
lag in fastened joints. The closed form solution assuhst shear stressase constant through
the thickness of the adhesive layer and that the adhesiva stat®f pure shear The solution
was derived using the assumption that the adherends themselves were being loaded in a uniaxial
state of tension. The tensile stress is maximum at one end of the overlap and diminishes
gradually to zero as you move along thaegth of the adhesive layer. The second adherend
follows the opposite pattern. The solution was developed for single and double lap skear join

The basic expression derived by Volkersoavailablein [1-3]:
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The subscripts, i, anda denote the respective components relative to the outer
adherend, inner adherend, and adhesilee parametdp denotes the loading applied at the end
of the inner adherend, and the parametsrhalf the length of the adhesive. The origin ofxhe
coordinate is in the middle of the adhesiVieis important to understand this general stress
distribution, as it has implications to the performance of the structural joint. To give an example,
parameters such as the adhesive thickness and the elastic properties of the adherend can
influence the distribution and maximum amplitude of this shear stress distribGiedand and
Reissnef9] extended the solutiontoaddses s hort comi ngs i n Vol ker son@
Specifically, they extended the analysis to account for the flexural loads in a traditional lap shear
test specimen due to the eccentricity of the adhereBise the axes of the two adherends are
offset from one another, a bending moment is developed in the region of the overlap. This
extensionntroduces the concept of peel stress in the joint and includes the effects of peel stress
on the mechanics of thead transfer in the joint.

From an experimental standpoint, several techniques have been used to understand the
general mechanics of lap shear geometries. Specifiealtly, efforts useghotoelasticity and
moiré methodgo develop the fundamental understanding of adhesive jdivisn though it
wasnodt t echni cbarddédyointaiml19kR dColgtd]ichamdteyized the shear stress
distribution in an overlapping arrangemehtis work utilized a plate of phoétastic material

with three rows oholes.
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Figurel-2: Shear test geometry frofh0]

The two outer rows of holes were used to pull the test spe@neethe center row of
holeswasused to restrain the specimddue to thisarrangementheregionsbetween theows
of holesbecome analogous to two long, narrow plates loaded in pure shaaroad case
would be similar to a double lap shear test coupon where the adherends were very stiff relative to
a more compliant thin layer of adhesiv@bviously,this is not an ideal representation, but it
results in a shear stress distribution #teres many of the same characteristics as that of a lap
shear geometryThe work showed that in general the directions of principal stresses were
inclined at an angle of 45° relative to the axis of the load frame. At the edges of the plate,
however, tle principal directions changed rapidiWider platesproducel a more gradual change
in the oriemations of principal directions, demonstrating the general distribution of shear strain
proposed by Volkersoj].

McLaren and MInnes[11] studied the effect of adhereadcentricity using
photoelasticity. They conducted two sets of experiments. One set utiiZzédhmthick
adherends with a simulated layer of adhesive included in the geometnylatednadhesive
thicknesses ranged between 0 4aAd mm The entire model was a single casting of epoxy.

The second set of experiments used aluminum adherends that were bonded together using an
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adhesive having an elastic modulus that was about 5%tadfttfee aluminum adherends. For
each test, the load was applied through attachments that allowed the load direction to freely
follow the rotation of the test sample as the adherends deformed in beftmg.
experimentally observed that at the centahefadhesive layer (in the length direction), shear
stress was essentially zero. It was instead, in a state of axial tensile stress and normal stress (or
peel stress)Generally, they madeimilar observations to those predicted analyticallj@]n

Kutscha[12] studied stess distributions in adhesivdbpnded jointsising 2024T3
aluminum alloyadherends. The adherends and the adhesive layer were relatively thin as
compared to the previously reviewed studies. Specifically, the aluminum adherends had a
thickness ofL..63 mmand the adhesive had a thickness ranging 6f87 mmto 0.787 mm
Thei nt ent of Kutschaés study was to understand
joint. Care was taken to size the test specimen such that a condition of plane strain existed in the
adhesive layer. The aluminum adherends were bonded togetigeaysotoelastic plastic. To
acquire the stress field data, a standard polariscope was utilized. Some key observations were
that the peak stress value, which occurs at the stress concentration where the adhesive terminates,
increased as a function oferlap length. Generally, their experimental measurements agreed
well with those predicted analytically using the techniques presenf@H in

Cooper and Sawyé¢t 3] performed photoelastic experints that studied the relationship
between adhesive and adherend stiffness eff@¢ts.authors created models with three different
configurations. The first model utilized adherends and an adhesive layer that were the same.
The second model utilized agliends bonded together with an adhesive, however, the adhesive

had the same elastic modulus as the adherends. The last model utilized a soft epoxy material for
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the adhesive layer. The modulus of this adhesive layer was much lower than that of the
adhered. Their work further validated the proposed analytical techniques presefédd in

Sen and Jond44] studied the distributions of stress and strain in double lap bonded
joints that were bondeddether with a viscoelastic adhesive. Their work compared finite
element simulations with experimental results from photoelastic and photoviscoelastic
examinations of four different geometries of double lap joints. Burger and Volda$hit6] and
Mallik, et al. [17] studied adhesive joints in composite structures using half fringe
photoelasticity. The half fringe photoelasticity technique was used to automate the data
collection, analys, and display process for the fti#ld normal stresses for single lap joint
experimental models. Specifically, they studied isotropic to isotropic joints and isotropic to
orthotropic joints. Mre recently, Lei, edl. [18] studied shear stresses in an aluminum to epoxy
joint loaded in a double lap shear configuration. The work was interesting in that it employed a
phaseshifting method to evaluate the fringe contour experimental measurements. Faefour
color phase skting method utilizel four images acquired at varying angles of the polarizer axes
relative to the optical axis (b = 0, 1 8, "l 4
directly for 0 to "/ 4 and extempped tfaonm 2.he T
intervals. The isotropic regions were initially unwrapped and then the stress concentrations were
unwrapped after that . -stepipmiedusd inslode &dditeorxatirmages e d t h
using a circular polariscope setup. Thhars studied the shear load transfer across the
interface in the double lap shear configuration and were able to ptiefdlcontours of the
shear stress in the epoxy. Additionally, the authors were able to observe residual shear stresses

that had acumulated due to coefficient of thermal expansion mismatch during the curing
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process. By collecting experimental data in the unloaded state, this shear stress could be de
coupled from the shear stress induced by mechanical loading.

Post, etal. [19, 20] studied dsplacement fields in adhesivddpnded joints using high
sensitivity moiré interferometry. The technique was used to generate contour mapkgogin
displacement componentsandy, in thick adherend lap joints. Pristine lap joints and cracked
lap joints were both studied. In teriwisthe optical configuration, the setup is documented in
detailin [20]. In summary, a mold was used to transfer a high resolution crossed line metallic
film grating pattern onto the sample. The mold resulted in a thin laygroady (approximately
0.0254 mn on the specimen surface with the phase grating imprinted into it. Two incident
beams of light at two different angles were used to create a virtual reference grating. When the
lines of the reference grating lines werepgaerdicular to the-saxis, the interference pattern
resulted in a map of thedirection displacements, When the lines of the reference grating
were parallel to the-axis, the interference pattern resulted in a map of-thieection
displacementsy. The optical arrangement was such that both reference gratings were present
during the experiment, but the reference grating light from one of the directions could be
selectively blocked out. The specimen diffraction grating had a frequed¢atflinespermm
and the reference grating had a frequend®, 490 lines per mmThe basic test specimen was a
single lap shear specimen. The study also included test specimens with a cracked adhesive
configuration. The geometry for those tests was slightferdint. Fig. 6 shows the same data at

the midpoint of the overlap region and at the edge of the overlap region.
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Figure1-3: High resolution displacement results foeaall (top) and enlargedifige map from
[20] in the center of the jointdwer, left) and edge of jointigwer, right)

As noted by the authors, the fringes were parallel with each other and generally parallel
with the adherend surfaces in the adhesayet. In both test specimen configurations, the
adherends were 2024 aluminum and the adhesive was3HMbber toughened epoxy film
adhesive. The high frequency fringes were able to capture verydsghlution displacement
data in the adherends as wadlin the adhesive layer itself.

Another research work was published by Asyg@di that focused on similar
measurements. A similar thick lap shear specimen configuration was studied with an adhesive
layer thickness of appxanately0.305 mm The adherends were made of aluminum and the

adhesive was Araldite resin AWI06 and hardener HV9530. nTdie interferometry setup
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consisted of a grating with a frequency60D lines per mmand a HeliurdNeon laser was
utilized to illuminate the test sample surface. Coherent light was incident on the specimen
surface from two equal and opposite angles such that a virtual grating was created with a
frequency that was twice that of the frequency created on the specimen surface. Trige autho
were able to extract the relative displacement data at various positions along the length of the
adhesive layer.

In 1996, Tsai, et a[22] published experimental investigations into thaakherend lap
shear specimens. &ladherends we@53 mmthick aluminum and the adhesive was Cytec
FM300.08. The overlap region ha®.&3 mmlength. The specimens were approximagsyt
mmwide. With respect to the optical setupnairé grating with a frequency a£200 lines per
mm was attached to the edge of the specimen in the region of interest. The system was
configured to provide xlirection and ydirection displacement data during the tests using a
portable achromatic interferometer. K@Rextensometers were used to gemesaear strain
data during the test as well. The test specimen also utilized a strain gage rosette to determine
shear strain. One of the objectives of the study was to evaluate the effect of load eccentricity on
the shear strain distribution in the adkies This is likely due to the outf-plane moment that is
created in the specimen.

In 2002, Mollenhauer, et gR3] published workrom the study of adhesivebyonded
joints in the context of composite repairs. Their matenest area was with respect to lifetime
service prediction and had a goal of developing an accurate description of loading and
environment history as well as their effects on adherends and adhesive. The work sought to
apply a beanspline variational arigsis method (BSAM) to model the elastic and failure

behavior of the joint. The comparisons were made with experimental data obtainetiaising
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interferometry. The test specimen was prepared by applying a diffraction grating to the edge of
the specimen A phaseshifting technique was used to extract the displacement data. For the
experiments, the geometry was that of a double lap joint. IM7/858Hnels were used with a
24-ply quastisotropic layup. FM302M film adhesive was used as the adhes#anilling
operation was used to clean up any resin flow and ensure-foweéld edge in the vicinity of
the stress concentration. The authors commentetbthetperly capture the elastic behavior in
the adherends themselves, alelyel analysis wasatessary as opposed to using an assumption
that the adherends were homogeneous, orthotropic bodies. This level of detail would become
critical for prediction of failure initiation anitis progression. The authors showed reasonable
agreement between thiesplacement and strain predictions obtained from the moiré experiments
with those obtained from the BSAM model with el details included in the adherends.

More recently, in 2010, Tsai, et §4] studied stress distritions in double lap shear
joint configurations containing laminated composite adherends. Two configurations of
composite adherends were studied, one being a unidirectional laminate and the other being a
guastisotropic laminate. An epoxy film adhesiveA®28NW, was used for the adhesive layer.
The adherend had a thicknessld@8 mmand the straps had a thicknesd shmeach. The
adhesive layer measured approximatelb5 mm The adherend as well as the stnagve both
fabricated from AS4/3502 carbapoxy prepregMoiré interferometrywas utilizedwith a grid
containing gratings in both directions affixed to the test specimen. The grating had a frequency
of 1,200 lines per mrm each direction. A virtual grating @400 lines per mmvas created
with the interferometer. Two different laminates were used for the adherend, and each
exhibited similar shapes in the distribution of shear strains along the length of the aldtyesive

in that the shear strain is maximum near the edge and minimum near the centeiiscoas:
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test samples had a relatively lower ratio between maximum and minimum values within the
distribution. This is likely due to the difference in axial miodualues for the two adherend
scenarios. The FEM comparisons were generated using-éfsesic finite element models, and
the predictions agreed reasonably well.

In 2011, Ruiz, et a[25] utilized high sensitivity moiréo investigate stress distribution
in double lap shear joints comprised of aluminum adherends bonded to other aluminum
adherends as well as aluminum adherends bonded to composite adh&herE/5 Aluminum
alloy andiM7/8552 carbon fiber reinforced eppwere utilized with FM73M film adhesive.
The cured adhesive layer was approximaflelb mmwith an overlap o£24.9 mmin the alt
aluminum configuration an@.19 mmwith an overlap ofL2.45 mmin the hybrid configuration.
The sample width wa&4.9 mmfor both. With respect to the optical measurements, a 532 nm
laser was used to illuminate the sample. A crodisedyrating with a frequency @00 lines per
mmwas used on the test sample with the reference grating having a frequency of approximately
1,200 lines per mm The test sample gratings were produced by coating a mold with aluminum
in a vacuum deposition chamber. The aluminum coating was transferred to the edge of the
double lap joint using a clear epoxy resin. The displacement and stramedatibtained using
a 2dimensional phase unwrapping process. Spatial distributions of longitudinal, peel, and shear
strain through the thickness of the adhesive layer were obtained with the de&ip iBtrain
distributiors were consistent with those obtained in other research works. The results were
ultimately compared, with good agreement, to those distributions obtained with finite element

techniques using elastic and elagtiastic material models.
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1.3Fracture in bimaterial interfaces

To further develop the importance of fracture in adhesivehded interfaces, there are
three key modes of failumgarrantattention: Failure in the bulk adhesive material, failure in the
adherendandfailure along the interface betee the adherend and adhesivdis failure along
the interface is of particular interest to the present wivkliams [26] initially examined the
state of stress in the region of an interface chatlveen two materialBnddetermined the
characteristic oscillating stress singularigice and Silj27, 28] examined the problem of an
infinite plate with an interfacial crack and showed that the stress intensity factor approach can be
extended to interfacial crack&dditional noteworthy contributions to the understanding of
interfacial cracks came fro@herganov[29], England30], andErdogan31]. Hutchinson, et
al.[32] studied a crack parallel to an interface between two dissimilar matandldeveloped
techniques for understanding conditions that would promote crack propagation near the interface
Yao and Wang33] developed an approach for analyzing interface cracks using a conservation
integral approachShih and Asarg34] developed ill-field numerical solutions for a crack
which lies along the interface of an elagilastic medium and a rigid substrat€heir technique
enabled extraction of complex stress intensity factriterface cracks

With regards to experimental work, Gent and Kinl¢@%$] studied tensile rupture of
viscoelastic materials adhered to rigid steel substrates and suggested that an energy criterion may
be appropriate forngdicting fracture. Their observations suggested that the fracture process
may be comprised of both reversible and irreversible influences. Liechtirengd36, 37]
introduced a bimaterial beam with a biaxialddeame capable of controlling very small
displacements. They investigated the interface between Pyrex glass and polyurethane using a

Michelson interferometry technique. The optical clarity of the two adherends was required due
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to the selection of the tipal technique. Their work investigated the applicability of various

crack propagation criteria and found that crack growth is possibly governed by a combination of
local normal and shear displacements that is equal to the magnitude of the displaeetoent v

and that in the limit of infinitesimal strains, this reduces to an energy release rate criterion.
Charalambides, et. §88] developed a test specimen based on a beam comprised of two
dissmilar materials. Thedeveloped analyticaolutions for the strain energy release rates and
stress intensity factors and performed experimental studies on an aluminum bonded to
polymethyl methacrylateCao and Evan89] published results from eepmental

investigations that considered fracture along interfaces of four different geonretiueing
symmetric and asymmetric cantilever beam specimeiosirgoint flexure sample, and a

cylindrical tension sample. Their work explored mode mixityf eoncluded that the interface
fracture resistance increased as the phase angle incréaset, etl. [40] developed

techniques for measuring interface fracture energy over a wide range of phase angles as well.
The work manly reported results on debonding in brittle matrix ceramic and intermetallic
composites. Several test geometries were investigated in their work. Two geometries from their
work that are particularly relevant to adhesive interfacial fracture arealledtmFigure1-4 and

Figure1-5.

Figurel-4: Double cantilever beam geometry
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Figurel-5: Interfacial decohesion geometmyth an interface crack lying along the interface
between a thin coating material and a substrate

To restate the purpose for the current weke, major focus is to understand interfacial fracture
involving stiff adherends adhesivdipnded togetherLiechti and Chaj41] developed an edge
cracked bimaterial strip with glass and epasyillustrated irFigure1-6. A biaxial loading
devicewas used to control the loading ratio betweemrmabrand tangential directions and thus
control mode mixity of a crack propagating under steady conditions. They were able to use the
specimen geometry to study influences of crack face friction unggaine conditions. Optical

interferometry was used to extract crack opening displacements.

1
T

Figurel-6: Edgecracked, interfacial test specimen with biaxial shear and tension loading

Reedy and Gueg42] studied the effects of epoxy adhesive thicknestherstress
concentration in the presence afaner stress using a butt tensile bonded steel to epoxy joint
geometry as illustrated irigurel-7. They observed decreasing strength with increasing bond

thickness, the joint tensile strength decreased. They observed that by measuring the fracture
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toughness at a singlefakive thickness, they were able to predict the overall joint strength at

other thicknesses.

Figurel-7: Butt tensile geometry

Experimental stdies were performed by Loh, at [43] to understand the role of
moisture in the interfacial failure of mild steel plates bonded together using Araldite AV119
epox¥. Their work utilized a mixednode flexure test geometry as illustratedrigure1-8. The
geometry was configured such that the upper adherend overhangs the lower adherend and one of
the support points only loads the upper adherend. This produces an opening mode stress along

the interface in addition to the shear stress produced from the bending.

|
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Figurel-8: Mixed-mode flexure geometry

1.4Role ofcompressionin fracture behavior
The lap shear behaviof interestoften plays an important role in structufalure, and
as statedtiis further complicated by the complexity of material failure in the region of an

interface between dissimilar materials. Howetlds particular influences not only limied to
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the adhesivelyponded joinoroblem ands not only limited to pure shear situations or mixed

mode tensileshear situations. The evolution of shear behavior is often governed by formation,
coalescence, and propagation of microcracks in the lamifdtelocal normal stress state can
influence this behavior and is presumed to result in effégisited work has been performed to
guantify the effects of crack surface friction andffald transverse compression on the fracture
behavior along an ietface. Several authors have worked to address the problem analytically.
Melville [44] discussed the role of crack face friction on the mode Il stress intensity factor and
derived expressions to describe the role of frictiearly work by Comninou and Sctueser

[45] considered the problem of a crack in a madunder a combined remote compressive and
shear loading, resulting in a partially closed crack. Additional compressive loadingd treise
crack opening to decrease in size under increasing compression loads. Comninou and Dundurs
[46] developed a numerical solution for the case of purardbading using an elastic

dislocation approach. MerrecentlyQian andSun[47] proposed that the classical definition of
strainenergy release rate becomeszar unbounded depending on the strength of the
singularity. Their team analytically investigated the fiber puotlit problem in a combined shear
compression stress staft€heir work suggested that an alternate fracture criterion is necessary in
this clas of problens. An interfacial softening model was proposed48] for treatment of

cracks in concrete based on observations of shear crack behavior at varying compressive loads.
An alternate softening behavior was implemdrntea model to &ndle such cases. Isaacson, et

al. [49] conducted a progression of studies to investigate crack propagation in both brittle and
ductile homogeneous materials. His work was extended to investigate crack kimtlinse
materials. While a number of studies and experimental efforts have given attention to the

relationship between shear and compression in bulk material behasdmall conly limited
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attention has been given in the experimental mechanics comynuguantifying the effects of
compression on apparestiear behavior at an interface crack. Thius present effort serves to
extend the fundamental understanding of the fracture mechanics component of shear failure in

the presence of an-plane compessive load.

1.5Fracture under dynamic loading conditions

While a great deal of attention has been given to the study of the mode I fracture problem
under dynamic initiation and propagation conditions (for instance, the noteworthy work by Ravi
chandar and Kausg50]), a more limited amount of work has been devoted to minede
problems. One worfs1] utilized aneccentrically loadethreepoint bending specimen coupled
with coherent gradient sengio characterize mixeghode fracture of PMMA. The method of
digital image correlation was used with a similar imgaending setup to investigate particle
filled epoxy under mixeganode fracture conditions {®2]. The Brazilian disc geometry was
used for investigation of mixewhode fracture by prior authors including that present¢ddh
This approach has its challenges in that the two crack tips that are present in the specimen
introduce experimental challenges in terms of which of the two would initiate first. Having two
separate crack propagation events creates a subsequent asymmetry during crack growth. More
recently, Gao, et aJ54] introduced anethod to utilize the notched seniicular bend geometry
coupled with a spktHopkinson bar setup for mode | fracture parameter extraction. He proposed
that the transmitter bar strains be used to compute the force balance in the test specimen (and
thusthe specimen load history) for stress intensity factor calculation.

With respect to rubbeioughened epoxies, Kinloch, et 5] investigated the quasi
static mode | fracture response with a focus on microstructural eval@aaibidentification of

various potential toughening mechanisms. The work was followed by a separaf®6}uoy
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include characterization of ratiependent effects at different, but low, strain rates. A study was
later peformed by Pearson and Y] to investigate the effects of particle size on the
toughening of rubbemodified epoxies. Their work contributed to the understanding of
microstructural effects of rubber particles in mode Itiree. A comprehensive review was
published by Bgheri, et al[58] documenting the history of the usage of rubber to toughen
epoxies and a quite extensive survey of the literature with respect to characterization of the

effects on toughness.

1.6 Objectives

Prior work suggest that materehd adhesivperformance is affected by constraint
effects more specifically, pparent lap shear strength increases with compressive load
Therdore, therds aneed for evaluating quastaticand dynamic fracture parametéos crack
initiation andcrack propagation in homogeneous epbaged adhesive materials and along
bimaterial interfaces under mixedode conditions to understand these phenom&his. work
is primarily motivated by impraug the understanding of failure in the vicinity of an interface
between two dissimilar materials that have severe dissimilarities in elastic properties, namely the
interface betweeanadherend material such as steel andrapliant epoxybasedadhesive
material It is hypothesizedhat macroscale material and interfaegformances governed by
local fracture mechanics. Hybrid methods utilizing optically measured fracture parameters,
coupled with microstructural evaluation can reveal the role of material constraint on macroscale

behavior.
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Hence, the following are the primarpjectives of this research:

il
1

Investigate mixednode quasstatic fracture in homogeneous materials
Quantify dynamic fracture behavior under mixadde conditions in
homogeneous materials

Evaluate material fracture response uratenpressivetates of stress

Examine fracture in bimaterial interfaces

Characterize the apparent interféiGeture toughnessnder compressive stress

states

1.7 Organization of the dissertation

In addition to this introductory chaptehjg dissertation is organized into tadlowing

sections:

T

In the second chapteseveral measurement methods are described in detail and
an experimentgrocedure is developed that utilizes displacement fields measured
using digital image correlation to extract fracture parameters by cotlpéng
measured data with robust contour integration algorithmsibtala canmercial

finite element codeA script is developed to peprocess output data from digital
image correlation and use the data to bthilrequisitdinite element model for
further processing.

In the third chapter semicircular beam geometry is examined fioe study of
mixed-mode fracture in homogeneous materials undergoing-gtets: loading.

Initial results are presented to validate the method for application to genpre
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problems of interest. Results from a series of experiments are presented
concerning the mixechode fracture behavior, to includeacknormal

compression stress states.

In the fourth chapter, a new test methodology is introduced for interfacalrea
and an irdepth verification is performed on the interfacial fracture experimental
setup. Several baseline experiments are analyzed in detail to assess the fitness of
the method. Experimental measurements are compared directly with predicted
resuls from finite element models. Various effects of the specimen and fixture
geometry are analyzed and discussed in detail. Specific test considerations are
noted with respect to practical implementation of the metiietailed results are
presented fromx@eriments using the fixtunender compressieshear loading A
complementarget of results are collectéar interface crack geometries

containing mixeemode tensiorshear loading. An empirical relationship is
derived to describe the observethtionships.

In the fifth chapter, the homogeneous specimen geomeddaisted for studgg
thedynamic behavior using a long bar loading appardtirsite element

simulations are used to identify specific details and specific desired test
configurations. The setup is studied in detail using validation experiments and the
epoxybased adhesive material is studied under dynamic, ampagte conditions.
The experimentation includes test geometries to collect both testseam and
compressiofshear fractre parameters

In thesixth chapter, a numerical technique is introducecafdomating and

improving the data reduction and post procesaproactby more reliably
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locating the instantaneous crack tip in the-fidld displacement data. While this
is relevant taall the experiments conducted in the present work, this is
particularly significant for the dynamic fracture investigatiombe method seeks
to demonstrate improvement over manual methods for locating the crack tip
position. Coupling the impoved crack tip identification technique with the
domain integral based pgstocessing methods, is shotanimprove fracture
parameter extraction consistencihe ability of the crack tip identification
methodology to properly locate a crack tip posiimtestechumericallyagainst
benchmark casagenerated usinfinite element models of the dynamic
experiments.Detailed results from dynamic experiments are presented.

In the last chapter, conclusions are drawn from the overall effort and
recommendatiomhare made for future research activities.

Finally, three separate appendices are included. potntialalternate interface
crack specimen geometries were investigated numericaégond select
excerpts of MATLAB® scripting codareincluded for ley parts of thecript

used for locating the dynamically propagating crack. Lastly, select excerpts of
MATLAB® scripting codeareincluded for the general hybrid DIEE

methodology.
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Chapter 2

Measurement Methods andPost Processing Techniquse

At the core of the experimental effort undertaken in the present work is the use of
measured fuifield displacement data in two orthogopédnardirections and the subsequent
extraction of fracture quantities of interest derived from the measured eis@ats. This
chapter details the measurement of the displacemenvidaipticaltechniques based dhe
method of digital image correlation, and the subseqguehictionof the displacement datato

the fractureguantities of interest.

2.1Basics ofdigital imagecorrelation

Two-dimensional digital image correlation (DIC) is a technique for measuringdidl
planar displacements/deformations of an object experiencing load. The method was introduced
i n the e[&860,91,62)arR 6a3 attained a great deal of popularity in recent years.
The general principle involves applying a random pattern to the surface of an object of interest.
As mechanical loads are imposed on theadbthe random pattern/speckles follow the
deformation of the surface of the object being tested. A digital camera is used to capture a series
of speckle images as the object undergoes deformation during a loading event. Once the images
are recorded,igplacement fields can be computed by comparing subsedgiemmedmages in

the series with thandeformedeference image.
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To describe the technique briefly, consider a set of two random speckle images, the first
being an image the reference statand the second in the deformed state. Each image is
segmented into an array of suhages (or, subsets, facets), as illustrateigure2-1. The
image correlatioprocess seeks to track the position of eachimage in the reference state as it
follows surface deformations. This is accomplished by matching gray scale features of the

subsets of the reference image with those in the deformed state.
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Figure2-1. Digital image correlatiogrid pattern (left) andubimage illustration(right) in the
reference and deformed states

A technique that is commonly used for tracking-gsubge features is based on the

normalized crossorrelation coefficienty , evaluated as

B v Q pho i N Qe gl i Q

Brv Qo 5o 5 Q B e Qo s 5 Q [2-1]
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wheref andg represent the intensity distributions within the subsets of the reference and

deformed images respectively and are defined as:
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The variablesi andv represent displacements in the glabandy-directions
respectively. Quantities associated with the reference image are denotédabyi and;j
subscripts are pixel locations relative to teamter of the corresponding subset. Subsamipts
denote transformations within the reference imagerandénote transformations between
reference and current imageBhe typical correlation process seeks to maximize the-cross
correlation coefficientBy doing so, a given subset from the reference image calebified
andtracked in the deformed image, and thus, the displacement of that subset will be known.
This process is repeated for all subsets and all deformed images to creatield fukkasire of

displacements and the associated history.
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2.1.1 DIC in the study of fracture

Severakesearchers have utilized fdilkld measurement approaches to understand
material fracture. Ovedeterministic leastquares error minimization technique based on full
field optical measurements and analytical stress field solutions for evaluatinggperde
stress intensity factors in crackgipecimens, introduced by Sanf¢88, 64], has been a popular
approach. Subsequently, others have reported utilizing measured displacements from digital
image correlatiof65, 66,67] in conjunction with leastquares regression analysis to identify
fracture parameters. Kiruguli¢@8, 69] extended one of these approaches to the invastigatt
mixed-mode behavior under dynamic loading condititmmeasure stress intensity factor
histories for propagating cracks for various materials including functionally graded materials
Yoneyamd70] demonstrated the exirtion of thel-integral from cracked specimen using
displacement data from digital image correlatibhs work employed a locapproach to
estimate strains from which stresses and strain energy densities could be computed in a domain
around the crackpi Yates, etal. [71] investigated the effects of fatigue on cracked specimens
using the leastquares approach with displacements from digital image correlation method.
Their research included extraction of thecatled T-stress valugsused in tweparameter

fracture mechanicss well.

2.2Hybrid DIC -FE Approach

The current work seeks to utilize fiield displacement data from digital image
correlation measurements coupled with a finite element model to reliably extcastdra
parameters for an edgeacked specimen. This approashbeneficial as it couples a
convenientto-implement displacement measurement technique adaptable to a wide range of

problems with a data extraction methodology that is based on proven agointimature
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software tools. The basieorkflow is as follows: fulfield displacements are measured in two
orthogonal irplane directions using DIC, the coordinates of the DIC output points are utilized to
build a finite element meshith connectivity hat follows traditional finite element node

ordering conventionsand then, robust algorithms within a commercial finite element package
are used to extract domain integral quardited decompose them into mixedde stress

intensity factors. The genéi@ncept is similar to the coupled experimeimamerical approach
used by Tippur and Chiar@2] where displacements measurements fnamiré experiments

were mapped onto a finite element model to extractdre parameterubois, etal. [73] has
recently utilized a coupled approach that includes digital image correlation and finite element
analyses to extract fracture parameters from experiments on timber materials. The measured
displacement ata was used to compute the kinematic state of the crack faces, while the finite
element solution was used to evaluate the strgsnsity factors. Isaac, &t [74] utilized a

similar hybrid approach to investigate effects of build orientation on fracture in additively

manufactured materials.

2.2.1 Digital image correlation details

In the present work, the Ncdi#5] software was utilized foperforming DIC. Ncorr is
an opersource code developed in thiATLAB® software environment for performing subset
based twedimensional DIC. It utilizes wellocumented and accepted solution practices and
provides flexibility for developers. The nornmd crosscorrelation (as defined i2-1]) is used
for providing the initial guess for subset matching at the seed pointspi&ilaccuracy is then
achieved by usig the Inverse Compositional Gatldswton (ICGN) method to perform a

nonlinear optimization using thrrmalized least squares criterjén :
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This prevents the normalized crassrelation computation from having to be made for
all subset points. The process serially works its way out from the initial seed point. Even though
this process cannot be directly parallelized, Ncorr, breaks thenrefjinterest up into smaller
regions. This reliabiliyguided digital image correlation (RBIC) computation procedure can

then be executed across a number of computer processors in parallel.

2.2.2 Specklepatterning

The ability to maximize the crosorrdation coefficientdetailedabove is dependent on
the unigueness of each of the sofages. Thus, the technique is founded on the general
characteristics of the pattern/speckles on the object surface. The pattern must be random and
generally isotropic High contrast between the speckles and the background as well as
consistency in the size of the speckles is also desirable with the black speckles covering
approximately 50% of the white background. The desirable speckle size is related to the
resolutionof the camera, and the typical speckle size spannbgiels of the sensor is
recommended. Patterns consisting of large variations in the size and spacing of speckles can
result in correlation difficulties.  Since the speckle size and imaging epéairectly related
to the measurement resolution, patterning techniques have been developed to address image

correlation problems across a myriad of length scales from nanoscale all the way to problems
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involving deformations in massive geographic feagureon t he eart hds surf ace

patterning technique is only limited by the

2.2.3 Extraction of fracture parameters

Many commercial finite element (FE) packages offer options for the extraction of
fracture parametersSpecifically, the ABAQUS® finite element software package offers a
multitude of options for extracting fracture parameters using path independent contour
integrationbased approaches.or the present effort, a script was developed to manage this
process.The Ncorr code first createdVATLAB® data file with theu- andv-displacement data
from the DIC analysis. The data is stored in two arrays where each entry contains a
displacement value associated with the spatial location of a given subset cebtrogdthe

displacements are known, the workflow as showRigure2-2 is followed.

Spatial - Nodal - EIeme_n'_[ - In_put | solver

S coordinate connectivity > file .

filtering ) S . execution
calculation determination generation

Figure2-2: Digital image correlation data post processing

2.2.4 Treatment of noise

One important consideration of utilizing the DIC technique is the treatment of noise in
the measured displacement®ue to the discontinuous nature of the displacement data due to
the crack, generic smoothing techniques (e.g., moving average filteygretnot appropriate in
thisapplication Also, measurement noise is common to many experimental techniques, and it
becomes more important with DIC in situations where displacement measurement is not the end

objective. The objective of the current wors to extract contour integral quantities out of the

49

u



measured displacement data. Thus, derived quantities such as strain and/or stress are of
importanceand factor into the quality of the resulting measureméris, therefore, necessary to
properly teat noise such that in the stress and displacement gradised contour integral

guantities can be accurately extracted. To that end, an image processing technique was adapted
to postprocess the displacement data prior to mapping it into the fiibeezit model. A guided

filter was chosen to improve the smoothness of the DIC data but minimize the smoothing effect
in regions where the large gradients are attributed to the stress field and not experimental noise.
The basic concept of guided filteringzolves choosing a square window of data surrounding a
data point of interest (i.eN x N data pointsllustrated inFigure2-3) andconsideringhe local
statisticsof the window to calculate the output values of the filtered data at the point of interest.
The output at a given data pomqtan be calculated based on a weighted average of the data

pointsp from thesubarray of data points

N @ On [2-9]

wherei andj arespatialcoordinates within the window, and the filtering kervé,is a function

of the guidance image or guidance data set. The guidance data set can be formed beforehand

based o knowledge of features within the image such as edgegroposed by He, et al76],

the outpul at a given data point is a linear transform of the guidance datacatulated from

the coefficientsak andbk, in a wndow or sukarray of data pointsy, as:
o ©0 & [2-10]

where the coefficientsx andbk, are defined as:
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T [2-11]

K AR [2-12]

The filtering input data is given g@s with 0" being the average of the data within the-autay

of data. The mean intensity value within the-aatay of the guidance data sepidi is the
variancey is the number of data points in the sarbay of the guidance data sand is a
regularization parameter that penalizes the contributions of large valaesTdfus, the value of

* results in an increased or decreased degree of smoothiadjltered output at each data point

is calculated multiple times because each data point is involved in multiple overlapping sub
arrays of dataThus,the final output of a given data point can be computed as the average of all

the individual computations of tleutput for that data point.

3 x 3 local neighborhooq
of subset centroids

\

\

Filtereded point

Test specimen with
grid of subset pointg

Figure2-3: lllustration of filterneighborhoodor n= 3

This filtering technique has a few interesting characteristics that are especially applicable

to the current work. First and foremost is that this smoothing technique has an intrinsic edge
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preserving property. Considering an and®ere the gradients are steep, the variance can be very
high. An example of this would be at an edge of the specimen or, more importantly, adjacent to
one of the crack faces. A window of data points that is centered over an edge would contain very
high local variance. Because the edges of the specimen can be identified in the image, the image
and the subsequent output displacement data can be used as a guide for the filter and thus
mitigate this effect from the local variance. Filtering techniques asichoving average filters

on the other handesult in significant unwanted smoothing near edges. Using the guided
approach, the edge is largely preserved. Alternate edge preserving filters can cause gradient
reversal issues. The technique proposddahalleviates this issue. In general, more smoothing
occurs in areas with low variance and less smoothing occurs in areas with high variance while

generally preserving edges and gradients.

2.2.5 Assembly ofthe finite element me#

Once the smoothing calculation has been performed, the script calculates the coordinates
of each of the subset points based on the known pixel size, subset size, and subset spacing. The
grid of DIC output points is structured with uniform spacing exhandy-directions. The data
is read into theMATLAB® script in the form of a data structure witio separatarrays for the
horizontal and vertical displacement data each data array, the column position of each point
corresponds to threlocation of the output point and the row position of each point corresponds
to they-location of the output point. The nodal coordinates are simply the row or column
position multiplied by the subset spacimgnce the nodal coordinates are known, thigpsc
utilizes the array indices of the nodal position data to establish the element connectivity using the
ABAQUS® element connectivity convention where the first node is in the l@fteguadrant.

Other nodes of the element are ordereddounterclockvisedirection as shown iRigure2-4.
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Figure2-4. ABAQUS® typical elementonnectivity for 4noded elements

Once the nodal positions and element connectivity have been determined, the script then
writes the node and element data into a text file in the pBAQUS® input file order and
syntax. The script also prompts theer to identify the approximate crack position within the
output data and additional points along the crack face. This information is used for identifying
the node numbers for each contour domain and establishing the crack tip location and crack
orientaton for theABAQUS® domain integral output requedtastly, the script writes the
material property definitions for the modeto an include file that is referenced in the
ABAQUS® input file, as well ashe appropriate output requeate writtento extract the
fracture parameters of interest. TRBAQUS® structural solver is theaxecuted to compute

the fracture parameter

2.2.6 Extraction of stress intensity factors
To extract the stress intensity factors for a given specenérnoadstep a contour

integral techniqués utilized. The energy release rate can be computed using a domain (area)
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integralinstead of the traditional line integralheJ-integral, as preséed inShih, et. a[77], is

defined as:

o
—a
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whereA is the area of the domain or the area that includes the crack tip being evajuisted,
weighting function that equals 1 on the outer boundary of the domain and 0 on the inner
boundary of the domainThe strain energy density is denoted\4s is thedisplacement vector,

and, istheC a u c btess ensorThis domain integral can be decomposed into the two

stress intensity factoksi andKi for modes | and Il, respectively, using the relationship:
. P :
= 2-14]
b6 gu 0 [2-14]
The ABAQUS® finite element software employs an interaction integral technique to padition

and extract the two stress intensity factors based on the technique desdiddéd in

2.3Least squares regression analysis of crack tip displacement fields
2.3.1 Analysis of stationary crack tips

As previously stated, one of the objectives of the present work is to assess the validity of
the proposed hybrid DKEE displacement mapping approach to the study of fracture behavior.
It is recognized that several techniques are available for extréiceigre parameters, and more
specifically, contour/domain integral quantities and stress intensity factors frefielill
displacement data measured using digital image correlation. However, the proposed hybrid DIC
FE approach offers several advantadeisst, it offers the ability to leverage previously
developed robust algorithms for domain integration and mode decomposition that are available

in commercial finite element solvers. Second, it is suitable for a broad range of problems that
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include disgmnilar material interface crack problems. Further, this type of approach extends well
to fractures involving more complex material behaviors as it can be utilized with a range of
nonlinear and anisotropic material models.

To demonstrate the validity ofithtechniqueexperimental results using the hybrid
method were compared not only to a linear, elastic finite element model of an analogous test
specimen, but alscompared tatress intensity factors extracted using the more common
approach of ovedetermnistic leastsquares analysis of displacement data near the crack tip was
utilized to calculate the stress intensity factors.

The overdeterministic leassquares results are computed using the equations reported in

[78] for the crack slidingux) and crack opening displacemenig:(

. 0 i~ L&, & € - L€
0 — [AI-O- -A1 © ¢ — - p Al-G-
¢ WU q q q
0 | SO S
- :10E—I— —OE+ ¢ — [2'15.|
¢ WG ¢ ¢ G
. £ i
= p OEq—I— Y
, o i & &, £ 3 L £
(0] - \—_‘IOE—I— -OE+ ¢ — - P O B
¢ U ¢ ¢ G G q
0 [ ~ &, €. . &
_——— [AI-6- AT 6 ¢ — [2-16]
¢ " C q q
€ I ;
— p Al-G- 7Y
q G

In the above equationg,is the material shear modulus, anahdd are the polar coordinates

with crack tip as the origin alld — for plane stresand¥i s t he PaiTlesonods
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coefficientskKi andKi, when n = 1, are the mode | and mode 1l stress intensity factors. For
digital image correlation experiments, theanduy fields are known for a set of points

surrounding the crack tign terms of terminology, the displacement fields are also referred to as
6 o6andé o for consistency with typical digital image correlation nomenclatne.

selecting a group of points in the vicinity of the crack, a skhefrequations can blermed to
determine th€Ki)n and(Ki)n. Using an ovedeterministic approach, the experimental crack
opening displacement can be used for extracting mode | fracture components whereas the crack
sliding displacements can be used for mode Il fracturgpooents. However, it has been shown
that by transforming experimentatjplane Cartesian displacements into radigl énd angular

(ug) displacements, more agete SIFs can be found in mixeabde problem§7]. That is, the
Cartesian displacement components can be transformed intapotdinate displacement

components as shown|[ig-17] - [2-19].
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wheref andg are the functions from Equatiof15] and[2-16] andTx andTy are terms
representing rigid body motion. Using this technique, these equations can be expanded out to
any number of higher order terms. The egtetermined equation sean beformed and solved

for minimizing the leassquares error to compute valuéXaq Ki, Tx, andTy.

2.3.2 Analysis of propagating crack tips
For a propagating crackther considerations must be factored ihe ®pening and

sliding displacements can be written as:

: Lo 6 ¢, N N -7 UG B -
) ——— 2t p i VAT~ i) AT-O-
G G G
O 06 0 . £,
: g p IJA|O [2-20]
G G
g,
”QeIJAIEG—

57



b 0 6 ¢,

| £a Q¢ | A £
o] - —€¢ p T 1’ OB —I O B
C q f C
v 06 O N
, C p 111 AT-G- [2-21]
C C

Q¢ J L€

— Al-G-

f q

In the above equationg,is the material shear modulus, arahdd are the polar coordinates

with crack tip as the origin ardld — for plane stress. The longitudinal and shear wave speeds

are defined aé ando —respectively. The nedimension quantitie§,
p — and p — areused to compute the spatial variations of
i ® I ® and— OAT — based on the crack speed,Also,B, Bi, D, andh
are defined i2-22].
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Chapter 3

Quast-static Fracture of HomogeneousAdhesiveMaterial

The current chaptdyuilds on the general methods documented in Chapter 2 towards the
study of quasstatic behavior of Aomogeneous epoxyased adhesive materia specimen
geometry is explored analytically, and the experimental methodology is examithetchil.

Resulting fracture parameter measurements are presented to included fracture under mixed

mode, sheatension and sheatompression stress states.

3.1 Quaststatic fracture experiments
In order to explore the implementation of the proposed Wawkfan edgecracked semi
circular beam (SCB) geometry waslized. This geometry offers many attractive features in

that itcanproduce pure mode | and Il and a wide range of mirede fractures.

3.1.1 Test specimen geometry

The SCB test specimen geometry was first introduced to study mechanics problems
involving cored concrete and rofK9, 80, 81] cylinders. In the investigation of geological
materials such as rocks, many tools exist for extracting specimens in the form of circular
cylinders out of the ground. Those cylinders can readily be sliced into disks and then cut in half
to produce the sentircular geometry. The same is true for engineered materials such as

concrete and asphalt. Test samples for many different physical measurements are based on
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cylindrical geometry due to the widespread use of the coring process. Faetmsss, this
specimen geometry is finding widespread use which warrants critical evaluation from the
fracture mechanics community.

The general specimen geometry and loading configuration are illustrdtegline 3-1
whereR is the radius of the specimemis the crack lengtHhj is the crack angle with respect to
the horizontal axis of the specimen, &id the half span. The Cartesian crack tip coordinates
are denatd by thex- andy-axes parallel and perpendicular to the crack, respectively. The

corresponding crack tip polar coordinateendd are as shown.

l Load P

O

ANANANN
e —

Figure3-1: Semicircular beam bending test configuration with typical crack tip mesh

As investigated ifi81], the stress intensity factors at the crack tip, and therefore the mode
mixity, are controlled by the geometric parameters of the test setup n&relf, andS
Normalized stress intensity factod$,andYi, relative to the Griffith crack problem are defined

as:

(:)r] < [3'1]



whereK; andKj are the mode | and mode Il stress intensity factors, —ht being the

specimen thickness

3.1.2 Finite element model

Lim [81] explored the geometric effects and developed analytical expressions for mode |
stress intensity factors for the SCB geomeirg.characterize the relevant conditions for the
present work and determine the desirable specimen dimensions, a similar maxéstowed.
A finite element model was developedABAQUS® to mimic the geometry illustrated in
Figure3-1 and explore the effects of different geometric parameters, namely the support span,
crack inclination angle, and crack length. A base geometry of approximately 100 mm in
diameter was chosen as a convenient and practical size from an experimentalrgtafapoi
investigation of cast and/or injected polymeric materials, this was considered a reasonable
specimen size for fabrication purpos&everal analysis runs were performed to determine an
acceptable element size for the model. Three different siest were analyzed, global element
edge lengths of 1.3 mm, 0.6 mm, and 0.3 mm, to determine the sensitivity to the desired output
guantity, stress intensity factor. Given that the stress intensity factors are being extracted using a
contour domain integit, the method itself is relatively mesh independent. The three mesh sizes
produced stress intensity factors within 1% of each other. Therefore, the parametric study
utilized the 0.6 mm global mesh seed siZée model was meshed usingidded plane stiss
fully integratedelenents ABAQUS® element type, CP4S Thefull modelassemblycontained
approximately 17,000 elements abd000 nodes. On the lower edge of the test specimen, steel
rollers were modeled. A steel platen was modeled at the topétige specimen with a load

applied to the top of the platen. Frictionless contacts were assumed at the interface between the

61



specimen and the adjacent components. A seam was created in the model to represent the initial
edge crack. The mesh contairashcentric rings of elements radiating out from the crack tip as
illustrated inFigure3-1. At the physical crack tip in the model, th@dded elements were

collapseddown to triangular elements by having two of the nodes reside at the same location.

3.1.3 Parametric study. Specimen design

The role of various span to radil8K) and crack length to radiua/R) ratios on crack
tip SIF were evaluated. Because overlyg@nacks can interact with the boundaries of the
specimen, consideration was given to crack lengiko, the crack inclination angle was
considered because low crack angles can be difficult to fabricate and can result in fragile

specimens.The normalizd stress intensity factors and mode mixities are shown for one of the

span ratios ifrigure3-2 where the modemixity is definedaa OAT — .
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Figure3-2: Normalizedmode | and mode BIF with resultingmode mixityranging from pure
mode | and pure modefibr &/R = 0.375 and&&R= 0.5
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Evidently, the pure mode | and Il cases occur at crack atadim angles of 90° and
approximately 40°, respectivelyfhe effect of span and crack angle on mode | and mode Il

stress intensity factors for three differa/RR ratios is shown ifrigure 3-3.
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Figure3-3: Effect of varying span ratios and crack anglestn(a) Mode | and (b) Mode Il

63



3.2 Test specimen fabrication
With the specimen geomgtwell defined, the following section details the process of

specimen fabrication.

3.2.1 Homogeneous material samples

Rubbertoughened epoxy test specimens were fabricated for development and
demonstration of each phase of the proposed experimental procedure. duasiiséatic
homogeneous material specimens, an aluminum mold was fabricated with multip2rsafar
cavities of the desired{plane dimensions (100 mm diameter). Due to a large selection of
epoxybased adhesives that are commercially available, an epoxy formulation representative of a
broad range of epoxgased adhesive materials from the standpoisetasitic and failure
properties was chosen. An epeamine formulation was chosen to act as a surrogate for several
specific materials of interest to the present work. The epoxy formulation of interest is a basic
mix of difunctional bisphenol A/epichlotydrin derived liquid epoxy resiEPON™ 828) with
triethylenetetramin€TETA, EPIKUREM 3234) curing agent. Bisphenol A is synthesized by a
process wherphenolis combinedwvith acetone in the presence of an acid catalyst to produce the
chemicaland isused in a very wide range of material formulations. The amine hardener
formulationallowsa greatatitude in creating formulations to fit a wide variety of application
needs TETA is a gcloaliphatic aminghat generates sufficient reactivity in therfudation to
achieve a moderate glass transition temperature with a room temperature cure, recognizing that it
is impossible to maximize simultaneously several of the thermal and mechanical properties
however, the present formulation achieves a desirable balance of toughness, strength, glass

transition temperature, and modulus to mimic the target material system.
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Based on manufacturer recommendations, the two components were mixed at a ratio of
10013 by weight. Prior to mixing, the EPON828 was heated to 66°C and allowed to sit at
that temperature for approximately 1 hour to allow any entrapped air to migrate to the surface.
The coreshell rubber particles (Paraloid 2691) were then mixed irrai@of 10% by weight.
A Flacktek Speed Mixer, shown Figure3-4, was used to mix the coshell rubber particles
into the epoxy. This mixarses a Dual AsymmaédtrCentrifuge (DAC) to rotate an angled cup
clockwise, around a main central axis, while countéating the cup upon its own axighis
motion forces materials to flow against itself inside the cup while also rementrepped air.
The mixture was mied for 5 minutes, reheated to 66°C, and then mixed for 5 more minutes.
After mixing, the epoxy with the dispersed rubber particles was allowed to fully cool to room

temperature prior to adding in the curing agent using the same mixer.

Figure3-4: Flacktek speed mixersedin preparing epoxypased adhesive specimens
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Figure3-5: Components used for preparing the epbaged adhesiv&poxy (upper left)core
shell rubber particles (upper right), and specimen mold (lower center)

The epoxy and core shell rubber particles are showigure3-5. The amine hardener
was mixed in for approximately 7 minutes to avoid the risk of an exothermic reaction to initiate
in the mixing cup prior to pouring into the mold. The epoxy mixture was then poured into the
mold cavity(Figure3-5). A sharp razor was inserted into the mold with the help of a template to
align the razor blade in the desired orientation. A clip was attached to the razor blade to hold it
in place while the epoxy cured. The samples were cured for approximatelyrddahocoom
temperature followed by a post cure for 2 hours at 93°C. The face of each test sample was then
milled flat to the desired thickness of 6.4 mm.

This fabrication method was selected for two primary reasons. First, tHe-pdeste
razor bla@ forms a very repeatable crack with consistent lengths and consistent crack tip

geometry from sample to sample. Second, it minimizes the amount afysesnachining and
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thus any local damage in the vicinity of the crack tip. The only machining aperatjuired
after curing is to machine the top face of the sample down until the desired thickness is achieved.

Photos of the finish machined test sample and the crack are shéwuia3-6.

Figure3-6: CastSCB fracturesample with an inclined crack (left) and clage of the crack tip
produced byherazor bladensert during castinfright)

3.2.2 Pattern application

Poorspeckle patterns can resultunwanted measurement nqigéile proper patterning
techniques can achieve high quality results in DIC. For the present work, each of the test
samples were painted with high quality flat whitelmlsed enamel painthe painted surface
was then sanded with fine gséndpapeto create a clean, smooth surface. Finally, a textured
rubber stamp was utilized to transfer archival quality ink onto the test sample surface. The ink

stamp and resulting pattern are showFigure3-7.
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Figure3-7: Textured rubber ink stamp (right) and resulting stamped pattern on specimen after 5
6 appications of ink stamp (right)

The textured stamp had a hominal feature size of 180 microns. The stamp was applied to
the specimen surface6btimes to achieve an acceptable quantity of speckles on the white
background. With each subsequent application of the ink stamp, the starsighihs rotated
relative to the specimen to ensure a generally isotropic and stochastic pattern.

The speckle patterning technique for displacement measurement using DIC is often
unique to a specific application. It is thus advantageous to assesgthk quality of the
speckle pattern prior to proceeding with fracture characterization step. Several techniques have
been proposed for speckle pattern quality determination. For the present work, the mean
intensity gradient metrif82] was adopted. This metric has been demonstfagds a
reasonable global parameter for overall pattern assessment. Mean bias error and standard
deviation of measured displacements are both strongly related to this metric. The mean intensity

gradient is defined as:

1 —_—— [3-2]
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whereW andH are image width and heigl, Q@0s "Q@Q "Q "AQ is the modulus of

local intensity gradient anfd andfy are the local derivatives at a given pixel. The derivatives are
compued using the central difference method.[82], a mean intensity gradient in excess of 20
resulted in the lowest amounts of mean bias error and displacement standard deviation of all the
speckle patterns analyzed. Saotagesamples were extracted from 5 images of 5 different test
specimens. The average mean intensity gradient from those specimens was calculated to be

22.3.

3.3General material behavior
To acquire the elastic properties of the baseline material, tension apdession tests
were performed. The tension testing was conducted using ASTM [BBB&s a guideline

using the Type | specimen geometry showRigure3-8.

| T

4
19.05 15.88
R%_zn—/ 57.15

165.10

Figure3-8: Tensile sample geometfgimensions shown in millimeters)

The compression testing was conducted using ASTM O&9=as a guideline using a
right circular cylinder specimen with a nominal diameter of 15.9 mm. Test specimens were cast
and cured using the previously described mixirgepss combined with the molds shown in
Figure3-9. For the tension specimens, all features were cast into the speoiosgn forthe

thickness dimension. Afterehpostcure process, the top face of each tension specimen was
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machined down to achieve the desired thickness and ensure a flat specimen with parallel
surfaces. For the compression specimens, the end face of each compression cylinder was
machined down tachieve the desired height and achieve parallel end faces. The diameter was

left in the ascast geometry.

Figure3-9: Specimens asast in mold for dogbone tension geometry (left) and right circular
cylinder specimens for compression (right)

The uniaxial tension tests were also used as a benchmarking case for the performance of
the digital image correlation procedure. Strgigain response measured using strain gages was
compared to the strestrain esponse measured using the proposed digital image correlation
methodology to include the same speckle patterning methodology. For the digital image
correlation process, the pixel size was approximately 0.05 mm. A subset size of radius 45 pixels
and a subet spacing of 5 pixels was chosen for the data analysis. These benchmarking
comparisons showed excellent agreement between the strain gage data and the data derived from
digital image correlation measurements acees&rakpecimens and the digital imag
correlation results produced elastic modulus measurements consistent with those obtained from

the strain gage results. The comparison between the two data sources is dfigure8110.
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Figure3-10: Tensile stresstrain response of the adhesiaaterialstudied

In tension, the material behaves in a generally elasiite fashion. The material is
mildly non-linear. For the compression test geometry, the gage section is fairly small, and the
behavior is much more nonlinear, resulting in a significant amouftdction Therefore, the
testing was executed with only DIC results during the teish strain calculations being
extracted along the axis of the cylind&rhe typical compression strestsain response is shown
in Figure3-11. The results are truncated at 100,000 microstrain for clarity. The specimens did
not exhibit definitive failure in compression but continued to increase in strain until the onset of
densfication (e.g.,the stress level began to increase again) or the specimen began to buckle due
to material instabilitiesA failed tensile sample and a compression sample under load is shown

in Figure3-12.
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Figure3-11: Compressive strestrain response of the adhesive studied
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Figure3-12: Failed tensile specimen showing brittle gagetiontensilefailure (left) and
compression specimateformatiors hown wunder | oad at high

due to load (right)
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The material properties of the epoxy formulationammarized imable3-1. The
standard deviation for the elastic modulus is shown as well for reference. The elastic properties
were consistent across a range of $estcimens and within the range of expected values based

on the available vendor data for the epoxy matrix and associated core shell rubber particle filler.

Table3-1: Test specimen material properties

Elastic modulus | 2.2GPa {£0.12 MPa)
Poi sson{ 0.33
Density 1107 kg/nd

3.4 Static semicircular beam experiments
3.4.1 Optical configuration

Forthis series of quasstatic tests on the homogeneous material, a Canon EOS T5i single
lens reflex digital camera was used for acquiringpit4mages with a sensor resolution of 5196
x 3464. The camera was placed such that the focal plane of the camerproasragiely 1.1
meters from the face of the sample. With the approximate specimen width of 100 mm, the edges
of the specimen are located at a maximum of approximately 2.5° from the optical axis. The area
of interest is smaller than this total specimedttyj and thus paraxiapproximation holds well
A 105 mm lens was utilized for imaging the specimen. With this lensattation factomwas
approximately 0.051 mm for each test. The digital image correlation parameters are summarized

in Table3-2.
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Table3-2: Digital image correlation parameters for static experiments

Hardware Parameters Analysis Parameters
Camera Manufacturer Canon Software Ncorr
Camera Model T5i Manufacturer Open source
Image Resolution 5184x 3456 Image Filtering | Guided filter
Lens Manufacturer Canon SubimageRadius 45 pixeb
Focal Length 105 mm Step Size 5 pixels
Field of View 50 mmx 50 mm
Image Scale 19.6 pixels/mm
Stereo Angle N/A
Image Acquisition Rate 1 fps
Patterning Technique Ink stamp
Approximate Feature Siz¢ 5-7 pixels

3.4.2 Investigation of DIC and filtering parameters

A parametric study was conducted to investigate the appropriate subset size and subset
spacing for this experimental work. The Ncorr software utilizes circular subsets. Subset radii
ranging from 5 to 60 pixels, and subset spa¢stgp sizeyalues rangig from 5 to 20 pixels
were explored. A subset radius of 45 pixels and subset spacing of 5 pixels was selected for
subsequent experimentResulting displacement contours are plotteBigure3-13. As
evidenced in the figure, the larger subsets radii appear to decrease the noise in the displacement
field. While the larger subset spacing qualitatively appeaiesstdt in lower noise, the smaller

subset spacing wafiosen based on the desire to balance noise with spatial resolution.
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Figure3-13: Opening displacement contesdrom 90°crack orientatiorexperiment (pure mode
[) at 400 N for different subset radii and spacing: (a) 15 pixel radius, 5 pixel spacing, (b) 30
pixel radius, 5 pixel spacing, (c) 45 pixel radius, 5 pixel spacingtg@)xel radius, 15 pixel
spacing
As previously discussed,ig often advantageous to address noise when using digital
image correlation. A numerical study was performed to qualitatively evaluate the effects of each
of the filtering variablegdetails provided in earlier secti@y.4 on the displacement results,
specifically, the neighborhood size and filtering parameter. As the size of the neighborhood
increases and/or higher values of the filtering parameter are clitdsgmssible to over smooth
the image. There are also diminishing returns in terms of the effectiveness of the filter since
points closer to the edge of the neighborhood for a given point have less effect on the filtered
results. The performance ogtfilter is best illustrated using displacement contour pkitgufe

3-14) at lower loads where more experimental noise is pregeatmparison is shown of

contourplots of an unfiltered data set compared to the filtered counterparts from three different
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neighborhood sizes (3, 5, angubset poinds For a given neighborhood sizg,each subset
center point is filtered based on the n x n grid of pantsounding i{seeFigure2-3). As can

be seen, there is a noticeable difference in the noise in the unfiltered (a) vs filtered (b, c, d)
contour plots. Howeversahe neighborhood size increases, the observed difference becomes
less apparent. For the present work, a neighborhood size of 5 and a fitsangeteof 0.01

was chosen.
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Figure3-14: Effect of filtering on displacement contour noiga&) Unfiltered, (b) Neighborhood
size,n=3,(c)n=5,(d)n=7

3.5 Comparison of results
3.5.1 Mode | and Mode Il comparisons
Initial tests were conducted with a thyeeint bend fixture that utilized a roller at each of

the support points and a flat platen to apply the load at the top of the specimen. It should be
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noted that the sensitivity of this specimen geometry to friatieffects at the supports and
symmetry was first noticed and analyzed numerically. It was found to be an important
consideration for practical implementation. Critical evaluation and further discussion of these
results is detailed in later sections. eTtsts were conducted on a Tinius Olsen uniaxial load test
frame. The specimens were loaded under displacement control at a rate of 0.25 mm/min. The
camera was controlled remotely to acquire images at uniform intervals of 1 second. A 44.5 kN
capacity bad cell (accuracy 8.04% of full scalgwas used to measure the applied load. The
Ncorr software was used to perform the speckle image correlations to quantify displacements.
The measured displacement data and associated DIC output coordinate logattgonsed to
directly build a finite element mesh as previously described in s&&Rof Based on the subset
spacing (5 pixels), and the pixel scale factd@.¢51 mm), the resulting distance between
neighboring output points was 0.30 mm in the DIC grid.

It is important to first verify that the contour integral quantified using the proposed
methodology is indeed path independent. ABAQUS® by default perfivensontour integral
computation for individual sets of elements that enclose the crack tip. To verify the path
independence of thkintegral, successive contours must be extracted at increasing radial extents
from the crack tip. The specifics of thisroputation can be configured by the user. Depending
on how the output request is configured, the elements considered in each contour integral
computation can be automatically determined by the ABAQUS®preessor, or it can be
specified by the user. [@uo the orientation of the crack (at some arbitrary angle) and the
structure of the gridded displacement output data, it was necessary to customize the definition of
the contour integral domains. The standard process was not adequately reliableitig select

nodes and elements for the contour domain and often resulted in abnormally shaped contour
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domains at distances farther away from the crack tip. Therefore, an automated process for
defining groups of nodes and elements at increasing radii away fraratiietip was created
and implemented in the MATLAB® pogtrocessing script. An example of the selected nodes is

illustrated inFigure3-15.

r/B=0.5

r/B=1.0

B =15

Figure3-15. Example of node locations from circular contour around crack tip utilized in
domain integral calculation (green squares are FE model elementéginighted points are
nodesincluded in contour integral evaluation)
The J-integral output is plotted as a function of the ratio of radius to specimen thickness
(r/B) in Figure3-16 (a) for the pure mode | case and-igure3-16 (b) for the near mode Il case,
wherer is the radiabistance from the crack tip alds the specimen thickness. For reference, a

value ofr/B = 3 corresponds to a contour radius of 19.1 mm.

78



1400

1200

1000

800

600

J(N/m)

400

200

-200

2500

2000

1500

1000

J(N/m)

500

-500

0.5 i 1.5
r/B

(a)
0.5 1 1.5
r/B

(b)

149N
352N
683 N

2 2.5 3

484 N
1069 N
3055 N

Figure3-16. Path independence of théntegral fom hybrid DIGFE approach at different load
steps for (a) pure Mode | test, (b) pure Mode Il test

Generally, as the radius of the contour increased-itiegral values remain relatively

constant. This does not hold true for points within the zmmoximatelyr/B = 0.5 (or ~3 mm)
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from the crack tip. This can be attributed to a combination of factors including crack tip stress
triaxiality, inelastic deformations, errors in identifying the crack tip position, and potential mesh
size dependencies. @ftlwise, the value remains relatively constant, even at very low loads for

the mode | case. For the mode Il case, the value remains relatively constent fdr 5 G

The same effects persist at very small radii as with the mode | case. Outsideasfghjghe
individual contours reach the edge of the test specimen, and some path dependenge on the
integral output values is seen.

One particularly interesting advantage of this technique is that the selection of crack tip
position is much less criticathen compared to the leasjuares approach. To ascertain this, the
mode | experimental data were analyzed by intentionally selecting erroneous locations for the
crack tip. Those erroneous locations were chosen across a range of positions within
approxmately 1.5 mm of the nominal location of the crack tip (as identified in the speckle
i mage) . This was considered to be a | arge ra
cases to correctly identify the crack tip at this specimen scale. hgutedJ-integral values
for the mode | case are plottedrigure3-17 (a) for a select load level. Evidently, they are
invariant relative to the crack tip position selection. A similar exercise was performed for one of
the mixedmode cases (65° crack inclif@t angle), and comparisons were made with respect to
SIF computations. These comparisons, showigare3-17 (b), indicate that the method is

rather robust in tisiregard.
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3.5.2 Mixed-modeexperiments

One sample from each ckacrientation angle was loaded to a predefined load before
failure to generate displacement data for extracting the fracture parameters ikaanelili for
comparing them with the ones from the baseline methods. The comparisons are plogeckin
3-18for the linear elastic finite element model (FEM), adeteministic leassquares (LS)
analysis, and the hybrid DIEE approach.The differences between each method and the
predicted results are summarized'able3-3. Theresults generally agree well with each other
for both mode | and mode Il stress intensity factors. Note that the initial tests for the 90°, 80°,
and 65° samples were performed to lower loads as they are expected to fail at lower loads due to
the higher mde | contribution. Further discussion with respect to potential differences between

the experiments and the linear finite element model are detailed in later sections.

Table3-3: Estimates of difference beeen predicted and experimental results for gatgic

case
DIC-FE vs FEM LS vs FEM

Angle Ki Kii Ki Kii

(deg) (Mpa-am) (Mpa-am) (Mpa-am) (Mpa-am)
45 0.1 0.028 0.091 0.021
50 0.032 0.024 0.032 0.025
55 0.184 0.027 0.164 0.033
65 0.075 0.063 0.068 0.055
80 0.054 0.011 0.043 0.008
90 0.108 0.053 0.115 0.014
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Figure3-18: Stress intensity facteextracted for different mode mixities from homogeneous

experimentsinder quasstatic conditions
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3.5.3 Additional SCB specimen considerations

As described previously (in sectiBrl.l), the SCB specimen geometry offers many
features that are beneficial to study mbradde fracture. Specifically, it is convenient from a
fabricationstandpointand itcanachieve a full range of mode mixities, from pure mode | to pure
mode Il. However, there are several implementation challenges that must be addressed. First,
this specimen geometry has a relatively short support Spegiative to the radiug}.

Furthermore, the ratio of the support span to the crack lemgthalko relatively small.

Therefore, there is room for errors due to asymmetry in the support locations relative to the
crack. Second, small amounts of lateral load at the supports from friction (in the case of a fixed
support pin) and rolling resistance {ire case of a free roller support) have potential negative
influence on the results. The typical method for extracting fracture parameters using this
geometry usually involves measuritigg applied force at crack initiation amgpbuttingthat to a

finite element model to infer the critical crack tip parameters such as SIF. While doing so, the
lateral components of load at the supports are typically not considered since frictionless contacts
are assumed by default.

During the course of conducting expeeints using this specimen design, two different
support configurations noted above were considered. Note that unless stated otherwise, the
reported results utilized the roller support. Each of the two support points consisted of a steel
roller that was fee to rotate on a hardened and polished steel pin. Additionally, lubricant was
also applied to each pin to further minimize friction. For the mode | case, a separate experiment
was conducted that utilized more common fixed support pins that were ntut fogate. The
extracted stress intensity factors are plotted versus load for each of the two experifiguiein

3-19.
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Figure3-19: Comparison of experimentally measured SIFs obtained from fixed support and
roller support fixtures showing suspected s8tik behavior

The slope of the stress intensity factor vs. load history is noticeably different between the
two experiments. For instance, the load at which the specimen reached a stress intensity factor
of05MPa@d m for the fixed pin support was over 50
the same value for the roller pin support. Additionally, the @lbeas for the pin support seem
to suggest a stieklip behavior between the specimen and the pin. That is, an abrupt drop in SIF
value at ~250 N is evident Figure3-19followed by an increase with increasing loads. Itis
suspected that this is largely due to the frictional effects at the support pin creating a closing
moment that reduces the crack tip sé&s. As the load increases, the frictional force would be
proportional to the normal load at the pin and can contribute to the closing nsgreficantly.

A finite element model with friction at the two supports was used to test this hypothesis.
In the mode | case, the observed/apparent mode | value can be potentially higher than the actual
mode | value if friction is not accounted for. The effect of friction on observed mode | behavior

is shown inFigure3-20. The coefficient of friction between the bottom edge of the specimen
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and the support pin was increased and each model was loaded to the same load. These results
suggest that at a coefficient of frictiwalue of 0.2, which would be representative of an epoxy

material sliding on a fixed steel pin, the actual mode | SIF could be roughly 60% of the mode |

SIF as observed based on applied load.
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Figure3-20: Effect of support pin friction on mode | stress intensity factor for 90° sample

A similar effect can be seen in the mixewde case where overall specimen load is
much higher in magnitude. In the mixetbde cases where the vertical load can be signitiiz
higher, this effect could get exacerbated as illustrat&igure3-21 for the response of mode
mixity. For the frictionless assumption, the mode mixity isspuode Il whereas for the case

where the friction coefficient is equal to 0.2, the mode mixity is 40° which is substantially

different from the intended 90°.
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Figure3-21: Effect of support pin friction omode mixity for 40° crack orientation

For the mode | case, increase in the friction coefficient can lead to drastic reductions in
inferred mode | stress intensity factor. It should also be noted that even in the scenario of a
perfectly frictionless rolhg support, the rolling resistance between the hardened steel roller and
the softer specimen material can have a similar effect, however, it is expected that it would be
less severe.

In addition to the effects of lateral frictional forces at the suppontg, other
considerations seem important for this geometry as well. Due to the short support span in the
SCB specimen geometry, small amounts of asymmetry in the support location, can introduce
relatively significant changes to the mode mixity.Flgure3-22, mode mixity is plotted for
various states of misalignment for the 90° crack orientation. A modest asymmetry expressed in
terms of the ratio of the left hadpan to the right hapan of 1.1 could result in approx. 3°

mode mixity.
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Figure3-22: Effect of support asymmetry on mode mixity for 90° crack orientation

Similar observations have been made by other auf86}svhere discrepancies between
critical stress intensity factors extracted using analytical expressions with failure load
approached twice the value of critical stressnsity factors extracted using fifleld
displacements from DIC. These observations and the ones in the present work underscore the
importance of specimen alignment and support configuration when using SCB specimen
geometry.

The results presented th@s tonfirm that the geometry itselin producéhe desired
experimental results. The specimen geometry behaves as expected and the hybrid method for
acquiring the results demonstrates a marked improvement in the reliability of the data due to

removing umertainties with respect to load and support point effects.
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3.6 Experimental Results
3.6.1 Mixed-mode fracture tests

A series of fracture tests were first performed to utilize this approach to extract the
critical stress intensity factors across a range of mugiies. Each of the test specimens
exhibited brittle failure with the load increasing monotonically up to faiklrenthe load
instantaneously decreased. Representativedispdiacement histories are plottedrigure
3-23. The minor nonlinearities observed during the tests are attributed to fixture settling,
nonlinear material response at the load point or support points, and possible rolling or sliding

friction at the support points.
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Figure3-23. Load histories for each crack inclination angla) Plot with displacement of zero

corresponding to start of experiment and (b) Riithh displacement of zero corresponding to
failure point

Multiple test samples were cast and tested for each crack inclination angle. The stress

intensity factors for each mode were extracted at failure using the hybrigB[iDst
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processing techniquelhe mode mixity at failure was computed and plotted for different crack
inclination angles. The measured values of mode mixity from the hybrieFBI&pproach

agree well with the expected response from the finite element model as sHagureB-24.

The deviation is slightly more pronounced as the mode Il case is approached, but the general

agreement is still good.
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Figure3-24: Comparison of mode mixity for different crack angles in the SCB specimen with
the corresponding FEM computations for qestatic experiments

The two critical stress intensity factokger andKiier, from each of the gperiments are

plotted as a crack initiation envelopeHigure 3-25.
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Figure3-25. Envelope of critical stress intensity factors frquaststatic experiments with
homogeneous material samples

The curve fit is of the form— —  p where the variablé andB represent the

approximate modednd mode Il critical stress intensity factoiihe values oA andB for the fit

are 0.9 and 1.2While there appear to be some outliers in this data set, this testing includes all
data collected in the earliest experimental phase of the work. Tler$cdhe data is likely

most attributable to minor inconsistencies that are inherent to-sfadisi experiments. For
instance, due to the slow load regeyerafactors such as load frame vibration and other external
noise can become meaningful atddéime scales. Some of the scatter is also attributable to the

variability in the material considering these data represent several batdass specimens

3.6.2 Crack propagation direction behavior
For each crack inclination angle, the expected cragbggation angles were calculated
using the maximum tangential stress critefimmbrittle materialaising the load results and the

finite element models. This criterion states that the crack is assumed to crackignowhe
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maximum average tangentialess in theegionahead of the crack tip reaches its critical value
and the crack growth direction corresponds with the direction of the maximum average
tangential stress along a constant radius around the cradkgneaicracktip tangential stress
for a mixedmode crack in a homogeneous, isotropic linear elastic material as desci®ed in
is,

"~ = . — O . oA
. P XiZhy ATS o OBF 61 [3-3]

whereKicr andKiicr are the critical mode | and mode Il stress intensity factespectively.By
taking the derivative with respect to the angular coordingthe angle of crack propagation can
be found using:
o OEF U OAT-O p Tt [3-4]
wheredb is the crack propagation direction. Here, it should be noted that the higher order terms

(eglb i) in Williamsd asymptotic stress fields

specimen, analysis of failed specimen images was used to measure the crack initiation direction.
More recently, it has been suggedi@d| that the secalledT-stress, the second higher order term

in the asymptotic stress field, may play an important role in the crack growth beHaigor.
suggested that considering fhetress in the maximum tangential stress computation provides
betteragreement with predicted crack propagation conditions. In this form, the modified
maximum tangential stress criteria is computed (MMTS) using:

~ .= ~. — O A A
» \L_‘AI—OO Al © -0 OB+ "YOE+ 0 i~ [3-5]
N 1 ¢ ¢ G
and thus, the resulting derivative becomes:
o o 2 PR — . . =
0 OB+ U cAl-© p ~ clAI—QOEzi- T [3-6]
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whereT is theT-stress, and: is a critical value of radial distance away from the ctgzknd is
considered to be a material parameter. THsé&ress is related to the-ptane constraint effect
and can affect the local crack growth mechanics. TFeeess is extracted from thadiar, elastic
finite element model usingn auxiary solution of a line loaépplied in the plane of crack
propayation and along the crack line as describg@ah.

Separately, the maximum energy release rate (MER®)en used as a criterion by
which to evaluate crack propagation direction. The stress intensity factors at the tip of the
kinked crack can be defined as linear combinations of the stress intensity factors of the parent
crack as:

0 UL GO [3-7]

0 w0 o [3-8]
where the coefficientsj, are defined in referencf&9] and[90] and the energy release rate is
defined as:

o 2o 0 [3-9]
and the crack propagation direction is found by identifying the stress intensity factors that
maximize the energy release rate,

To assess these two sets of crack propagation direction, the values for a given crack
inclination angle as measured frédractured specimenaere averaged for comparison with the
finite element counterparts. The crack propagation directions, as calculated from E@dakion
and[3-6], are compared to the experimental average crack propagation directiaggraB-26.

In general, e average propagation directions were fairly consistent with low standard
deviations. The measured values of kink angle are particularly difficult to ascertain. However,

for this test series, multiple measurements were averaged together, the realugsgwere
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plotted along with error bars indicatiogestandard deviation above and below the average
measured value. The predicted values were generally lower than the observed ones, however,
when theT-stress is considered, the agreement between ¢lkéicd propagation directions and

the experimentally measured directions is much closer.
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Figure3-26. Comparison of crack propagation direction with FE predictions based on different
implementation®f the MTS criteriorand modifiedMTS criterion

The photographs of failed specimens representative of each inclination angle are shown
in Figure3-27 to visuallydenonstratethe direction in which the crack initiates. The kink angle

values were fairly consistent across multiple test specimens tested at a given angle.
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Figure3-27. Images of failed SCB test specimens

3.6.3 Effect of in-plane compression stress

The static test setup for the homogenous material specimens was further adapted to
investigate fracture at lower crack inclination angles. As the angle drops below approximately
45°, the mode | stress intensity factor becomes negative. A series @fdasgierformed at 40°,
35°, and 30° to further quantify what happens at these negative mode | conditions. The results of
the negative mode | experiments are plotted with the results from the full range of mode mixities

in Figure3-28. The mode Il stress intensity factor at failure continues to increase as the apparent
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mode | stress intensity factor becomes increasingly negative. Angles lower than 30° were not
testedbecause at sufficiently low angles, the crack tip is too close to the specimen edge and path
dependent artifacts become apparent in the stress intensity factor outputs. The critical pure mode
Il stress intensity factor was approximately 1.2 MPen  ( boa theslatation of thg-axis

intercept of the curve fit). The apparent increase was observed to be as high as 60% at the tested

levels of negative mode | stress intensity factor.
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Figure3-28. Criticd stress intensity factoiacludingin-plane compression state from quasi
static tests

The relationship,— —  p, has been found to fit the sheansion fracture behavior

well and is commonly used for reporting purposes in the fractuckané&s community.
However, the Griffith failure envelope is also commonly used as an approximation to relate the
strength behavior in the shear and normal directions. Whif@kEgpresents this criterion as a

parabolicreht i onshi p between shear | oading, U, and

t Yy |, [3-10]



Taking a similar approach, this parabolic relationship was chosen to relate the shear and normal

stress intensity factors at crack initiation in the present work. With respect to the relationship
when compressive loading is present, the Mobulomb failue criterion has been widely used

in material model applications to describe behavior in materials that exhibit increasing shear

strength with compressive stress and is particularly interesting in the context of the present work.

It has found widespreadse in geotechnical community. The failure criterion is typically
presented as a setlofear equations in principal stress space describing the conditions for which
an isotropic material will fail It is commonly presented in terms of normal and shessssand

is illustrated graphically ifrigure3-29. It can be further described as a line that fits tangent to a
series of Mohr o6s ci r stheisplane nanmal siresschecenses e

increasingly negative. The slope of the ligis referred to as the friction angle.

Shear axis

A

Normal axis

Figure3-29: lllustration of MohrCoulomb failure envelope

While the present work is focused on stress intensity factors and neptamenstresses

at failure, the analogy is still reasonable in the sense that the observed critical mode Il stress
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intensity factor at failure has an apparent increase as mo@ss sitensity factor at failure
becomes increasingly negative. The linear relationship is plotted with the data from the quasi
static experiments iRigure3-28. A friction angle of 0.2 rad (11.5°) was found to fit the
experimental data wellThe curve fit parameters for the Griffith and MdDoulomb fits are

summarized imable3-4.

Table3-4: Summary of curvéit parameterdor Griffith and MohrCoulomb fit (quasstatic)

Parameter
Griffith Mohr -Coulomb
Test Series To A C a
Quaststatic, homogeneouy 0.85 | 0.75 | 1.30 0.20
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Chapter 4

Interface Fracture

One of the objectives of the current work is to experimentally investigate the effect of
local compressive stress fields on a crack lying along an interfdeecurrent chaptdauilds on
the measurement and data processing methodologies presentedter<hamd Z&nd
introducesa test fixture for meeting ihobjective The characteristics of the fixture and
specimen geometry are examirm@dseveral validation experimentsinally, results are
presented that quantify the relationship between interface fracture behavior and compression

along the interface.

4.1 Development of a test apparatus for cracklosure conditions

In the interest of applying the current methodmt@stigatehe conditions surrounding a
defect or crack that lies on one of the interfaces where a softer material is sandwiched between
two stiffer materialsseveral test fixture approaches were considetdtmately, a lap shear

arrangement was chostr further development

4.1.1 General fixture description
The proposed fixture is shown schematicallfFigure4-1. The shear test sample is
comprised of a polymer layer sandwiched between two stiffer adherends. The test sample is

mounted between two sefircular plates that can be rotated to adjustaiie of compression
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to sheatoading that occurs in the test specimen, thus generating the desired combined load state
in the specimen. This is conceptually similar to a Brazilian disc specimen geometry. The load is
applied to the top of the fixture ing a pin attached to the crosshead of the uniaxial load frame.
The bottom of the fixture is supported by two pins slightly off the centerline of the fixture to
stabilize the fixture. The load mixity is controlled by the fixture rotation abglehichcan be

adjusted to any angle. Pins are used to keep the fixture halves assembled at very low angles of

fixture rotation. Each fixture half has a small step that engages the end of the specimen.

Fixture half
‘-\ Upper platen loag
‘\
\ Defect
b
N S S — y
d
: . r
Stiff material 5
! X
Polymer \ .
Lower support reactior

Figure4-1: lllustration of steebpoxysteel sandwiched lap shear geometry loaded in biaxial
load fixture, shown with typical crack tipesh
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4.1.2 Extraction of stress intensity factorsusing contour integral method

To extract the stress intensity factors, a similar contour integral approach was utilized as
was described in previous chaptefte energy release rate can be computed using a domain
(area) integral. Thé-integral, as presentdxy Shih, et. a[77], is defined as in Equatid&-13].
This domain integral can be decomposed into the two stress intensity adodK for
modes | and Il, respectivelyThe ABAQUS® finite element software employs an interaction
integraltechnique to partitiod and extract the two stress intensity factors based on the technique
described if34]. For a crack along an interface between two dissimilar materials, the stress
intensity factors are the real andaginary parts of a complex stress intensity factor. This can be

described using the interface traction valueglid].

‘Q O 0 i
” ” VICT‘I [4'1]
where- —I1 F—and whereG is the shear modulus of each material
andli —, with g being the Poissonbs ratio.

4.1.3 Displacementbased stressntensity factor extraction

In addition to the contour integral approach, mode Il stress intensity factors can be
estimated using sliding displacements along the crack surfaces based on the relationship in
Equation[4-2]. Given thaimuch ofthe crack face is in contact, the mode | stress intensity

factors cannot be estimated using this approach.

_© O i
™“Vp 1T Al OF < [4-2]

where U is @ e4fore=dl,2and the emplex displacement field is defined as
1 30 86 with vandu being the sliding displacements and opening displacements along the
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crack faces in the coordinate system illustratefignire4-2. Using this relationship, a
regresn analysis of the displacements along the points on the crack surfaces, the magnitude of

the stress intensity factor can be estimated.

Vs )
y 4 ' e+ Material 1:E1, 31
VAE
e
Material 2:E,, 3,
\_ J

Figure4-2: Interface crack coordinate system

4.1.4 Finite element model of test fixture

In order todesign the specific details of this fixture and properly size the geometry, a
finite element model was created in ABAQUS®. The following parameters were studied:
adhesive thickness, adherend thickness, crack length, overall specimen length, andsitrack po
(left/lower interface vs. right/upper interface). One desire of the test fixture design was to create
a mixedmode load state in the specimen with a negaform shear and compressive stress along
the length of the specimen. A second goal wasdate a geometry that lends itself to controlled
fabrication of the specimen as well as stability and repeatability during the experiment to allow
for practical implementation. A mesh refinement study was performed on the specimen with
several element eddengths evaluated. The domain integral extraction approach is relatively

mesh size independent. An element edge length of 0.25 mm was determined to be appropriate
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for the test specimen mesh. The specimen was meshedppithiximately35,000 plane stes

elements and 35,500 nodes.

4.1.5 Initial analytical results
Based on the outcome of a series of modeling studies considering different ratios of
specimen length to height and different ratios of adhesive thickness to adherend thickness, a
specimen geomstiwith an overall length of 76.2 mm and overall total thickness of 25.4 mm
was identified as having the desired stress distribution characteristics and was chosen for this
experimental study. The adherends have a thickness of 6.4 mm thickness leawimigah no
adhesive layer thickness of 12.7 mm and overall sample thickness of 25.4 mm. Analyses were
run with the crack at the lower interface of the test specimen as well as at the upper interface of
the test specimen. The general trends are similar betwedwo configurations. The most
noteworthy results are shownkigure4-3 as shown from the analysis runs with the crack at the
lower interface. The presence oéthegative normal stress near the crack tip contributes to
overall suppression of the shear stress and thus a decrease in the strength of the singularity.
As shown in the figure, at a fixture angle of approximai&gegrees fronmorizontal
the far fieldstress normal to the interface ahead of the crack tip is approximately zero across the
majority of the interface. As expected, the normal stress increases with increasing fixture angle.
Secondly, and more importantly, the stress normal to the intestferges the strength of the
shear stress singularity. This was also noted in the derivation of the analytical sol{#idn in
One other finding from the analytical investigation was that the uniformity of the stress normal
to the interface could be improved by introducing a slight offset of the load application point.

The load is shown iRigure4-1 as being aligned to the geometric ezrdf the specimen.
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However, more uniform stress distribution was found to occur when the load application point

was aligned to the geometric center of the top face of the specimen.
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Figure4-3: Sress distribution along interface of bimaterial lap shear geometry for-gégne
compression stress (acting normal to the interface) and (b) shear stress
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4.1.6 Expected effects ofriction at crack faces

One benefit of using the proposed data extraction technigue is that it removes many of
the uncertainties with respect to the fixture and test specimen. In many experimental methods
for fracture mechanic¢cs closed form solution is not available for the specimen geometry,
especially in more complex fracture arrangements. Therefore, the typical approach is to measure
a load history and thus a failure load for the test specimen and then that measueetbéallis
applied to an analogous finite element model of the test geometry to compute the stress intensity
factor at failure. While this is a convenient approach, and can provide reasonably accurate
measurements, there are many uncertainties that caibatato errors and should be accounted
for accordingly. Two particular examples include load point alignment and support point
alignment. In the current problem, crack face sliding friction is also an uncertainty. Thus, using
the proposed method okteacting quantities directly from the measured deformations on the
specimen surface, removes these uncertainties and provides a more robust approach. However, it
is still beneficial to the experimentalist to understand these affects for interpretatien of
results. The crack face sliding friction is largely unknown without specific testing to measure the
relationship between shear traction and normal tractions along the interface. Further, these
phenomena are often difficult to reliably model dueate dependence and nonlinear effects. A
study was completed using an FE model to estimate this effect assuming a constant friction
coefficient along the crack faces. A contact interaction was included in the FE model along the
crack faces between the adive and the adjacent adherend. For each fixture orientation angle
(modemixity), a range of friction coefficients were assumed from 0 to 0.5. The results are
plotted inFigure4-4. As expected, increases in the friction reduce the observed stress intensity

factor, meaning that for a given load, the actual stress intensity factor is lower than what the
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stress intensity factor woul d bhmoiepronbunded t i on
at specimen orientations that are further away from the pure mode Il case (e.g. higher
compressive stress) since increases in compressive loads increase thalfeffeotsand,

therefore, increase the load that is resisting crackglidThe proposed steel to epoxy sample is

expected to have a coefficient of friction, u ~-0.3[92].
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Figure4-4: Expectededuction in observel due to friction alongrack faces in interface
crack specimen geometry based on FE investigations
Possibly the more important observation regarding crack face friction is that the sliding
friction is expected to have some slight influence on the invariance of the stresgyiriaror
(contour dependence). This effect is illustrateBigure4-5. However, as will be discussed in
later sections, the affect is relatively benign acrosdi#ture inclination angles of interest (45°
to 75° from the horizontal). Also, the variation is relatively benign in the range of expected
friction coefficients. The crack face itself is comprised of a machined steel surface sliding

against epoxypasednat er i al . An as sigerpettdd tome reakonable.2 O O C
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Figure4-5: Expected effects ofrack sliding friction orKi invariance based on FE
investigations
Across the anticipated rangerdB, with B being the specimen thicknessjues for stress
intensity factor extraction, the affect would be expected to be less than 10%. More importantly,
for the analysis assuming p = 0.25, the mode Il stress inteastiyrfvalues are almost path
independent. This is noteworthy and supports the claim that even with sliding friction along the

crack faces, stress intensity factors extracted from experimental data should be reliable.

4.2 Test apparatus for crack opening condions

The primary advantage of the fixture introduced in the pregeyiteis to investigate
the conditions in the test specimen while under a mirede state of combined shear and
compression where the crack is generally in a state of closure corditids also of interest to
investigate a similar bimaterial interface under opening conditions to complement the shear
compression results. To that end, an asymmetriegount bending specimen was chosen to

explore this complementary behavior whtdre mode | component of the stress intensity factor

108



is generally positive in the test specimen. This geometry has been previously studied, and, more
specifically, the works reported j83] and[94] are of particular relevance because of the

similarity in the material mismatch parametér,The test geometry is shownRigure4-6.
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Figure4-6:  Schematic (a) and photograph (b) sy@mmetricfour-pointbend setup (negative

shearconfiguration)
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The setup is configured such that the load is aligned to a location offset from the interface
and the distance between the load point and each support point, diméharmaii3, are held
constant. By varying the distan& from the inteface to the load application point, the ratio of
shear and transverse load on the interface can be controlled. The present work utilized a sample
with a height of 38 mm, a total length of 203 mm, and a thickness of 6.4 mm. The/Yétieas
held constanat 1.27 and the ratib/W was held constant at 0.63. The geometry was studied
parametrically in a finite element model to understand the suitable support configurations for the

present work. Two configurations were explored, one setup as illustrdtegine4-6 where

the shear i s actixgdarenogi ohe Bntdenf aeedsdiico
shear is acting+xaldngetbhikeonntefThaced@mwasédonfi gu
Afinegativeoobandspposi vieV g. The normalized str

for each configuration are plotted as a function of offset r&tW, in Figure4-7 andFigure4-8

respectively.

Normalized Stress Intensity Factor
o
a

Figure4-7.  Stresgntensity factors from asymmetriour-pointbend test setup
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Figure4-8:  Mode mixity from asymmetriéour-pointbend test setup

It is evident that a wide range of mode mixities can be achieved using this test
configuration. To complement the results from the constrained interface fixture introduced in the
present work, the intent is to use the asymmetric fixture for the locusrag pn the fracture
envelope where bothiind Kiar e posi ti ve. Therefore, the nAp
with positive values o§Wto achieve those conditions specifically (represented by the dashed
line in the first quadrant of the graphRigure4-8). It should be noted that a single specimen
configuration willnotachieve a full range of mode mixities without other changes to the
geometry, however, thwill adequately span the range of mixity values to capture the-shear

tensile fracture behavior. It should be noted that a signifastmetricstudy was performed on

the test specimen geometdimensionand fixture setup to plan this experimentias.
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Table4-1: Summary of parametric study configurations

Configuration | Upper pins | Lower pins | Load pin to Load pin to
specimen load frame
1 Frictionless | Frictionless | Frictionless Frictionless

2 Friction Friction Friction Friction

3 Frictionless | Frictionless | Frictionless Friction

The most noteworthy findings were the importance of the support points and are

summarized irFigure4-9.
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Figure4-9:  Mode mixityresults for different support point configurations

This studyconfirms that having free rollers at the support points instead of fixed pins was
important to avoid or minimize the support point friction. Thetifsit affects the mode mixity in
the test specimen due to the presence of lateral loads at the support points. Also, having free
rotation at the point of load application is important for similar reasons. This study underscores
the importance of fixturessumptions that are made in extracting fracture quantities using

methods that are not fdfileld measurements.
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4.3 Test specimen fabrication

For the interfacial experiments, specimens were created using steel adherends with a
layer ofrubbertoughened epoxy between them. The steel adherends were machined to the
desired width, thickness, and length. The surface of the adherends were grit blasted with #80
size aluminum oxide grit and then cleaned with acetone. Three different pracesuee
investigated to form the starting cradisbond The first trial was to grit blast the entire
adherend surface and then apply a release coating to the desired location of the initial crack
section on the interface. This method worked, howevenalthe surface roughness from the
grit blasting process, it was difficult to get the initial crack to consistently release in the precrack
section after the initial cure. The second trial was to apply a piece of Teflon tape to the desired
location of theanitial crack on the interface. The Teflon tape provided a consistent precrack
along the interface, however, due to the thickness of the Teflon tape, the interface crack did not
have the desired geometry at the crack tip. The geometry was similar @b dhHalunt notch
with the width of the tape thickness rather than a sharp crack. The third trial was to mask off the
area on the adherend for the desired precrack area such that the regskeslas not grit
blasted. After the surrounding area of #therend was grit blasted, the mask was removed and
a layer of release coating (Frekote MQ) was applied to the area that was masked during grit
blasting. The release coating is a solMesged moisture curing sealant for the surface that is
typically used for mold release applications in composite processing. It produces a thin surface
coating on the adherend in the desired precrack regigare4-10). This metlod worked well,
and with a minimal amount of load applied to the specimen after the cure, the crack faces could
be consistently released prior to the test. The aluminum Rdré4-11) was used to hold the

adherends parallel and at the appropriate spacing while the epoxy layer was cast.
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Figure4-11: Interface crackpecimen mold, CAD rendering (top) and photograph (bottom)
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4.4 Displacementfield mapping considerations for hybrid DIC-FE approach

In case ohomogeneous materials, the digital image correlation output data could be
conveniently used to construct an FE madekh with the nodal positions corresponding
directly to the DIC output points. However, the interfacial fracture problem is slightly more
complex in terms of mapping the data between the two models. In the homogeneous sample, the
postprocessing model cahave a jagged mesh in the region of the crack. Since the area integral
approach considers a large domain of elements, missing data along the crack faces where
elements would have spanned across the crack fagesdaptable and contributes negligibly to
the output data since the stress in those elements is relatively low and the number of elements in
guestion is only a small percentage of the overall element count in the domain used-for the
integral computationsHowever, for the interface crack prebi, the mesh along the interface
must be much more structured, primarily because the material on each side of the interface has
different elastic properties. There are digital image correlation subsets that span the interface
and therefore contain matdr@n both sides of the interface. Secondly, for the mesh in the
model used to extract the data, the elements along the interface cannot span across the interface
because of the differing elastic properties. Because of the dissimilarities that existnbibigve
desired finite element mesh and the structured DIC output grid, armaneedmapping

technique was required. The dissimilarities between the two grids are shbigared-12.
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Figure4-12: Misaligned DIC and FE grids with the FE grid intentionally shown todagser
than the DIC grid for clarity

As illustrated, the desired structured FE mesh is aligned with the test specimen and, more
specifically, aligned with the interface and crack. The element edges are generally aligned to be
parallel and perpendiculéw the interface. Whereas, for experimental convenience, the camera
is oriented in a typical upright fashion and the resulting DIC output points are aligned to this
original image coordinate system, with thadirection oriented vertically and thxediredion
oriented horizontally. One possible way to resolve this would be for the camera to be rotated
such that the resulting DIC output points would align closely with the FE mesh. This would not
be practical, however, because the critical feature ofasitethe interface and crack, is an almost
perfectly straight feature. Due to things like optical distortion from the lens and camera
misalignment, it would be difficult for these meshes to align perfectly viloutd still require
some transformation afisplacement data. Also, the desired FE mesh may not be the same
density as the DIC output grid and, further, there may be a need faniform density (e.g.,
finer mesh in the region of the interface crack) in the FE mesh. For these reasons, several

different techniques were considered for mapping the displacement data onto the FE
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discretization. Special attentiomustbe given to this process due to the inherent noise in the
DIC data and the desirable mesh features for proper contour integratenHE model. Since
the DIC data is on a uniformly spaced grid, this is especially important for the cases that contain

cracks that are not oriented at 90° (Begire4-12).

4.4.1 Rotation of image using interpolation

The first approach assessed for handling data mapping from the DIC grid to FE grid was
to simply rotate the images prior to performing the image correlafiorrotate the image, the
coordinate locationsf@ach pixel in the original image are transformed to new coordinate
positions using a simple rotation. Interpolatwss then used to map the rotated intensity values
onto a uniform grid. For the present work, area weighting approach was utilized arElae
weighting approach works by first rotating the pixel coordinates (or indices) using a simple
affine rotation. The rotated coordinates are now located at positions that are not uniformly
spaced in the globat andy-coordinate frame. The intensialues of these points are then
mapped onto destination pixel locations that are on a uniform spacing using area weighting. For
a given position in the rotated version of the image, the four surrounding pixels are located as

illustrated inFigure4-13.
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Figure4-13: lllustration of areaveighting for intensity mapping

The resulting intensity value at the destination pixel can then be computed using:

0

P 0 WU WG wl 0Q
5 [4-3]

W0 OQF W® |
wheref is the intensity of the source pixeksandy are the horizontal and vertical shift distances
andN is the edge length of each of the source pix&lse key advantage of this method is that
the image can be rotated to align it with the local crack coordinates such that the resulting DIC
output points would also align to the local crack coordinates. Such an aligned mesh enables
formulation of uniformlysized, symmetric contours for evaluating the domain integral. The key
disadvantage, however, is that it requires a rotation of the raw image. This rotation can be
problematic because the pixel intensity data in the unrotated image coordinate systbm must
interpolated to form the rotated image. Even though several standard image processing
techniques are available for accomplishing this, it produces unwanted degradation to the original
image data as shown in the comparisoRigure4-14. The noise that is introduced (see

comparison of rotated image and source image) is undesirable for the image correlation process.
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Figure4-14. Noise introduced into image by pixel rotation process

4.4.2 Rotation of DIC output data using bilinear interpolation

The second approach assessed for handling mapping between the DIC output data and the
FE model was to perform the image correlation on the original images, and then perform a
mapping operation to rotate the DIC output data relative to an FE mesh tignes avith the
crack. In this approach, the rotated DIC output data points do not align with the FE mesh as
illustrated inFigure4-12. The general concept is that Bogiven node in the FE mesh, it is
necessary to locate the neighboring DIC output points, and then use the displacements at those
DIC output points as source data to determine the displacement at the destination node in the FE
mesh. This method is atbtave because the use of mapped field quantities in the FE analysis
community is commonplace, and therefore, numerous methods can be used for determining the

mapped nodal displacements. Many techniques can readily be implemented to perform mapping
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betweersignificantly dissimilar meshes. For the present work, due to the structured nature of

the DIC data, a simple bilinear interpolation method was implemented as,
QD D OD DD HO® [4-4]
where the coefficients can be found by solving the following system of linear equations:

W W

Al ’ (4 !‘Q .
prw @ WL o Y,
p Of) ({0 (f) ('*,) 1 I§29 i [4_5]
P 0 W W W QL n
P w W ww W  goj U
wherel whd ,0 whd ,0 ®ho , andd @ hw . This method has the

advantage that any grid of DIC displacement data can be mapped onto any FE mesh; therefore,
the mesh surrounding the crack tip can be structured to whatever is desired depetitiéng o
problem of interest. The disadvantage with this method, however, is that again this process

introduces undesirable uncertainty and degradation of the data due to numerical interpolation.

4.4.3 Rotation of DIC output data using cubicconvolution

The third approach tested, cubic convolution interpolation, is a widely used technique in
image processing for obtaining interpolated data from a uniform grid of data points. The method
implemented by Keyf95] has found widespread use in many such applications. This method
essentially considers a neighborhood of nearest pointtadsmooth curve through the points
to find the value.The method has been shown to produce good results across a range of
interpdation problems and is wedluited for the current work due to the uniformly spaced output
data points association with the digital image correlation process.

When(x,y)is a pointin the subgrid of & who , the interpolation function

is defined as:
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wherex andy are the sampling coordinatds,andhy are thex andy coordinate sampling

increments, and  "Qoho . The interpolation kerneliis simplified to:
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In the work by Key$95], this mapping technique was shown to exhibit reasonably
accurate interpolation results while exhibiting good convergence characteristicsiatairmng

computational efficiency.

4.4.4 Assessment of displacement mapping techniques

An initial comparison was performed to determine the general feasibility of mapping
using one of the homogeneauaterialexperiments since the homogeneous experiments can be
postprocessed with no mapping for a baseline comparison. Stress intensity Veete

extracted for the contours falling in the rangewf v i g P® foragiven load and the

average and standard deviation of stress intensity factor was computed across that range. The

results of this comparison are summarizedable4-2.

Table4-2: Path independence evaluation for #r 40° casefor three different mapping

approaches
Method Average | Standard Deviation | Coefficient of Variation
(MPa-a m) (MPa-& m) (%)
No mapping 0.645 0.026 4.0%
Rotate data 0.629 0.050 8.0%
Rotate image 0.624 0.040 6.4%
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The average values were very close to each other across the thrpmpessing
methods, as all were within about 3% of each otherexpgctedthe approach involving no
rotations and circular contours around the crack tip yields the most consistentdfvstress
intensity factor in the region of interest (i.e., the standard deviation is the lowest relative to its
average value). However, the other two mapping approaches do not introduce an overwhelming

amount of noise for the desired output quantfy.

4.5 Verification experiments

For the purposes of obtaining the desired optical setup for this specimen geometry and
understanding some of the nuances of the behavior of the test fixture, one of the interface
cracked test specimens was loaded in the proposed fixture at a 45° amgiede a mixed
mode case with both opening and sliding displacements. The purpose of this experiment was
threefold. The first goal was to ensure that expected displacement data as predicted from prior
finite element solutions matched the experimentakyasured data withiacceptable errorsThe
second goal was to compare output quantities of interest (for instance specimen shear and normal
stress distributions and stress intensity factors) agreed well between the experiment and the
predicted behaviorThese two goals enable the third goal of the experiment which was to verify
the optical setup (camera, camera position, lens, and lighting), the speckle pattern, and the
overall hybrid mapping technique used to extract the desired experimental quantiti¢ise

measured displacement daiehe test specimen and fixture are showRigure 4-15.
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Figure 4-15. Photograph of test fixture with specimen assembled into fixture

An optical setup was arranged for this set of experiments similae tarrangement
utilized for the experiments on tly@aststatic, homogeneous material specimens. The DIC

parameters are summarizedliable4-3.

Table4-3: Digital image correlation parameters for interface experiments

Hardware Parameters Analysis Parameters
Camera Manufacturer Allied Vision Software Ncorr
Camera Model G507B Manufacturer Open source
ImageResolution 2464x 2056 Image Filtering | Guided filter
Lens Manufacturer Sigma SubimageRadius 45 pixel
Focal Length 75 mm Step Size 5 pixels
Field of View 25 mmx 50 mm
Image Scale 18.7 pixels/mm
Stereo Angle N/A
ImageAcquisition Rate 1 fps
Patterning Technigue Ink stamp
Approximate Feature Siz¢ 5-7 pixels
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The normal and shear stresses along the interface are plofigdiied-16. These
values were derived from the experimental data mapped using each of the two mapping methods.
It should be noted that due to noise and potential mesh misalignment at the actuakirtezte
values are taken along a line that is parallel to the interface at a distarige &.05 from the
interface. The values from the bilinear and cubic mapping processes were each compared with
results generated using a linear elastic FE model. The overall shape of each stress distribution
ahead of the crack tip agrees quite well betvtherexperimental results and the finite element
simulation.

A few slight differences are notable in these comparisons. First, some averaging or
smoothing is apparent in the region very close to the crack tip. This can be attributed to the
smoothing intoduced from the finite subset size in the correlation process as well as from the
smoothing introduced from the filtering process. This is not viewed as an issue for the present
work because the fracture quantities of interest are derived from contgnaistwhich consider
stress distributions further away from the crack tip. Secondly, there is some slight discrepancy in
magnitude of the stresses which is likely due to uncertainty in the magnitude of the load at the
specific image selected for pgatocessing. In terms of comparing the two mapping techniques,
the two methods resulted in very similar output, however, the cubic convolution approach was
observed to be slightly smoother under certain circumstances and was therefore chosen as the

preferredmethod for this work.
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Figure4-16. Comparison of experimental results and finite element solutions for (a) shear stress
along the interface and (b) normal stress along the interface at 4 kN
Next, similar comparisons were generated for the 75° experiment, which is the loading
angle resliing in a pure mode Il condition. These comparisons are plotteidjime4-17. As

expected, the stress normal to the interface is very low. The experimentalagsegtsjuite
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well with the expected results from the FE models with a few exceptions similar to those noted

for the 45° experimer{tlifferences are summarizedTable4-4).
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Figure4-17. Comparison of experimental results and finite element solutions for 75° test for (a)
shear stress along the interface and (b) normal stress along the interface at 4 kN
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Table4-4: Estimates otlifference between predicted and experimental results for interface

stresses
DIC-FE vs FEM
Angle | Normal Stress | Shear Stress
(deg) (MPa) (MPa)
45 0.708 1.017
75 0.405 0.225

Next, stress intensity factors were extracted at various load steps from the experimental
data. The mode Il stress intensity factor, which is of primary interest to the present work, is
plotted as a function of distance from the crack tipigure4-18. As shown in the figure, the
stress intensity factor is relatively invariant of contour positibtore specifically, the range of
T L i g P& usshown to have limited variation. Outside of this range, other effects such

as contact between the adherend and the fixture and interaction at the second specimen interface

contribute to the creation of path dependencies in the output.
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Figure4-18. Comparison of FE model predictions with experimental results for mode Il stress
intensity factors at different experimental loads for interface crack geometry
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It is noteworthy that considering less prédble factors such as friction along the crack
faces and experimental noise, the output is relatively consistent across that range. This suggests
that the hybrid method, as implemented, is relatively robust to several of the uncertainties
associated witlthe experiment. For instance, some averaging occurs along the uncracked
section of the interface where a limited number of image correlation subsets contain pixels on
both sides of the interface. This contributes to smoothing across the interfaceth€ne
challenge is alignment of the two grigedal coordinates of FE mesh and subset centroid
locations of DIC gridduring the mapping process. It is possible during the alignment process
that an image correlation output point on one side of the auerhay contribute to the
displacement values at nodes on the other side of the interface in the mapped model. Even still,
with these complexities considered, for a given load, the standard deviation is no more than
approximately 7% of the average valweass the range of interest. For instanc®, aé kN,
the average stress intensity factor across the range of interest from the experimental data is 1.71
MPadm and the standard deviationdmf skttreiss alng
notewathy that across that same range, the same level of noise is observed to very low loads,
well below expected failure loads. The agreement between the experimental values and those
from FEM are in reasonably good agreement given some of the previouslgmaent
experimental factors.

While these stressased comparisons provide good insight into the mechanics of the test
specimen, it should be pointed out that these are derived quantities, and it is therefore essential to
also understand any inconsistesdietween the expected displacement fields and the observed
displacement fields near the crack. This enables a more complete interpretation of the

mechanical behavior. The opening (or closing) and sliding displacement contours are plotted for
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the finiteelement analysis as well as the experimental resuRigyure4-19for a region
extending to a distance OB = 2 ahead of the crack tip and behind the crack tig.ckwoity, the
displacements from the steel adherend are not shown in these comparisons, as they are very

smallrelative to the displacements in the epoxy.
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Figure4-19: Openingdisplacement contours (a) experimental and (b) FEM, sliding
displacementontours(c) experimental and (d) FEM epoxy near crack tip at 4 kN load
A few things are evident from these plots, the first being the consistency between the

measured displacements and the predicted displacements both in terms of magnitude and pattern.
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The opening (closing) displacement contours lines are generally ptrallet another with the
exception of the expected disturbance near the crack tip, implying that the two steel adherends
are generally moving closer together, compressing the layer of epoxy. Ahead of the crack tip,
the sliding displacements are uniformigrallel as the two steel adherends are sliding relative to
one another.

To make further assessments of the results extracted using the proposed fixture and
proposed mapping approach, the mode Il stress intensity factors were calculated as a function of
load for three different methods. First, Equafi$+2] was used to calculate the SIF using the
crack sliding displacements from the pure FE model. Second, the dotegiral method was
used with the linear, elastic finite element model. And lastly, the domain integral method
coupling the experimentally measured displacements with the hybrid-Bl@apped model
was used. As shown Kigure4-20, the three methods are generally in good agreement across
the load range. It is expected that the differences observed here are likely due to assumptions

about the moddffor instance fridbn acting on the crack faces), as well as experimental noise.
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Figure4-20: Mode Il SIF as a function of load for different methods of data extraction
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4.6 Results anddiscussion

With the general behavior ttie homogeneousdhesivematerial characterized for the
mixed-mode sheacompression state, an experimental study was performed using the interface
crack specimen developed in the present work to achieether othe primary objectives of the
work. A series of failure tests were performed at varying angles with the previously described
steel to epoxy to steel sandwich specimen. Multiple angles were tested in this test series ranging
from 30e t o Tdnghe joazentahagis.sDue tetde intrinsic mode mixity
associated with the interface between the dis
represented the test configuration that is approximately pure mode Il based on the analytical
studes and verified with the experimental measurements. The results are plétigored-21.
As expected, the critical stress intensity factor increases as theyseVéng crack closure
conditions increase. At lower fixture inclination angles (e.g. closer to pure mode ll), the
response is somewhat linear with a slight increase in critical stress intensity factor with
increasing closing force. However, at higheglan relative to the vertical orientation, the

response behaves in a more exponential fashion.
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Figure4-21: Critical stress intensity factors for-ptane compression stdt®em inteface
experimentgparameteré& = 1.03,B = 0.00065C = 0.19)

There are several observations that are worth noting from the tegpgcimens with
compression At angles closer to pure mode Il, the general failure was sudden and catastrophic.
The test frame load increased up to the point of failure and then abruptly dropped, indicating
immediate and full crack propagation along the interface. However, with the test fixture oriented
at the 45e angl e, this wa sloadtbe spetiinedeganac e . Spe
undergo an uncertain number of abrupt small jurags to stickslip behavior The load history
became highly nonlinear and actually decesas the crack continued to propagate slowly along
the interface. The critical s8g intensity factors reported here are based on the first propagation
(or suspectedhitiation) of the crack.

In addition to the dependencies with respect to the inclination angle, it is also worth
investigating the state of the mode | component at &illim a physical sense, a mode | stress
intensity factor implies an opening displacement of the crack. However, in the current situation,

the crack faces are in contact and thus, a negative stress intensity factor would imply crack face
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interpenetrationwhich is clearly not present in the current experiment. For the interface crack,

the stress intensity factors are simply the real and imaginary components of the complex stress
intensity factor, and since the values are extracted based on contoutimegfr¢he near crack

tip stress fields, the mode | stress intensity factors should be interpreted as describing the general
state of stress within the contour domain. The mode | and mode Il values were extracted for

each experiment for the load at whitle crack propagates. For most of the tests, this point was
obvious, as the test samples failed in a catastrophic fashion upon crack initiation. For a few of
thetess( at angles of | ess than 45e fromatkhe hori z
growthwas much slower. As noted above, for these cases, the values were extracted at the first
increase in crack length. The relationship between mode | and mode Il stress intensity factors at
failure is plotted irfFigure4-22. It is noteworthy that as the mode | component becomes

increasingly negative, the critical mode Il stress intensity factor increases almost linearly, similar

to the observation from the homogeneous sample. However, for this case, the slope of the line is
much steeper. In the homogeneous tests (both static and dynamic), the apparent friction angle
was approxi mately 11. 5 e-Calbrebrfigtiensangle s much highes, dat a
approxi mately 50e¢. F o rtesteceusimgithe asgmenetricdbengirgr i me n t
fixture documented in sectigh2 are indude in the plot and seem to fit well with the trend from

the sheacompression tests.
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Figure4-22: Critical stress intensity factors for interface crack geometry

As previouslyoutlined in3.6.3 for the MohrCoulomb criteria, a linear relationship is
used to describe the shear vs. compression behavior Wwéhng the slope of the line or friction
angle. For the homogeneous results, a friction angle of 0.2 was found to fit the data well for both
the quasistatic and dynamic test results. However, for the interface specimens, the line is much

steeper, and a value @f= 1.05 was found to fit wellThe various parameters of the curve fits

are summarized imable4-5.

Table4-5: Summary of curvéit parametergor Griffith and MohrCoulomb fit for interface
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crack
Parameter
Griffith Mohr -Coulomb
Test Series To A C 1]
Interface crack 0.55| 0.50 | 0.55 1.05

Optical micrographs of the failed interface crack specimens are shdviguie4-23 for

a location just ahead of the original crack tip taken at a magnification of 30X on a Keyence
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optical microscope. One image was taken from a sample that was tested at a high fixture angle
(thus creating a near mode Il failure) while the other wastaken a sample that was tested at a
relatively low fixture angle (thus creating a much more significant compressive load). The key

distinction that is observed at the lower magnification is the presence of large bands of white

surface features that sugg@ significant amount of plastic deformation at crack initiation.

Figure4-23: Optical micrographs of interface crack failure surface at 30X for (a) low
compression stress and (b) high compression stress
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Chapter 5

Dynamic Fracture of HomogeneousAdhesiveMaterial

The current chapter extends the study of homogeneous material behavior to address
dynamicresponse The methods usddr characterizing fracture behavior under stress wave
loading are developed and evaluated in detail. A series of experimeogsraadoutto quantify

the mixedmode behavior and compare it to the earlier gstdiccounterparts

5.1Dynamic fracture experimerts

As previouslystated, there is a pervasive need to understand fracture in polymers and
polymermatrix composites. However, in many of the circumstances thus far identified, it is not
only of interest to understand the general fracture behavior, but of equivalentaingeas an
understanding of this behavior under dynamic loading conditions. In practice mechanical,
structural, and thermal loads for many applications can occur at a variety of timescales.
Additionally, the polymeric constituent materials that makeampposite laminates and
adhesivelyponded composite structures exhibit tihependent responses. In this context,
another objective of the current work is to investigate the merits of acseuliar beam
geometry for use in the study of mixetbde dynana fracture.

A long bar apparatus was utilized for subjecting the test specimen to the dynamic loading
conditions. The method was adapted from work initially reporteft]. The test setup is

shown schematically iRigure5-1. In this setup, a gas gun is used to accelerate a 305 mm long,
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25.4 mm diameter 70756 aluminum striker bar up to the desired velocity. The striker bar is
propeled into a 1.83 m long, 25.4 mm diameter ZOBaluminum long bar. The striker bar

creates an elastic longitudinal stress wave that propagates the length of the long bar into the test
specimen. A strain gage located on the long bar enables measuretheribatl history that is

being transmitted to the test specimen. A trigger and a delay generator were used to control the

image acquisition through thdtra high speedamera.

Strik Il nci de
Gas (300 mn (1830 m Test sy
Side
Strai FIl ash

— %
Trig '-‘

Delgaeyner——l

T Kir-as
0PV Ultra hi
camer 4

Figure5-1: Experimental setup (side view and top viewswéss wave loading apparatus for
dynamic mixeemode fracture
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Figure5-2: Photograph of experimental setwpih ultrahighspeedcamera in théoreground and
long bar apparatus in the background

Put
Il nci dg
IPutty
Test s

Figure5-3: Photograph of test specimen mounted on support stage at free end of long bar
appargus
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