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ABSTRACT

Increasingly stringent government regulations on vehicle fuel economy and emission standards have
challengechuto manufactureit® improve the fuel economy of cars bddr sale in North America.
Lightweighting vehicles is an efficient method of achieving this gmalighter vehiclebave better fuel
economy compared to heavier ongshicle weight can be reduced by optimized design and by using
alternative lightweighmaterials, such as aluminum and magnesiCiombining both approaches result

in a vehicle which is comprised of strategicgllgced materials to fulfiperformanceequirements.

Constructinga vehicle frame witldissimilarmaterialsusingtraditional pining methodscan be
challenging Adhesive bonding is onaternative to traditional methods with advantaigeareas such as

mitigation ofgalvanic corrosiomeducingstress concentrations, aadhancedatiguestrength

Thestrengthof an adhesive bond highly dependent on the conditions of the surfaces of the bonded
materialsTwo different toughened epoxy structural adhesives were investigated in this study, a two part
epoxy (DP460NS) and a oipart epoxy (SA9850)Experimentalap shear testsereundertakerio

identify optimumstrengthcombinations betweesdhesives anddherend surface preparati@ach
adherendvas prepared using a variety mfetreatment methodscluding @nversion coatings,
anodizationmechanical abrasicend intentional calaminationby forming lubricant The samples were
assembled at different time periods to observe the effdéithe on thesurfacepretreatment method®ne
limitation of this test is that the joint is subjected to mixeade loadingThe experimental testvere
simulated using a commercially available FEA software package and measured material properties to

provide insight into the measured strength values.

Pin and collar tests weperformedio measureadhesive strengtin pureshear loding atvarying stain
rates.Several displacement measurement methods were investigated, wiiticaih displacement

providing the highest resolution in measurement

When bonding aluminumt was found thaadhesive joints made witbP460NSexhibited higher
dependence osurface preparation methods, compared to the joints produced with SAA&b@xsted
surface produced the best adhesion to DP46@d8ds created with SA9850 produced relatively high
joint strength numbers on all tested combinations, egdtitamination badherends witla metal forming

lubricant @drylube E) producing the strongest bonds.

When bonding magnesium, the highest joint strength numbersaagueedoy a gritblasted surface with
DP460NS, and contaminated surface with SA9850. Howevejgititestrengthnumbers were
consistently lower than thosequired with aluminum adherends, suggesting the needgearch into

other types of pretreatment methods



For the pin and collar tests, thdhesivegxhibitedan increasé strength at highesheardeformation
rates The very small deformations, on the order of microns and similar to the deformation of the
adherends during the test, did not allow for full ststsain curves to be developed. However, the
strength characteriss were measure@herethe twopart epoxy(DP460NS demonstrated larger

increase in strength with strain rate compared to thearteepoxy $A985(.

Recommendations for future work include testigsimilaracherendmaterialsto investigate the effect
of imbalanced jointen adhesive strengtAdditional tests should be investigated to measure shear
properties such as tleelge notch flexural beam

Ultimately, the contributions of this research include the evaluation of surface preparations for adhesive
joining of importantightweighting materialsand the measurement of strength in shear loading, which is
necessary for implementationtbiese properties with computer aided engineering approaches.
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CHAPTER 1
INTRODUCTION

1.1. RESEARCH MOTIVATION

Theever increasing demand for improved fuel efficiehag beemdominant driving force for

innovation in the transportation indusffy. In 1975 the U.S government enacted legislatioe to

rising concernsegardingdependence on foreign ¢d], in the form of Corporate Average Fuel Economy
(CAFE) standards. The standard stditetmanufacturersf automobiles in the U.Beedto achieve
certainaverage fuel efficiengyand failure to complgould result in anonetarypenalty. Since enactment
of the CAFE standardthe average fuel efficiency of liglluty vehicles in the United States has increased
from 15miles per gallonrpg) to 25 mpgwithin 10 yearg3]. The National Highway Traffic Safety
Administration NHSTA) estimated that the CAFE standards for passengecaadscontinue to
increasewith the most conservative estimate (2% annual increase) predi@ifg standard o6 mpg

for passenger cars by 20pH.

Designing a lighter vehiclehassiss one ofapproach tancreasing vehicle fuel efficiendfigure1-1)

[5]. Other methods includdisciplined drivingstyle, optimized vehicle shape (e.g. to reduce drag), and
drivetrain optimizationLightweightingis an effective approacéince it allove for the downsizing of
other parts of the vehicle such as the engine and suspesgstem, leading to further reductiin totd
vehicleweight[6]. With this ripple effectit is estimated that a decreasel6fsin total vehicleweight

will improvevehiclefuel efficiency ty 7%[1]. This approactnas stimulated research into using

advancednaterials to form the vehicleody andstructure such as aluminum, magnesiuamdpolymers

[6].
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Figurel-1: Relation betwen vehicleweightand fueleconomy data compiled from EPA certified vehicles in 1977
(adaptedrom Yamane K. and Furuhama[S])
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Aluminum is roughly onghird as dense as steel and is relatively easy to form. Wdad@minum in
automotive applications has grown significantly during the last decade, particularly in various power train
parts, engine blocks, and transmisgaints[7, 8]. By heavily incorporatig aluminum irthe body

constructiorof the F150 pickup trugkordwas ableo significantlydecrease theurbweight of the 2015
model(Tablel1-1).

Base curb weight
Type 2014 model| 2015 model| Weight reduction
Regular cab, 4 2 4685lbs 4050Ibs 13.6%
Regular cab, 4 x 4 4925lbs 4309lbs 12.5%
Super cab, 4 x 2 5043lbs 4371lIbs 13.3%
Super cab, 4 x 4 5333lbs 45871bs 14.0%

Tablel-1: Base curb weight of Ford F150 pickupdkumodel year 2014 and 2015, 3.7L V6 engine. Sources: Ford
F-150 Specification§o, 10]

Magnesiumalloys demonstrate good strength to weight rat{@1] andvery low density(} wg = 1.7g/en?

[12]), making these alloyattractive forightweightingapplicationsOneof the earliestisesof

magnesium on vehicletates back to 1936, when Volkswagen used approximately 20kg of magnesium
castingdor thetransmission housing and engisleckin the Beetld13]. While aluminum iswidely used

in vehicle designmagnesium use is still quite limit§#4]. Issues impeding widpread magnesium use
include high manufacturing cost, a limited supply base, and inferior mechanical properties compared to
other lightweight materials; such as low fatigue and creep resiqtesic¥ et during the lastwo decades,
magnesium haseceivedwidespread attention duettoelarge potential for weight saviadeading to

improved fuel economy.

In terms of lightweighting,tsategic placement afpplicationspecific materialso reduce vehicle weight
(Figurel1-2) has been proposedowever,conventionajoining methodsuch as weldingnd mechanical
fastenersare often unsuitable for use with dissimilar materidisveljoining method$ave been

identified to address this challengei as friction stir welding16] and structural adhesives



@ Aluminium sheet

B Aluminium cast

B Aluminium extrusion

O Steel

[0 Magnesium

M Fibre reinforced plastic

) 53%
Aluminum

7%
SLC BIW: weight 180kg (-35%, Am -101kg) Magnesium

Figurel-2: Super Light Car Body in Whitéaken from Goede M17])

High-strength synthetic adhesivegre first commerciallyavailable in the 1940s, whidéd to the useof
adhesives for joining metal8]. Proper application of adhesives requipegreatment of bonding
surfacescuring procedure, and a specific joint deqit]. Attractive surface finish that is demanded in
theautomotive industry ig1 contrast with rougher surfaces which arere advantageoder adhesive
bonding[18, 20, 21] These issues have impeded widespread adoption in large scale production, where

consistencyand cost effectiveness are of foremost importance.

The advantagesf using adhesives include increagaidt stiffness, sealed joinend the ability to join
dissimilar material$22]. Dissimilar material€anproducegalvanic corrosiompon contace.g. steel and
aluminum) aproblem whichcan be addressdxyy anadhesivebond which electrically isolates the
materialg23]. Traditional joining methods such as spot weldamgl mechanical fastenaran only
operate on materials above eémminimum thicknessalues to prevent damage (e.g tearing, bending,
burning) in the material during joininédhesivesare advantageous #eeycan be applied to materials of
any thicknesswith minimal modification to the adherendidechanical fastengncommonly introduces a
hole into the material joined, which results in stress concentragpas.welding does not join aluminum
effectivelydue to the high electrical resistancetib@surfaceowing to an oxide laygR4], and is
incapable ofoining normetal matrix composites (e.g ceramics, plastiéihough spot welding works
well on steelsit will damage coatingsn the steel surfac8urface preparation is an essential element of
a robust and consistent adhesjoint and requires investigation for different materials.example of a

vehicle structure assembled out of a combination of steel and aluminum is the A@8j Alhis vehicle

3



incorporates various joining rieds includinga combination of punch riveting, clinching, sédfpping
screwsand adhesive bondings an example hie front end strut mourfior the Audi A7is joined to the

side members by combining adhesives with a punch (fgtire 1-3).

Side member, top of
wheel arch (fender stay)

| Side member, bottom

Figure1-3: Frontendstructure of 2012 Audi A7 (taken froudi Collision Frame Technology Guid25])

Modern \ehiclesare expected to providegiection for occupants ite event ofcrash[26]. Specifically,

full vehicles musineet compliance standardsviariousimpactcrash testscenario$27] to be sold to
consumersPrototyping a vehicle is costly and tirmensuming, making &n inefficientmethod to

observe the effectsf designchanger to ensure a new vehicle design meets the compliance standards
A well-developed computenodel is hvaluablein this effort, as it cabe used to evaluatiesign
modificationsprior to manufacturing prototypesiowever, a computer model is only reliable if it can
replicate the physical responsedted materialsand structures of the vehicl€o develoga functional

model of an adhesivelyonded vehiclea detailed study into the respordeadhesivébondsunder crash

loadingconditionsis essential

The mechanical response of structural adhesives is complex, demonstrating a dependence on deformation
rate, with different properties in tension and compression leading to an asymmetric yield §20jace
This entails extensivmaterial characterizaticgffortssubjected tdigh strain ratesndervarious loading

conditions.



The aim of this research is éwaluatethe performance dlifferent adhesive@dherend combinationthe
effect of time delay between surface preparation and assembly on the performance of,thedtivel
measurement of material propertiggler shear mode of loadifay use in numedal models of adhesive

joints. These studies will ultimately aid the adoption of adhesive technology into the automotive industry.

1.2. THESIS OUTLINE

The second chapter of this thesis provides background information reléibeda@sent studycluding
geneal information on adhesiveBghtweighting materialsadhesive testing methodsite element
modeling of adhesiveandvarioussurface preparatiomethods

Theresearch intohe performance urface preparation metheid discussed in chapter threxaluated
usinglap shear test3his data allowed for the determination of the best performing surface treatment,
material and adhesive combinatioiibe investigation into effecf environmental exposuia an

adhesive joint is also discussed.

Chapter dur discusseshear testing usingin and collar testampla. This study wasindertakerno
characterizeadhesivebonds insheadoadingundervarious deformation rates, from quasatic tohigh
deformation rate Numerical simulatioawere undertaken tanalyzethe stress distribution insidie

adhesive bond.

Thefifth and final chaptecontainsa summary of the research and conclusions drawn from the findings.

Recommendatianfor future research are also offered



CHAPTER 2
BACKGROUND

2.1. JOINING METHODS

A joining method is defined s  firbcéss of bringing two or more surfaces imtimatecontact in
order to establish continuityf a fieldacross the resulting interfazf28], typically done to form a more
functional structureCommon joiningmethods include welding, adhesilsondingmechanical fastening
(Figure2-1), and riveting

Figure2-1: Examples of joining methodadhesiveébonding(A), mechanicafastener B), welding C), rivet (D)

Traditional mechanical fastening frequently requitesfastener to pierce through the substrate to

execute an assemblysuallyin the shape of eoundhole The resulting stress concentraticeduces the
strength of the adherend as well as the mechgoiogl while also amplifyinghe potential forfatigue

failure [29]. The geometry of the substrate itself has to be designed to accommodatestheqiaiodd to
complete a mechanical fastening assenably the sength of the fasten@nust be sufficient to ensure

joint integrity. Vibrations, such as those experienced during vehicton can be transmitted through
mechanically fastened joints, whicanloosen threadbcked assemblig80]. However, mechanical

fasteners make it possible for joints to be assembled and disassembled easily, something that cannot be

done with most other joining methods.

Welding is a joining methodvailable only for metaland certain plastics$t introduceshighly localized
heat to raise the temperature of the materials being joined above their meltingWitintee addition of

a filler material the substrates thaxmalese when ttey return to their solid formg8].

Traditionalwelding techniquesannot join dissimilar materials, aadeincapable of joiningertainaloys

such asulfurized, phosphatized afehdedsteeld31]. However, new developments in welding



techniques (e.g. electron beam weldidg], friction stir welding[16, 33) have allowed the welding of
dissimilar materialsThe introduction of heat oftetlistortsthe materiabn cooling especially during
manual welding procedure where the process is prolofidusl effect § exaggerated on thin materials

commonly used in autootive structures

Automotive structures are also subject to stringent recyclability standand®et3 set by id of Life
Vehicles Drective (2000/53/EQ of the European Uniostated that all vehicles must be 95% recyclable
by January 20184]. Common methods to address recyclability issues of bonded structures are to
mechanically destroy the adhesive joint by thermal degradation or cutting of the a@iB@SvEbefore
sending theemainingstructures throughegularrecycling procedureHowever, recent developmefss,
39] havesuccessfullyntroduced the possibility ombedding thermally expandable particles in the
adhesive layer to enable debonding of the joint on command.

Adhesivgoint strengthis highly dependent on theature of theadherendurfacesAn adherend with
improper surfacpreparatiorcanlead to jointstrengths that are much lower thtae expectedstrength

from the mechanical pperties of thdulk adhesiveChemical reactions occur in epoxy based adhesives,
giving raise to environmental concerns and potentially hazardous work environment. Adhasiver @i
inherently weak in mode | of loadif$9] and as such, require some consideration when it comes to joint
design.Imperfect application of adhesivi=sading toincomplete surfacto adhesive contactr the

presace ofvoidsis difficult to detect Severainvestigationdhave been carried out to inspect bond

guality via non-destructive method® good successyuch as thermal inspection, infrared photographs and

vibrationalanalysig40, 41]

Adhesive bonding requires no modification to the structure of the adherend, although some adhesives
might require special surface preparations. Adhesives are able to join dissimilar materials, and
convenientlyact as a barrier between materials that are problematic when in contact, such as dissimilar
materials like steel and aluminum which may form a galvanic cg@pleAdhesives also require no
minimum material thickess to function. While some adhesives require heat for curing, the temperatures

involved are commonly lower than those associated with a phase change irf48e %33

2.2. ADHESIVES

Traditional adhesives were made from organic ingredients, such as animal protein extracted from bones
and tissues, atarch and natural polymeestracted fronplants In contrast, modern structuratihesives
areknown agoughenedtructural epoxies. Thiterm isused to describleondsthat are formedby

complex chemical reactigmnd are strong enough for use in engineering applicatigroxies are



attractive for engineering applications becathsy can bond a variety of substrassd exhibit a

relatively high strengttj44].

Epoxyproperties can be easily modified to suit the requirements by the addition of flexibilizers, dilutents,
and reinforcementgl4]. One of the mossuccessful methods of increasihg toughness of epoxies is
through the introduction afibberparticlesto the uncured resirRubber toughened epoxies are

increasinglyusedas the basis fatructuraladhesive compositiorjd5, 46]

In this study, twaommercially available toughened structural epoxies were used, DP460NS and SA9850
[47, 48] (manufactured bgM Corporation Minnesotd. The technical da sheets for thesalhesivegan
be found imMAppendix A: Technical Data Sheets

DP460NS is a-part epoxycomprisingresin and hardener. When these two components are rtieed,
epoxyundergoes an exothermic reaction &addengo forma joint SA9850 is a Jpart epoxywhich
relies on high temperature éaceleratéhe curing process

The measured mechanical properties of the adhesives are summatiabte21 .

DP460NS SA9850
Elastic modulus (MPa) 2,180 1,065
Yield stress (MPa) 35.63 26.50
Fracture stress (MPa) 36.92 21.25
Fracture strain 0.104 0.086
Poissonbs r & 0.41 0.41
Density (kg/r) 1,200 1,250

Table2-1: Mechanical properties @ivo stuctural adhesives (DP460NS, SA98583ts conducted at quastatic
strain rate of 1.2 x T&(mm/mm)(adapted fronTrimifio and Cronir{49])

The results tabulated were acquired from tensile stress done on bulkadiasple®n quasistatic
conditionsat the University oiVaterloo[49]. Other tests were also done to obtain better characterization
of the material, such as uniaxial tension at different sted@s(Figure2-2), and lap shear tests using

thick steeladherendg¢Figure2-3) [50].



Shear Strain

90 - DP460NS SA9850
20 | 90 +
80 -+
70 -
70 +
60 -
T 50 -
£
g 40 17e3
. ——12e3/s —12e3/s
el -
v
2o —0.77 /5 —0.77 /s
——100 /s
10 - ———100 /s
0 ' ' ' ! 0 005 01 015 02
000 005 010 015 020 .
Strain strain
igure2-2: uniaxial tension results at variousash rate ,
F 2-2 It Its at sash ratefDP460NS [L], SA9850 [R
45 45
DP460NS SA9850
40 —0.05 /s 40 - ——0.05 /s
35 0.5 /5 35 - —=0.5/s
‘a“ —
a 30 — ] ] —5}{5
5 /s E 30
@ 25 ——50/s g 25
E @
& 20 g 20
5 s 5
s % 15
10 - 10
AL 5
0 ! ! ! ! 0 T T T T 1
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 00

Shear Strain

Figure2-3: Thick adherend lap shear results at various deformation(E2RE0NS [L], SA9850 [R])




60 : :
Thick Adherend Lap Shear

50 i i
T vy =2.338log(x) +29.273
£ 40 .
a
2 5
& 30 * $
5 § DP460NS
= $
[7,]
S 20 . 3 s + SA9850
3
I ly =0.880log(x) + 26.365

10

0

0.01 0.1 1 10 100

Shear Rate ({1/s)

Figure2-4: Shearstress vs shear rate of DP460NS and SA9850, data acquired from thick adherend lap shear tests

2.3. ADHESIVE TESTING

Adhesive gstingcan be divided into two main categories: tests on neat resin or bulk specimens, and tests
onan adhesivgoint (i.e. in situ). Tests conducted aactualjoints depencon multiple factorsncluding

joint geometrymode of loadingand adherend prapation methodTesting bulk material eliminates

many of these extra parametarsd producekess variability in the test datthus proiding a good

baseline to compamdhesivestrength.

2.3.1. ADHESIVE JOINT TESTI NG

Different modes of loading can be experienced by adhesive,jdariending on the joint geometry and
the direction ostructurdoading. They are often classified as tension, islempressiongleavage, and
peel Figure2-5). Ideally, with sufficient knowledge of these four characteristics, predictimise made

regarding the response of the adhesive under mixed load types.
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Tension Compression Shear Cleavage Peel
Figure2-5: Adhesiwe joint modes of loading (adaptédm Adderley C.§51])

Unlike most metals, adhesiveslure may occur by different mechanisms undiéierent modes of
loading.In metals yielding and plastic deformation may be described by various yield crgadh,as
Von Mises or Tresca. This iotthe case for adhesivdse tomaterialansotropy. Gali, Dolev and Ishai
[52] conducted a series t#@stsfor different loading directionasingbulk material andlifferentjoint

configuratiors, and confirmed that adhesives miat follow traditional yieldcriteria

As noted previously, the mechanisms of deformation and damage accumulation in adhpsivé®de

the mode of loadindJnder tensile stress, voidse generated in the materfgigure2-6 identifies these

voids a3 .ofgaisi phedomenon is more commonly call ed
discolorationknown asstresswhiteningduring a bulk tensile te§63]. The voids or crazes generated in

the material provide increased ductility (e.g. a toughenend epoxy) until they reach a critical size leading to

failure of the mgerial or joint.
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!Parfigfc

o 3 Lop Cavitation™
3 e

Figure2-6: SEM observation of adhesive layer under pure tension©ade s ar e i denti fied as
6cavitationdé refers to bar e(takepfoomsho €63 )med duri ng h
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Under pure shear stress, adhesdeform by a mechanism knovasshearbanding This occurs as the
molecular chains in thepoxy matrixform micro cracks whiclundergo significant reorientation towards
the drection of the shedb3].The shear bands postpone the initiation of localized damage, and result in

large plastic shear strain before failuréglre2-7).

Figure2-7: SEM observation of adhesive layer under pure shearada z es ar e i dentified as
refers to bare spots formed during heat curing protaksn from Hao ¢53])

Adhesive pint failure is typically characterized by one of three modes

1. Cohesive failureRigure2-8 left), or failure of the adhesive itselfhis is the most preferable
mode of failure fomnadhesivgoint since itis the where the stngth of the adhesive lighest

2. Interfacial failure Figure2-8 middle), or failure at thanterface between the adhesive and the
adherendtypically resulting frominadequate surface preparatidhis type of failure can occur
when the peel ithe dominant mode of loadirand isthe least preferable mode of failure, as the
full strength of the adhesive it realized.

3. Structural failure Figure2-8 right), or failure of the adherendccurswhen the bod strength
exceed th@dherendstrength.

—— Adherend—=— ~— Adherend
~> Adhesive — _"“* Adhesive—""

—— Adherend

Figure2-8: Joint failure types (cohesive [L], interfacial [M], structural [R])
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Experimentdy multiple researchel4-56] haveshown that, in a lap shear joint configuratiothinner
bond linegproduce stronger bondesmpared to thicker oneslowever Arenas et al[55] alsoconcluded
thatthin bond line increasd variability in the datasignificanty (Figure2-9 right). A possible
explanation for thisvas offered by Adams and PeppifiZ] who statedhat thicker atesive bonds are
more susceptible teoidsand imperfections that might form during curing procestle the excessively
thin onesare more susceptible to bare spots duienfwerfectionsduring applicationDavies et al[58]
studied the effestof bondline thickness using physicbemical analyses, nafedertation and
mechanical testing. Theiesearch challenged the notions alibapresence of defects in relation to
bondline thickness, anglt moreemphas on thechanges of stress state during loadimggead.
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Figure2-9: Relationship between lap shear strength with bond thickness of an epoxyedhefsi taken from
Teutenberg and HaHB6], Right: taken from Arenas et §b5])

Thesinglelap shear tegASTM D3165[59]) (Figure2-10) is oneof the most widelysed testand is
considered the baseline test type for specifying an adhesive stri¢mgthsimple test tperform with
respect tawonstructdn of samplesnd loading to failurevolkersen[60], Goland and Resner61], and
Hart-Smith [62] have been the key researchers on the early study of the lap shediheintork
focusal on predicting the joint strength of a lapesah joint using simple linear elastic analysitare
solutions have been developed since {68n64] with anincreasing degree of complexity involving
plasticity of the adhesive lay and adherends.

-

Load

Figure2-10: Lap shear test [L], rotated lap shear joint during loading [R] (taken from Kafkalidis and TH&&Bss

13



One challenge with singlap shear tests is the large amount of joint rotatiwhrasulting mixednode
loadingoccurringat the joint(Figure2-10 Right). To address this, some authfg€] have used thiak
adherendto minimize joint rotatioASTM D5656[67]). Another approach i® use the geometry

known as pin and collar testiigSTM D4562[68]). A pin and collar sample is created lbgyrnding a

hollow circular cylinder (collar) concentric to a solid circular cylinder (pin) resulting in pure shear
loading However, thids nota widelyusedtest due to challenges in sample preparation and displacement
measuremengfforts have beemindertalento analyze this test analyticall§9-71] and numerically72].
Experimentakest efforts, such as those conducted by Yokoyama and SHirBizulid not address the
challenge with displacement measurement and pexseaminal displacement values insteAdother

benefit of this test is the ability to evaluate mechanical properties at high deformatidii3htes

2.3.2. BULK ADHESIVE TESTING

Bulk adhesive testing is the practice of testing adhesive as a bulk material, as opposed to a joint
configuration Thistype oftest provides insight into the strength of the adhesive matetlautihe
complicationsof adherend effect3.he strength values acquired from bulk material tests represent the

highest potential strength of the adhesive bond, should it ever be tested in a joint situation.

Dolev and Ishaj74] conducted tests on bulk adhesive specimens under three modes of loading: tension,
shear and compressiodrigure2-11). Theysuccessfully drew a relationship ween the three modes of

loading which is distinctly differarfrom traditional yield criteria.
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Figure2-11: Bulk adhesive test geometriiension [Top], compression [Middle], shear [Bottof@aflaptedrom
Dolev and Ishaj74])

The geometry shown iRigure2-11 (Top) is in accordance with ASTND638 [75]. Trimifio and Cronin
[49] characterized the adhesives used in this reseaing a modifiedrersion(Figure2-12) of the
geometry specified ithis test standardiue to limitations with the test apparatiisaccuracywas
confirmed to be comparable with the standard @@experimental and numericalethods. The results
of this test were shown Fgure2-2.

Figure2-12: Bulk tensile sample geomefmicro-sized
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2.4. LIGHTWEIGHTING MATER IALS

Modernvehicles arecomposed of varioumaterials with purposes ramgj from structural to cosmetic.
Figure2-13 shows the breakdown of material distribution of an average 3360lb North American 2005
midsizevehicle by weightwhere63.8%o0f the vehicle comprisesteeland cast ironThere is a potential

to replace theswaditionalmaterialsby othermaterialsand achieve the same level or an improved level
of crashworthineswhile reducing weight

Aluminum, 8.3% Polymer /
Composites, 7.6%

Rubber and
Glass, 7.4%

Magnesium, 0.3%

Figure2-13: materialdistribution for an average North America860lb 2005/ehiclemanufactured by U.S.
automaker$ Daimler, Ford and GMadapted from Cole, G.$76])

Potential weight savirgcan be obtained in the vehicle structbyeusing lightweight materials or
geometry optimizatiofi77]. A well designed framenustsatisfy several criteria, such as low production
cost, durabilitycrash safetyrecyclability, reparability, satisfactory\H levels, strong and stiff where
required[6]. Some of these requirements mightrhereeasily met with different materials than others;
therefore ifis advantageous tcompose a mukimaterial lightweight vehicleyith strategicallylocated

materials.

2.4.1. HIGH STRENGTH STEEL

Steel is the most popularaterial in production vehicles todag.g.Figure2-13) and as such, is subjected
to extensive R&D efforts by automakers and the steel indlesiding tanew alloys of higkstrength
steels, andnanynew design, fabrication and assembly technigiies
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Steel materials are broadly defined as mild st&etiigths up to 270 MPahigh-strength steel (stngths
up to700 MPa, incorporating alloying elements) attvanced oultra-high strength steels (strengths

greater tharrf00 MPa, incorporating alloying elements and thermal procedsiah)
Totten[79] furtherdefinedhigh-strength steeds an alloy of steel that has:

Low amount of carbon (0.03%.25%)
One or more of the strong carbifteming microalloying elements (e.g. V, Nb, or Ti)
A group of solid solution strengthenintements (e.g. Mn and Si)

A w DD RE

One or more of the additional microalloying elements (Ca, Zr) and the rare earth elements
(particularly Ce and La) for sulfide inclusion shape control and increased toughness

As a result of rapid development in the high strengghlst the industry developed steel alloys that have
higher strength compared to conventional HSS, named Advanced High Strength Steels (AHSS). The
category of AHSS covers the following generic types: dual phase (DP), transformation induced plasticity
(TRIP), complex phase (CP), and martensitic steels (MARUT). A depiction of tensile strength and
elongation to failure percentage of these alloys are showigime2-14.

7(0 } Low Strength Ultra High Strength
Steels (=270MPa) Steels (=700MPa)
— High Strength. o4 -
2% N oA N R
S |
: 50 F—- ventional HSS V"
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Tensile Strength (MPa)

Figure2-14. Elongation to failure (%Yyersusultimate tensile strengthanana curvef automotive steels (taken
from Billur M.S.[78])

Stronger steakith good ductilityenables the use ofitiner gauge materials, which reduces weighile

maintaining the ability to absorb energy and resistance to plastic deforij@fjomhe higher strengths
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that are exhibited by these alloys are typically accompanitbdawer elongatiorio failure (Figure

2-14). HSS are the most commonly used lightweighting material to replace traditional milfbkteel

Joining differentalloysof steel, whilefeasiblewith adhesives, couldlsobe efficiently donevith other

technologically maturenethods such as tailored blardesdspecialized weldingechniques

2.4.2. ALUMINUM

Aluminum usage in automotive applications has grewlpstantiallyin recent year§/]; the average

amount of aluminum used in European passenger cars has doetviedn 2004 and 20142].

Development in aerospace industry lends itself to various useful aluminum altbpscaluction
techniqueg$83], of which the automotive industry can also benefit frohe ease of forming aluminum
results in a broad range of agfunities for employing alumum in automotive part3.here aralready
several vehicles that empléyll aluminumbody components, such g AcuraNSX [84], Audi A8

[85], and the Lincoln Mark VI11[86]. More recently, Ford heavily incorporated aluminum into the chassis
of the F150 line of pickup truckf, 10]. Table2-2 lists some of the applications of aluminum in the

automotive industry.

System Components
Powertrain Pistons (100%)
(castings) Engine blocks (19%), oil pans, engine cover, water pumps

Cylinder heads (75%)

Intake manifolds (85%)

Transmission: cases(100%glve bodies and channel plates (90%), rear axle and
differential housings, driveshafts

Chassis Wheels (40%)
(castings) Brackets
Brake: master cylinders
Suspension: control arms, supports
Steering: airbag supports, steering shafts, knuckles, housingds\{fhewl, Lincoln,
Chrysler Viper)
Instrument panels (Corvette)
Electric motor, alternator, pump housings

Chassis Wheels
(wrought) Heat shields
Bumper reinforcements (Ford Crown Victoria, Pors@&8/968, Saturn)

Body (wrought) Hoods (9%)
Hoods, front énders and doors (PorscB28/968)
Body structure AcuraNSX andAudi A8)
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Air Condensers, evaporators/compressors (90%)

conditioning  Heater cores, radiators (72%)
(wrought)

Table2-2: Aluminum applicationsn the automotive industry (1993 North American car percentages in parentheses)
(adaptedrom ColeandShermari8])

When aluminum is exposed to the atmosph&rgface oxidatiomccurs forming a thin layer of aluminum

oxide (Al,O; or Alumina) The speed of formation of this layer relative to time follows an inverse

logarithmic function where the layer thickness forms very rapidly at first and slows down to zero growth
eventually, a condi [87].Atstadard ténpetatutelared préssureaaiuimieuml ay er 0
forms anoxide layer between 28 to 100 Ain thicknesg88]. This hardandbrittle layer acts as a

protective barrier beteen the aluminum and its surroundings. The relative weakness of this layer in
comparison to the bare aluminwan result in reduced failure strengthsddhesive bond§ hisissue

can be addressed through a surface treatment prior to boediey by renoving the layer or improving

its quality.

Aluminum alloy ®00 series aluminum alloys goeecipitation hardening alleyand one of the most
commonly used structural aluminum alloys, although both 5000 and 7000 series aluminum alloys are also
seeing somese in the automotive industf§9]. Table2-3 list the mechanical properties feome

common aluminum alloys, which were used in this study.

5182 6061T6
Density (g/cm) 2.65 2.70
Yield strength (MPa) 395 276
Ultimate Tensile Strength (MPa 420 310
Elongation at fracture 4.0% 12%17%
Elastic modulus (GPa) 69.6 68.9

Table2-3: Mechanicapropertiesof three aluminum alloy&ource:Matweb [90])

2.4.3. MAGNESIUM

Magnesiumalloys aredesirable for vehicle lightweighting since they havelatively low density (1.74
g/cnt) and ahigh specific strengttelative to other structural materid@i].

Magnesium productiomcreasedaluring World War | and World War [B2]. Later, onenotable large
scale use of magnesiumas in the 19709 olkswagenbeetle whichusedapproximatel\20kg of
magnesium irthe Beetld13]. Interest in magnesiufadedwhen highe structuralperformance was
required however, a renewed interest in vehicle lightweighting resulting #toicterfuel efficiency

targes has now focused attention on vehicle structure application for magri@dium
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Magnesiumalsohasseverakhallenges in terms of processing and application includiigiy reactivity in

the molten state, farior mechanical properties compdrto aluminunandstee] concerns about galvanic

corrosion high cost andow ductility [91]. It is alsoacceptedhat common magnesium alloys have poor

formability at roomtemperature, owing tthe hexagonbclosepacked crystal structurf93]

As of 2007, therevereseveral automotive manufacturers produgimgnesiunparts(Table2-4). On

average,ltere are 142 Ibs of magnesium used for an average3|380Ibsvehicle (Daimler Corp., Ford
Motor Company, and General Motorm) 200576]. This number is expected to rise to 350Ibs by 2020

[76].
Component Producers and car models
Engine block BMW: lighter, more powerful and durable siylinder inline combustion

engine. Thavor | déds first engine bl ock
AJ62 (MgAI-Sr).

Steering wheel frame

Ford(Ford Thunderbird, Cougar, Taurus, Sable), Chrysler(Chrysler
Plymouth), ToyotaBMW(MINI), Lexus(Lexus LS430).

Seat frame

GM(Impact),Mercede8enz(Mercedes Roadster 300/400/500
SL),Lexus(Lexus LS430)

Instrument panel

GM, Chrysler (jeep), Ford, Audi(A8Y,0yota(Toyota Century)

Wheel rims

Toyota(Toyota 2000GT, Toyota Supra), Alfa Romeo(GTV), Porsche AG(
Serie)

Cylinder head

Dodge(Dodge Raw), Honda Motor(City Turbo), Alfa Romeo(GTV),
AutoZAZ-Daewoo(Tavria, Slavuta, Daewe8ens), Honda, BMW, Ford,
Isuzu, Volvo Motors(LCP)Chrysler

Clutch case

AutoZAZ-Daewoo(Tavria, Slavuta, Daew&ens), Volvo Motors(LCP),
Alfa Romeo(GTV)

Transmission case

AutoZAZ-Daewoo(Tavria, Slavuta, Daewens), Volvo Motors(LCP),
Porsche AQ911 Serie), Volkswagen(Volkswagead3at), Audi(A4,A6),
MercedesBenz

Lower crankcase

Chrysler(jeep), Alfa Romeo(GTV), GM(Oldsmobile), McLaren Motors(F1
V12)

Cylinder block

GM(Pontiac Gran AM, Corvette)

Intake manifold

GM (V8 North Star motor), Chrysler

Air intake system

BMW/(V8 motor)

Steering link bracing

GM(LH Midsize)

Oil pump body

McLaren Motors(F1vV12)

Camshatft drive chain case

Porsche AG(911 Serie)

Gear controls housing

AutoZAZ-Daewoo(Tavria, Slavuta, Daew&ens)

Brackets for various
systems

Chrysler, Volkswagen (Volkswagemnpo)

Table2-4: Producers of magnesium alloys and applications on car models (adapted from KulgEKd)
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Severe loading conditions, such as a crash or ithpeca great cause of concern for automotive

manufacturersThis underlies the importance of material strain rate sensisitiy, as was done by
Kurukuri et al[94, 95]with the AZ31b and ZEK100 alloy&dhesivewas used in their experimerits

join sheets of magnesium together into a cube for use with the Split Hopkinson Pressure Bar

Adhesion on bare magnesium alloy is poor because of its high electrochemical &aivixyde layer

forms onthe exposedhagnesiunsurfacg96], presenting similar adhesion problems encountered with

aluminum Numerous conversion coatings have been develimpedagnesium for various purposes,

such asettercorrosion protection ant improvetheadhesion opaint tomagnesiunj97].

AZ31b is one of the most widely available grades of magneailays (Table2-5). The material exhibits

anisdropy (Figure2-15). Magnesium alloy ZEK100 is a relatively new alloy designed for increased

formability at low temperatures, which is desirable for automotive stamping applications. Its mechanical

properties are presentedliable2-5 andFigure2-16 (RD: Rolling Direction, TD: Transverse Direction).

AZ31b ZEK100
Density (g/cm) 1.78 1.78
Coefficient of linear expansion in/m°C) 26.8 26.8
Yield strength (MPa) 150- 180 140- 220
Ultimate Tensile Strength (MPa) 280 260
Elongation at fracture 13%- 18% 14%- 22%
Elastic modulus (GPa) 45 90

Table2-5: Mechanicapropertiesof magnesium alloy&dapted fronMiles [98], Boba[99])
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Figure2-15: True stressersusplastic strain curves of gaesium AZ31b (taken from Bolj@9])
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Figure2-16: True stressersusplastic strain curves of magsium ZEK100 (taken from Bola9])

2.5. SURFACE PREPARATION FOR ADHE SIVE JOINING

There arenumerouseasons for tailoring the surface properties of metals. For autonagiplieations,
these includémprovedcorrosion resistan¢cemprovedsurfacehardness to prevent damage and wear
paintadhesionand &sthetiédecorativeenhancements

The material sdace poperties can be altered metallurgicdkyg. via microstructure modificatign)
mechanically chemically(e.g. to remove layersdr by addinghew coatindayersto the surfac¢l00].
Many pretreatments haween developed to increase the strength and durabikitgtefsivebonds to

metals, sinceneadherend surface qualityessentiato producing astrong interface with the adhesive
[24].

This research selected a fefthese pretreatments for further investigati®dackground informatioffor
these pretreatmentspsesented in chaptePss.1t0 2.5.4

2.5.1. GRITBLASTING (MECHANICAL PRETREAT MENT)

Increasing the effeiste surface area of treherend to enhance bondican beachievedoy mechanical
roughening methods. One example of such methods is grit blasting, where dry abrasive particles are
propelled towards the surface at relatively high speeds. Thegritves dose contaminated layers and
chisels away the surface of the material, resulting inuréform rough surface witbracks peaks and
valleys(Figure2-17). The resulting roughnes$ms been theorized provide more area for the lagkive to
adhee and mechanically interlocklore detailed analyses suggest that the roughening process may affect
surface energy and wettabiliiy01].
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Figure2-17: Surface morphology o&luminum 5251 allowftergrit blasting(taken fromBrewis D.M. et al[102])

Research carried out by HarAgF. [101] focused on determining the effedtdifferent kinds of grit

blasting mediums oresulting surface roughness, attempted to establish a correlation between surface
roughnesandsurface energyt was discovered that a larger grit size produceighersurface Jower

surface energy anddher lap shear strengthhis correlation between roughness and lap shear strength
wasconfirmed and expanded upon by Rudawdkes] by including other mechanical abrasimethods

such as grinding, lapping, and sufnishing.

Gritblastingis often used to prepared surfacke to simplicity and reliability101]. In literature, the

term is used interchangeabdndb| wistth n@adi,r mordn & r pairgthie
However, grit blasting a surface damgagay other coatings previously applied to thaterial

Automotive parts commonly have surface finishes that are useful for other purposes, such as aesthetics

and corrosion protectiofor such casegrit blastingis an unfavorable method of preparing a metal

surface for adhesion.

Surface roughness measuredvith a tool called grofilometer It works by dragging the tool tip across
the sample surface, recording variatiamsurface heightSurface roughnessfilequently expressed as

R., which is he average departuretbie profile from the mean plaifEigure2-18).
: P .. .
Y 5 W
Equation2.1: Surface roughness
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Where
Z(x) = profile ordinates of roughness

| = length of the measured surface

i M -
VY

Mean Line

Figure2-18 Visualization of Ra value with respect to a surface profile (taken TroenHomeof Surface
Measuremenfl04])

2.5.2. ALUMINUM ANODIZATION (CHEMICAL PRETREATME NT)

The high affinity of aluminum surfaces for oxygen ensures the métadlwaysbe covered withan

oxide film[105]. Anodizatdbnis aprocesghatimprovesthe quality ofthis natural oxide film and
produces an attractive finish, has excellent corrosion resistance, and other commercially desirable
qualities.It alsoincreases the porosity and the thickness of the oxide layeecudntly making it more
ideal for adhesive bondir{@06].

It is now possible to anodize aluminum to obtain a broad range of pore diameters, cell diameters and
barrierlayer thickness by modifying the forming pareter4107, 108] Cohesive failure of the adhesive

is more likelywith a thicker oxide layer, since thicker oxide layer is less likely to fail before the adhesive
joint. Additionally, the porouswsface of aluminum oxidé@-igure2-19) increases the effective amount of
surfacearea for the adhesive to adhekaodization is an attractive option for increasing adhesion
because essentially it is an improvement to a natusatturring effect on an aluminum surface.

Therefore, any chip or defect on the anodized alu

Anodization as a surface pretreatmentifigprovedadhesion has beeatudiedby multipleresearchers
[106, 109, 11Q]lt is generally accepted that, apart from some initial tranbieimhviouy the aluminum
oxide layer formed during anodization process stays relatively inert. Tplairexwhyefforts werenot
usually undertakeimto investigatingthe effect of time into an anodized surface pertaining to strength of

the adhesive bond.
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Figure2-19: Schematic diagram of porous aluminm#ate (adapted from JagminagA.1])

2.5.3. ALODINE CONVERSION COATINGS

Alodine 5200 is a conversion coating treatment product specially formulated for aluminum altad/&s
However the product is also applied toet magnesium samples in this experiment, as research by Gao
and Rickett$112] showed that it can also be applied to magnesium parts to prevent coritegioior
generationAlodine 1200, containglexavalent Chromum, whichhas been shown to be hazardous to
health[113].

Alodine 5200 is designed to prepare the surface of the material for bonding of adhesive/paint, and
improve its aesthetic appearanités the most commonlyaed system of protection against corrosion in

military/civilian aircrafts[114].

In this documentAlodine 1200 withHexavalentChromum would be calledAlodine HC, andAlodine
5200 would beshortened télodine.

2.5.4. CONTAMINATION

The pretreatmentdiscussed in previous chapt@rgolve cleaning of the surface of the adherends, as
clean parts are typically much more conducive for adhesive bartdavgever manufacturing of
automotive partfocuses on different set bpriorities, such as using a lubricating agent to aid in the
process oforming an automotivpart With respect to bonding, this lubricant is considered a

contaminant

In this experiment, the adhesives were tested with intentionally contaminated siofadeéi®ss this
issue The substratates were contaminated Witlitidraw Drylube E1 (manufactured by Zeller+Gmelin),

which is a dry film forming lubricant specially formulated to work with steel, high strength steel and
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aluminum in the automotive industrt room temperature, its appearance and texture is similar to wax.

The technical data sheet can be foundppendix A: Technical Data Sheets

2.6. ACCELERATED TESTING FOR ENVIRONMENTAL EFFECTS

Automotive vehicles are regularly exgaktoharsh conditions of thenvironmensuch as rain and snow
Severe climatexposes a vehicle body to extrememperaturedVioisture and saktould catastrophically

fail important parts of a vehicle by introducing rust onto exposed parts such asl¢neadly. Paints and
other coatings are standardgtice to combat such problems, as well as using materials that stand up to

environmental degradation.

If adhesives were to be introduced to the industry, these same concerns would also have to be addressed
Water, in forms as liquid or vapouwran potentiallydegrade adhesive jointy damaging the adhesive

bond itself, or weakening the bond between the adhesikierend interfacg$15]. An epoxy adhesive

contains hgrophilic groups which can attract water molecuaed cause swellind.16]. Thistrapped

moisture inside the adhesive bond contribtiethe degradation of the adhesive mechainapertiesa
procesghat carhgppen before, duringr after the curing process.

Multiple researchers have demonstrated that moisture lowers the strength of an oiineé$ives, 117,

118]. These exp@ments have a common feature in the shape of the curve of joint strength against time.
Joint strength falls rapidlgn the early stages of exposaral slows dowfter a certain period of time

This curve shape is observed in butt and lap type of j@ntsis predicted to occur in other type of joints
as well Surface pretreatments on the adherends have a greater infimémdiee strength of the joint.

Brewis et al[117] demonstrated that, witpecific types of surface pregration methoddow

concentrations of water might even have the net effect of strengtheningdbawvgoints (Figure

2-20).
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Figure2-20: Dependence of joint stngth upon water uptake for variously prepared joints (taken from Brewis et al.
[127])

2.7. NUMERICAL REPRESENTA TION OF ADHESIVE JOI NTS

It is important for the automotive sector to be ablmtestigate intahe behaviouof bonded joints
subjected to crastype deformationsincecrashworthiness a critical aspect of vehicle desif#6].
Prototyping a crastest vehicle is a very straightforward way to accomplish this, buddastassociated is
typically very high. Computer models using explicit finite element analysis are invaluable to this effort;
modelsare able tgrovide a reasonable predictionhiow a vehicle would perform icrashscenarios
However the reliability ofa canputer model is dependent on its ability to cover most of the mechanical
behaviour of the materials involved. A characterization stua/undertaken to develop an accurate

adhesive model.

Traditionally, adhesive bondgere represented by a series of salidmentsassignedvith material
propertied119]. The maximum values of stress, strain or strain energy predicted hyitaelement
analysiswas compared with the corresponding material allowable valuesstballed the solid
continuum mechanics approach. This approach provides accurate predictions to the strength of the
adhesive bond, provided the mesh is sufficiently fine to capture the stress sing{lardjieSincethe

adhesive thickness is almost always thinner than the substrate it is bonding to by a significant order, the
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mesh density of the model can quickly lead to computational inefficiencies. This problem is demonstrated
by Adams et al[120], who showed that stress values, especially at teatrant corners of joints, are

highly sensitive to mesh size.

Another approach is based on fracture mechanics. This approach foregoes the assumption that the
material is contiuous and free of defects, and relies on the definition of an initial flaw/crack, which
propagates by a certain displacement under a certain amount §f2dddHowever, in many
applications this damage initiatiags not obvious and hard to characterize.

The cohesive zone method, as proposed by Barefii2ftis another approach to modelling adhesive

bonds. It offers an improvement to the fracture meclsaapproach, anits use has become frequent in

recent yearfl23]. It divides a crack into two parisphysical crack and cohesive zone. The cohesive

zone is idealized as two surfaces which are held togetheadiiohs. A relationship is drawn between

tractions and the separation distance between the surfaces in this cohesive zone. The depth of the physical
crack extends when the traction variables reach critical values, and ultimately fail the entire element

[124].

2.7.1. TIEBREAK CONTACT DEF INITION

The tiebreakmodel connects two nodes and inhiltitem from sliding apart. Stiffness valugkich were
determined from the adhesiva® assigned between the nodes, similah&b of a spring. Once this tied
cortact definition exceeds ceitethreshold of normal or shear stressbreaks and the nodes are free to
slide apar{125]. For an adhesive joint, this tiweak contact would beefined between the two

adherends that are meant to be joined together. Defining a joint this way omits the step of creating mesh

elements of the adhesive joint.

Xiao X. et al.[126] utilized atie-break contacmethod to simulate a double lap shear jdHigre2-21)

failure with reasonable accuracy, upon comparison with results acquired from analytical calculations.

&
.
%"' =
.
i

Figure2-21: Doublke lap shear joint, modelled with tiebreak contact (taken from Xiao X.[&2@])

The main appeal of using tlreak elements is its ease of implementation and low computational

demands. Its main drawbackifet it is incapable of predicting any complex stress distribution inside of
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an adhesive joint. During crack propagation, an adhesive joint is expected to grow in length from its

initial crack tip under a certain applied stress. Wgitinetie-break moded, a newly failed element would

pass its load immediately to the next element, which would in turn overload that element. This process is
called 6numeri cal u rc bahavipur of gratk opemidg in as adhesive j@amer e al i st
tie-break modks implementcrack extension mechansito address this issu@nother drawback is that

this type of contact also does not support straia effects.

2.7.2. SOLID CONTINUUM MECHA NICS APPROACH

The solid continuum approach is the traditional apphoof modellingany materials. The parts are
discretized into elements, each containing information about its-strags state in three dimensions.

The stress and strain values at each element are evaluated by solving a series of linear equations with
displacements atach node as unknowns.

The software used @plvemodels in this work is therfite element code L®YNA LSTC. Work by

multiple researchefd27-129] revealed that modern addiees sustain relatively large strains before

failure and hence are well suited to hyperelastic constitutive mddedssolid continuum material model
used is the SAMA (SemiAnalytical Model for Polymers) modedeveloped by Kolling et 4L30] to

provide a material model that is able to recover important phenomena like necking, crazing, strain rate

dependency, unloading behaviour and damage.

The input for this material model are given directly as load curves, wttettsion load curve being the
only compulsory input for SAMR. to start working. Each additional input maesfits yield criteria in a
unique mannefTraditional yield criterions such as Von Mises or DrueReaiger are usually inadequate
for polymers, de to anisotropy of its reinforcement fibers. The SAMRodel aims to formulate a

custom quadratic yield surface from the load curves it is supplied with, as opposed to using traditional
yield surfacesThe shape of the yield surface is dependent on tleiairaf information provided to it.
Details about the effect of multiple inputs on SANIRield criterion algorithm arpresented iA\ppendix

H: SAMP-1 Material Model Infomation

As specified in the literatuf@d 30], SAMP-1 has been tested to predict yield surfaces for different
polymers such as thermoplastics, polyvinyl chloride (PVC), polystyrene (PS) and acrylonitrile butadiene
styrene (ABS) with good success. It has also been validatediyviimic tensile, unload, compression,
shear and bending tegi&gure2-22). However,it is important to note that th@edictedshear response

wasonly reasonable up to the yielding poi(figure2-23)
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Figure2-22: Validation tests for SAMPL material model under various loading conditiohensile {TL), tensile

with unloading TR), compressiongL), threepointbending BR) (taken from Kolling et aj130])
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Figure2-23: Validation $iear tessimulated with SAMPL material mode(taken from Kolling et aJ130])

2.7.3. FRACTURE MECHANICS A PPROACH

Continuum mechanics assumes that the material being modeled is continuous. It assumes that no defects

and cracks are present to start a fracture process. As such, continuum mechanics gives no solution for the
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case of singular points resulting inesp increases in stress and strain. Fracture mechanics was developed
to handle this situation, since cracks and defects are very common and is the primary cause for fracture in
many materials, adhesives includé@l]. The presence of crack is assumed, and a study was done to
develop quantitative relations between ¢hack size materialinherent resistance to crack growth, and the

critical stress required for tlwackto propagate and cause failure.

The conventinal method of quantifying these parameters is by introducing a contsitledrack inside
the material, and measuring its propagation under certain awiolante on certain directior(§igure
2-24).

Figure2-24: Fracturemechanicsnodesof crack propagatioftaken from Roylancgl21])

An adhesive joint typically has a thickness value of less than, amdhmagnitudes smaller in thickness
thantheadherendnaterials Introducing acontrolledsizecrack into the adhesive is challenging, requiring
specialized tools and equipment to create and observe its propagation. Furthermore, to properly study the
joint characteristizising FEA approaghhe computer model would have to support a very high mesh

density near the crack tip, and progressivedg dense further away fromkor an adhesive joint, this

would lead to unreasonable amount of elements and computational expense. For thesaheasons

fracture mechanics approacmist commonly pursued for adhesive joint failures.

2.7.4. COHESIVE ZONE MODEL

The cohesiveonemodelwas proposed by BarenblfiP2] with the intention of describingdcture
proceswia crack propagatiorThe cohesive zone model divides a crack into two parts: the physical crack
and cohesive zon&igure2-25). This approach conveniently solves the problem of stress singularities

found with linear elastic fracture mechanics approach.
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Physical Crack Tip

Physical Crack  Cohesive Zone

Figure2-25: Distinction of the two different zones in the crack (taken from stémserj124])

Cohesive elements areemented by defining an element between the adherend sufapa®s2-26),
and givingthe cohesive elemengsoperties that are dependent on the fracture behavior of the adhesive.
The technique consist$ the establishment dfactionseparation laws to model interfaces/regions inside

the adhesive layer.

Cohesive elements to I—1 Cohesive elements
replace the a\c\i\h&sive layer I Adherend solid clements

Figure2-26: Numerical simulation of a lap shear joint with cohesive elements (taken from DaSiNH 19])

The properties that it requires arefhe a k t r a c t ta o Janddrnergyerslense sate falues for

both mode | (@) and mode Il (¢C) kinds of loading, in addition to damage curves that relates their
tractions tadisplacementsHigure2-27). Yang and Thoule4432] concludedhat different cohesive laws
are required for the two modesddformationand that they require separate paramseto describe their

respective cohesive tractions. Interpolations are done in the case ofmugetbading(Figure2-28).
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Figure2-27: Schematics of the parameters used iresdle zone calculations (taken from Yang ahdulesg132])
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Figure2-28: Cohesive element mixedode tractiorseparation law (takenfromkEBY NA Keywor d User 6s
ManualVolume II: Material Model§133])
The use of cohesive models to predict mechanical behaviour of adhesive bonded joints underoaixed
loading was studied by De Moura et[dR3] by using double cantilever begmode I)and enehotched
flexural testgmode Il)to acquire its properties. Trifiv and Cronirj49] acquired the fracture properties
of DP460NSand SA985My using the double cantilever beam {@sbde I)and thickadherendap shear
tests(mode II)
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CHAPTER 3
LAP SHEAR TEST

3.1. BACKGROUND

The lap sheatest isastandardASTM D3165[59]) test method for detsiining comparative shear
strengths ohnadhesive joinf22]. It is the most commonly used test method carried out to observe the
effect ofdifferentsurfacepretreatmentslue to its ease of assembly and simplerigsnethod. Single lap
shear test consisbf two rectangular pieces joined by the adhesive and subjected to tension forces from
the opposite ends.

Figure3-1: Schematic of lap shear loadingp sheargecimen as
preparedunloadedL]. Lap shear specimatemonstrating bending
deformation in the vicinity ofhe adhesivgoint [R].

|

F

There are tw@ommon configurations fdap shear samplesingle lap shear and double lap sh@&agure
3-2). The double lap shear geometry results in less bending moment in the adherends, but is more
complicated to assembéad maintain uniformityDue to the doubling of strength of the adhesive bond
during double lap shear tests, it is recommendeaasé&thicker materiabn the single adherend sidene
challenge withthis test is thabnesided fracturecan easilyoccur due temallasymmetries during

assembly procesmd variability in the adhesive strength between the two joints

| o |

Single lap shear Double lap shear

Figure3-2: Single lap shear (ASTM D002 [134] [L] . Double lap shea]ASTM D3528)[135] [R]
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Although classified as a shear test it is importantdte that the type of loading the adhesive joint
experiences during a lap shear test is not pure dbe¥ries and Borgmeidi36] claimed thatdue to
deformation of the adherengseelstresses rather than shertesses dominate lap joint fractuGmmmon
improvements to the geometry of the lap shear test are presented on ASTME16%ure3-4) and
ASTM D5656[67] (Figure3-5). The modification of geometry as specified in these two standards
reducesthe amount of bending experienced by the adherendsedndes the amount of mix@dode
loading on the joint

() = Adhesi
25 4 25" esive Tested )
w0 (006¢)

L | y — | r]E‘ mm

T T ]

Loading pin hole "
375" 0 L] (05 T
9.53mm 12.7 mm

Figure3-3: ASTM D1002 test specimen profil&34]

NOTCH WIDTH .6 mm f0,06&in)

b6 mm BOND LINE
rﬂ].ﬂﬁtln.\
L
L LY HE—

L |

T ! IT |

Figure3-4: ASTM D3165 test specimen profi|g9]

o {0.257) _
6.35 mm (325" Adhesive Tested  (0.3757)
B2E mm 9.53 mm

| /I
I Il}.EDF’mH-:He

(0.375")
127 mm 9.53 mm

0125 Woteh (318 mm)
Figure3-5: ASTM D5656 test specimen profilé7]

The geometry and material properties of the adherends in this test has a sizeable ffitact ohthe
adhesive joih The most influential parameters for the bond strength are the surface preparation, adhesive
thickness, lap size, and spew fillet geom¢@y, 137139].

The single lap joint is the most studied adhesive joint type in literadongever, the strength prediction

of such joints is still widely debatedAn overview of theeapproaches were compiled and reviewed by
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Da Silva et al[63, 64] In general, many conditions and assumptions have to be made to analyze strength

of lap shear joints, with the plasticity of the adhesives and adherendsrbportant considerations

Themeasuredtsength of a lap shear joint is frequently specifiedEoyation3. 1.

Equation3.1: Shear strength @& singlelap shear joint

Where
P, applied load
b joint width
/. overlap length
P
«—| HEREEE
SRURIEIES B
[ [ [T ] |—*

Figure3-6: Idealized lap shear joint deformations, with rigid adherends (image taken from Da SiN&&) al.

For this value to baccurate, several assumpti@mns requiredthe first being that the adherends are rigid;
second, the adhesive layer shears uniformly across the entirintapdre shear loading conditipthird,
the entire adhesive bond fails uniformly at specifipdied load valugFigure3-6). These assumptions
areclearlyurrealstic for a single lap shear configuratidmt this isstill the most common manner for

guoting adhesive shear strength in many test situations such as ASTM astgh8ards.

Thetoughened structuraldhesives used this studyexhibit relativelylargeamountsof plasticityprior to
failure; they are also relatively high in strengiinis hasprovento affectdeformationof the adheznds as
shown byvisible bendngin some oftheadherendsind permanent deformatiarfiertesting Adams et al.
[140] proposed a simple design methodology which incorporates these effects. Da Sil{@dét al.
confirmed its effectiveness on situations where the adhesive is ductile (>10%tshiesw failure) and
the adherends are netastic.

This analysis shows that maximum adhesive shear stress oeauttse ends of the joinFigure3-7).
Failure of the joint is therefore predicted to occur at the edges first, wheffdbevestress exceeds the

strengthof the adhesiveAdams et a[140] alsoshowedthat the strength of thedhesive joint linearly
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increase with longer overlap length, up to a certain point where any increase in overlap lengthne
longer result in a stronger borEidure 3-8). The explanationis that, aftela certain point, plagt
deformation of the adherends becaitiee dominant cause for bond failunstead of intrinsic adhesion
strength Therefore, the reported values of lap shear strength in this studgite@eendgpecific. Different
results are expected when testing witfedent alloys and/or different thickness.

Maximum shear stress

Z N\

—>

Analysis that takes into account
the zero shear stress at the end of
Classical analyses the adhesive layer

&,

Adhesive shear stress

Adhesive shear stress

Figure3-7: Distribution of adhesive shear stress in a single lap joint (adapted from Da Silvggg})al.
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Figure 3-8: Effect of length of bond overlap length onto bond strenigéfit{taken from Da Silva et §64], Right:
taken from Kafkalidis and Thoulef35])

Prior lapshear testfb0] ontwo adhesive$DP460NS anda prior formulation of SA985) using3 mm
thick adherendsind a bondline thickness ofdim. (Figure3-9). The samples were tested at five different
shearstrain rates, ranging from 0.005/s to 5(Fgure2-3).
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Figure3-9: Thick adherend lap shear teftsm [50].

3.2. METHODS

The lap sheasamples werenanufactured in accoatice to the ASTM Standard D31f#®]. The shorter
piece of the adheremndas bonded on the surface of the testing adheremdrtionize offsetbending

moments and stresses

1.
3" , , 2 -

- {

4" 0.007"

I I
| |
L
| | 1"
i [
| |
| |
| |

Figure3-10: Dimensions of lap shear specimenst(to scalelSide view [T]; top viewB])

Material t (adherend thicknesg

Aluminum 6061T6 | 0.0625 §1.588mmj

Magnesium AZ3l 0. O [2 &

Table3-1: Material thicknessefor lap shear testing

To make the samples, théreerend pieceserecut from a large sheetof materid @ x 1 6 and 30x10
[101.6mm x 25.4mm] and [76.2nm x 25.4mm]). Two of each piecerasrequired to assemble one
sample(Figure3-11). Consistent width values were prioritized (tolerance 6f&#mm) during the
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manufacturing process, as thgsembly fixture and test riglied on the constency of this dimensioto

maintain proper alignment

Brassspaceshimswerecut fromashed0 . 0 9078 6 x [0.078rhindx 20mm x 2.5mm]). The
spacesshimswere used to control the thickness of the adhesives by placing them betwadhehend
pieces Four brasshims were required to assemble one sanigies experimentvas done with a
relatively thin 78mm @ reflect hseapplicétiondn.a®nOre realidia@hned The
adhesive thicknessas reasonable for an epoxy adhegb4] andwasalso in agreement with the
recommended thickness value fréme manufacturdil41].

Figure3-11: Construction of laghear sampleExploded [T], assembleB])

BN

The fixture spacersvere cut fromaluminumflat barpiecesand polished with sandpaper8 6 x 0. 750
[200mmx 19mm]). The thickness of the spacer pieces were double the adherend thickBessses.
shims were cutrbm thestock 0 . 0 0 7 0 x[B1¥&nin.x 26DmMm x 12.7mm]). Thesespaceipieces

were reuseth every session.

The spacer pieces were polished, and a thin coating of a mold release solution (Breakatdactured
by Henkel Corp., Germany) was appliethifwas doneo reduce the chance tife adhesivebonding
onto them
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Variouspretreatmentsereapplied to the adherend pieces. Details are as follows:

1 The process of gritblasting for this experimesats done in the University of Waterloo with grit
size d 70 (avg of 203 m diameter) and a blasting pressure op80 The applicatiomvas manual
with careful application technique. Raluesof 1.5° m to 2.5 m (discussed in chapt@r5.1)
wereacquired from the gritblasting procedufée time spent on gritblasting the samples were
estimated to b& minutes perlap shear sample

1 Alodine treatments and anodization were carried out at a local metal finishing plant (Waterloo
ElectroplatingandMetal Finishing Inc.)Magnesium anodization was rinvestigated as the
plant did not have the capability of perform the pretreatnidrd.costs of the pretreatments at the
local plant were estimated to bé gerlap shear sample

1 Metal forming lubrican{Multidraw Drylube E1, manufactured by Zeller+Gmgkivas lightly
applied as a layer of coating to the samples that were selected to represent contaminated
adherenddMetalforming lubricants are expected to be present in automotive metalforming
applications, and therefoseibject tano extra cost.

Samples wre cleaned with a Meth{athyl-Ketone (MEK) solutionThis wasdone in a fume hood to
quickly evaporate traces of the solutidime only exception was the intentionally contaminated samples,

which were left uncleaned after the coatwas applied.
Adhesives were applied to the appropriate surfaces of the adherend and spread evenly with a putty knife.

The assembled samples and the fixture pieces were arranged between the two pieces of tempered glass.

Binderclips were used to b the pieces of glass togethduring curing procesérigure3-12)

Figure3-12: Assembled samples between the glass panels
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Theentirefixture was placed ira convection oven fasven curing cycle. Samples deusing DP460NS
were overcured for 90 minutes at 75°C, and samples made with SA9850 wereunazhfor 90 minutes
at 170°C[142].

After the curing cycle, the samples were removed and the excess adhesivemaoxedrom the edges
of the samples a consistent fashion with manual tod®sior experiments have shown thatexcess
adhesivespewfillet) could increase the strength of a jdigtreducinghe stress concentration on the
cornersSince maintaining a corsdentfillet sizeis unmanageablwith the aforementioned routine, a

decision was made to remove all fhiets to maintain consistency.

A custom built quasstatic testing frame was usedteasurdorce-displacement curves at low rates of
displacement).178 mmy/s [107 mnmymin]. The frame included ad cell(cgpacity of +20,000b

[+88.96kN]) anda displacement measurement sensor system with resoludorlofm (manufactured

by Schaevitz Sensorshhe frame was installed with jawBigure3-13) that accommodate varying lap
shear thicknesses nmiThetestjawms werelngtalledaising the coreentBically
aligned tmeaded attachments at both ends of the hydraulic frame, minimizing the chance of misalignment
of the test jawsTheedges of the samples wéagd flat on thefront wall of both jawgo further minimize

risk of misalignment.

Figure3-13: Lap shear samplecatedin the test jaws

3.2.1. PRELIMINARY TESTS AN D RESULTS

A preliminary test run was done tonfirm the feasibility of the different pretreatments. The selected
adherend was aluminum 6086 due to material alability. DP460NS was used for its ease of
application and greater reliance on surface preparation for adhessultsare shown oirigure3-14to

Figure3-18, in the form of average shear strengtd 86% confidence interval of the results.
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Pretreatments that showed statistically significant reduction of streiifjtidelays between pretreatments
and bonding timare denoted with an asterisk (f@xt to its respective title
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Day 49 Day 65

Figure3-14: Result ofpreliminarylap shear test, DP460NS, aluminum 6083, Alodine (failure shear strength [L],
fracture surface [R])
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Figure3-15: Result ofpreliminarylap shar test, DP460NS, aluminum 60686, gritblasting (failure shear strength
[L], fracture surface[R])
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Figure3-16: Result ofpreliminarylap shear test, DP460NS, aluminum 6083, anodization (failure sheatrength
[L], fracture surface [R])
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Figure3-17: Result ofpreliminarylap shear test, DP460NS, aluminum 6083, Alodine HC (failure shear strength
[L], fracture surface [R])
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Figure3-18: Result ofpreliminarylap shear test, DP460NS, aluminum 64083, contamination (failure shear
strength [L], fracture surface [R])

Interfacial failures were identifiedn all of the tested preliminary samples. In comparisth other
configurations, samples treated with Alodifég{ire3-14), gritblasting Figure3-15), and anodization
(Figure3-16) demonstrated the highest bond strength numbeestime effects on bond strength values
for these combinations were not statistically signifigarihis preliminary test series, although this
variable was not tightly controlled

The joint strengths measuréat samples pretreated with Alodine HEidure3-17) were significantly
lower than the other pretreatments. A statistically significant decline in joint strength after several days
was detected, confirming the existence of a decay effect. The difference of colour ondin drea

after the fracture suggests that the failure occurred in the coating instead of in the adhesive.

Contaminated samples demonstrated low joint stremggiuie3-18), and the adhesive layer peeled off
easily from the adhendsfollowing the testIt was found that the DP460NS adhesive did not wogk in
contaminated environmeahd was not considered furthBased on the preliminary test results a final
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test matrix wasleveloped Table3-2) comprisng 48 test configuration3 he test samples were repeated
with focus on controlled assembly time after pretreatment. A minimum of three samples were tested for

each configuration.

In addition to the parameters outlined above, some other materials waivedesind tested late in the
program.Specifically,they includealuminum alloy 518dretreated with Henkel Bonderite E&nd
magnesium ZEK100 pretreated widenkel Bonderite MgC. These testantained parameters that were

not straightforwardly comparabVeth the previous one§able3-2).

3.3.

In this research, displacement numbegeseacquired from the LVDT installed with the test.righis

number represents the amount of movement experienced by the moving test jaw, and should ideally be

Adhesive Material Pretreatment Age of M_aterlal
pretreatment thickness
Alodine Day 0,1,7
Aluminum | Alodine HC Day 0,1,7 0.062!
6061T6 Anodization Day Q1,7 [1.59 mm]
DP460NS Gritblasting Day 0,1,7
Alodine Day 0,1,7
Magnesium . L
A731b Alodine HC Day 0,1,7 0. 07 thm]
Gritblasting Day 0,1,7
Alodine Day 0,1,7
Alodine HC Day 0,1,7
Aluminum . 0. 062!
606176 Anodization Day 0,1,7 [1.59 mm]
Gritblasting Day 0,1,7
SA9850 Contamination Day 0,1,7
Alodine Day 0,1,7
i Alodine HC Day 0,1,7
Magnesium : . y 0. 07 e
AZ31b Gritblasting Day 0,1,7
Contamination Day 0,1,7
DP460NS Aluminum Henkel Bonderitg Unknown 0.065"
andSA9850 5182 EC [1.59mm]
DP460NS Magnesium | HenkelBonderite Unknown 0.054"
andSA9850 ZEK100 MgC [1.37 mm]

Table3-2: Finalizedmatrix forlap sheardss

TEST APPARATUS COMPLIANCE MEASUREME NT

equal to the amount of displacement experienced by the test sample. Hoommarison with

44




numerical simulation resultshowed that the actuator crosshdeplacement numbergere not equal

with displacement experienced by testedsample.

One of the possible reasons to explain this discrepanegtiapparatusompliance. A study was
performeal to better understand the relationship between recorded actuator displacement and sample
displacement. It wa assumed that the test macHiebavedas a linear springith the resulting stiffness

termed thecompliance correction factor (CCF) value.

An aluminum 6061T6 flat platewas machined witlwidth, length and thicknesbe same athe lap shear
samplesKigure3-19). The samplavas positioned and loaded in the same manner as the lap shear
samples, and erosshead velocitgf 0.178 mm/s was applied.

WU
ol ] el

== -
LT TITATTLER

Figure3-19: Figure of lap shear samplersuscompliance bar (lap shear sampl§ compliance bar sample [B])

An optical video image tracking softwafEracke, developed by DougtaBrown,California[143]) was

used to trackhe sample deformatiorA speckled pattern was spray painted to the sample for the purpose
of increasingrackerprecision. Details about the resolution and aaucd trackerare discussed in
chapter4.2.3 Deformation of the sample was measured on the aluminum test sample located between the
grips Figure3-20).Thedisplacement of the jaws watso trackedand was confirmed to be consistent

with therecorded actuator data.
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Figure3-20: Tracked points in the compliance tester bar

The recorded actuator displacemems compared to the tracked results ofggthéts in the sample

shown inFigure3-21. The initial sudden acceleration that was recorded early on this compliance test
(t<0.5 s) wasndét pr es e n Frondthergiaphd is visible that the astaator | ap s h
velocity wasstable begnd approximately t=6 for this test caseSlopes wee acquired for both datets

from this timestamp onward&igure3-21). Sample displacement is the result of subtraction between

poi nts 01 Thd physieahpdsitidns of thede points were showFignre3-20.
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Figure3-21: Displacement of actuatand sample
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The acquired slope of sample displacenvest0.0383 (Figure3-21). This represents the slope of
displacement experienced by the sanguld theCCFwas determined as:

T X PG

0660

T[8I0l|J0T8 X

Equation3.2: Compliance Correction Factor

For sibsequent tests, the crosshead displacement was corrected to achieve the sample displacement.

3.4. TEST RESULTS AND DISCUSSION

Data acquired from the lap shear tests follow the shape shdviguire3-22. The peak of these data

curves epresent the failure load of the adheswigich wereconverted intdailure shear strength via
Equation3.1.

DP - Alum - Gritblast - Day 0 SA - Mag - Contaminate - Day 0

8000 8000
7000 7000
6000 6000

5000 5000

~==DP - Alum - Gritblast - Day 0 - 1 ~———SA- Mag - Contaminate - Day 0 - 1
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3
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== DP - Alum - Gritblast - Day 0 - 2
3000 3000
DP - Alum - Gritblast - Day 0 - 3
2000 2000

1000 1000 / L
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0 01 0.2 0.3 04 0.5 0.6 0 0.1 0.2 03 0.4 0.5 0.6

Displacement of actuator {mm})

——SA- Mag - Contaminate - Day 0 - 2

SA - Mag - Contaminate - Day 0 - 3

Displacement of actuator {(mm}

Figure3-22: Examples of érceversusactuatordisplacement data cttar

Individual charts for comparing failure shear strengthafbrestedcombinations can be found in

Apperdix B: Lap SheaData ChartsFigure3-23 shows the appearance of these charts and descriptions o
the information contained. h e 061 ap s h e title comainsihforngation about tberadhesive

used €.9.DP is DP460NS, SA is SA9850), adherend mateeig.Alum is aluminum, Mag is

magnesium), and surface preparation method, respectBiate the sample size is small and the
population standard deviation is unknowmre 85% confidence intervalas calculatedoy applying

student distribution equatiorfEquation3.3) to the failure shear strength numbers.
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Figure3-23: Plot of lap shear test results
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e

Equation3.3: Confidence interval limits equation

WhereXis the mean of failure shear strendthy is the tdistribution coefficientSis the standard

deviation of the failure sar strength, andlis the number of samples.

3.4.1. SUMMARY OF RESULTS

Thef i gures presented in this section are summari es
significant time elapsed between the surface preparation and bonding of the sahetdarts for each
individual testare presented iApperdix B: Lap Sheabata Charts

48



w
o

o]
[ %]

]
o

=
o

Failure Shear Stress (MPa)

]

0 -

Alodine Alodine HC Anodization Gritblasting Henkel EC2

Figure3-24: Summary of lap shear results (Adhesive: DP460NS, Adherends: Alumibayr)
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Figure3-25: Summary of lap shear results (Adhesive: DP460NS, Adherends: Magn&ayrg

In comparison with other pretreatmentsthdasting the surfaces produtsamples with the highest bond
strength and leasimount of variabilitffor DP460NS for both aluminum and magnesium adherends.
Gritblastingwas thereforadentifiedto bethe preferable method of preparing adherends before bonding
with DP460NSResults acquired for magnesium samples were consistewtly foan those acquired for
aluminum.Research into other methods of magnesium pretreatments and augmentation of magnesium

joints with secondary joining methods (e.g. fasteners) are recommended.
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Figure3-26: Summary of lap shear results (Adhesive: SA9850, Adherends: Alumidayn0
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Figure3-27: Summary of lap shear results (Adhesive: SA9850, Adherends: Magndsaynd

Lap shear strength numbers acquirearfthe samples that were bonded with SA9850 were generally
higher than thosbonded withDP460NS, with few exceptions (e.g gritblasted aluminum). The
contaminated samples produdbd highest joint strength values, for both aluminum and magnesium.

The samfes that were prepared withe Alodine and Alodine H@retreatmentdemonstrated reduced
strengthvalues between the preliminary results andfitied test matrix This raised concerrabout the
consistencyf these pretreatment methods investigatiorstudy was done to address consistency
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problems between batchestbésepretreatmers by repeating the Alodine tasgin aluminumb061-T6
samplesbonded with DP460NShe results confirmed the existencesignificant variation between

each batch of Alodie pretreatment thatereunexplained by preparation methods al@figure 3-28).

25
T 20 - % _
= Alodine tests
g . T A
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v
= B = Final test matrix
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A ( Investigation study
3
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(59
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Figure3-28. Comparison ofesultsbetween different Alodine treatmedtchesAdherend materialsed was
aluminum 6061T6, bonded with DP460NS

Bonds with ontaminated surfaselemonstrategbint strengths thawere relatively higher and more
consistent thathe other pretreatment3his result is counter intuitivascontaminating the adherend
surfece was done tdemonstrat@ nonideal situation fobonding.To investigate this furthesamples

were created usingtiieo pen s andwiFigune8293 eometry (
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Figure3-29: Opensandwich samples. (Contaminated aluminum [TL], gritblasted aluminum [TR], gritblasted

magnesiuniBR], contaminated magnesium [BL])

It can be seen fromigure3-29 that the samples contaminated with Drylube E1 have visiblyplaesity
and more uniforntoveragecompared to the gritblasted samplesvads hypothesized that the lubricant
increased the wettability ofi¢ adhesive; and subsequently reduced the porosity inside the adhesive joint

Later in the test program, adherendshveilternate pretreatment coatings including Bonderites@

Bonderite MgC were received for testing. Unlike the test samples prepared at UW, the Henkel conversion
coatings (Bonderite EGind Bonderite MgC) were provided as large sheets that were iz tfter

coating. This situation was not ideal; as the edges of the samples had their coating chipped away during

shearing and might introduce irregularity in the acquired data.

From the materials coated with Henkel conversion coatings (aluminum 5182agmeésium ZEK100),
three test samples were made for each combination of adherend and adhesive, totaling 1Xsathples.
aluminum 5182 samples that were coated BithderiteEC?, the coating peeled off on all the samples.
The strength numbers were loveermpared to gritblasted resulfde mode of failure was partially
cohesive and patrtially interfacial. Tests conducted with gritblasted (DP460N8ymtadghinated

(SA9850) surfaces yield better resultsvas concluded that the aluminum coatindBohdeite EC? was
rather weak and prone to peeling off the base matéimathe magnesium ZEK100 samples that were
coated withBonderiteMgC, dl of the failures were interfacial, signifying a low strength bond between
the coating and the adhesive. Typicalhg tidhesive peeled off the magnesium surface, with a small

52



amount of cohesive failure area. The magnesium coatiBgrderiteMgC stayed on the base material

better than th8onderiteEC? coating, but produced poor bond to the adhesive layer.

DP460NS wagound to benighly dependent on the surface pretreatmieémias discovered that the only
acceptable surface preparation method for aluminum samvptegritblasting Figure3-24). No
comparablesurface preparation methegs idertified for magnesium samples tine experimens (Figure
3-25).

It was found that the SA9850 adhesive vaatkelativelywell with both aluminun{Figure3-26) and
magnesiunfFigure3-27), andwas relatively independent of the surface preparation meti@uboth

materials, the contaminated samples produced bonds with highest strength numbers. Contaminating the
surface also produced lower variability in the data, but made manualadigpl difficult.
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3.5. EFFECT OF ENVIRONMENTAL EXPOSURE ON JOINT STRENGTH

This section covers the investigatiorio the effects ofmoisture caused by exposure to salt spray dath
single lap shear joint§hetestsamples were assemblattheUniversity d Waterloo, and the exposure
was carried out in a sadpray chambewith accordance to ASTM standard B1[144] at McMaster
University in Hamilton, OntariocCanada. The samples were sprayed with 5% salt concenfi@tion
durationsas presented ihable3-3. The exposure time waketermined irdiscussions wittish [145],
based on experience of working with similar materiatsor to and afterexposure, the samples were
prepared and céened following ASTM standard 146].

Materialand

thickness Adhesive Surface prep| Length of Exposure
DP460NS
Aluminum 6061T6 Gritblasting | 330 hours[13 d
0.065" [1.59mm] SA9850 18h]
Contamination
DP460NS
Magnesium AZ31b Gritblasting
0.079" [200mm] SAQ850 24 hours
Contamination

Table3-3: Environmental exposure tasiatrix

6 Op e n s aamples wardoridructedand exposed to the salt spray for the duration as specified in
Table3-3. Threeopen sandwickamples were made for each combination as showalle3-3. The
detailed resultsan be found ippendixG: Open sandwich sampleBhe adhesive layer experienced no
observablalefect from the exposurbpwevercorrosionwas evidenbn the exposed surfaces of the
adherends

The selected pretreatmeffies the single lap shear jaisare presented ihable3-3. Five samples were
made of each combination. The reswtre showrin Figure3-32 andFigure3-33. Data acquired from

prior experiments were algwesented on the left side of each chart for comparison purposes.
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Figure3-30: Open sandwich sample. DP460NS, Magnesium AZ31b, Gritblasting. (Before exposure [T], after
exposure o4 hours [B])

Figure3-31: Open sandwich sample. SA9820uminum 6061T6, Contamination(Before exposure [T], after
exposure of 30 hours [B])
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Figure3-32: Aluminum6061-T6 exposure test resultStatistically significant reduction of joint strength marked
with an asterisk*) next to its respective title

The aluminum samples were exposed 80 Bours Samples that were bonded with SA9850 showed
statisticallysignificant losf strengthTwo of the contaminated samples fractured during handling.
can be concluded that the SA9850 is hydrophilic, and increased moisture would decrease its strength.

Samples constructed with DP460NS did not show a visible drop in joint strength.
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Figure3-33: MagnesiumAZ31b exposure test resultStatistically significant reduction of joint strength marked
with an asterisk*) next to its respective title

The magnesium samples were exposedda#itspray bath for 24 hourSimilar to previous results,
noticeabledrop in joint strength on samples assembled with SA9&&0detectedvith contaminated
samples reporting a more significant decrease compared to the gritblasted saampjges bomed with
DP460NS did not show argfatistically significantlecrease in strength.
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3.6. NUMERICAL SIMULATION

A commercial FEA softwaréLS-DYNA) was usedo model the joint response and failufée material
model used in this study wdsvelopedy analyzing egeriments conductadsinggritblasted steel
adherendsTheresults of numerical simulation wetempared to the configurations which utilized

gritblasted aluminum adherends

Input deckdor the numerical simulation for use with {L3YNA can be found irAppendixD: LS-DYNA
Cards

3.6.1. GEOMETRY AND BOUNDARY CONDITIONS
The quasstatic loading conditionof the lap shear testgere replicated using L®YNA numerical code.

The adhesive jointvas modelled as a series of elements, with comnuales shared with the adherends.
Cohesive elements were used to represent the adhesive bond between the adheresttssive

formulation requires one layer of elements across the thickness of the adhesive layer to represent the bond
such that the eleemts weré.178 mm x 0.5mm x 0.5mmfor 0.5mm adherend elemeniBo reduce
computational time,ysnmetricalboundaryconditions werappliedalong the length of the sampté -

plane

—

Figure3-34: Lap $rear mesh densityull view [L], zoomed iron the overlap joint [R]

To simulate the movemergconstantwelocity was applied tthenodes on one end of the model, while
the other enavasredricted from moving. The nodes veeselected to approximate thesition of the test
machine gripsised during the experimentgure3-34 shows these nodes as highlighted in bldck.
match the deformation rate of the experimentsntigalvelocity was set at 0.28 mm/s.An implicit

formulation was utilized toninimize computational timéor this quasistatic test

3.6.2. MATERIAL MODEL

It was confirmed experimentally that some of the adherends underwent significant plastic deformation

during loading, especially the combinations that exhibit bigkngth before failure. The material model
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selected to represent the adheremdsa conventionaincrementaplasticity material modelThe
material modetoes not an equation of stateysies separate formulation to address elastic and plastic

deformatons[147]. The input properties for the aluminum adherends are preserfiglite 3-35.

350

300

Property Value o
Density (kg/m3) 2700 % 200
Youngb6s moc 68.9 %150
Yield strength(MPa) 270 £ wo
Poi ssonds r 0.35 52

T T T 1
0 0.05 0.1 0.15 0.2

True Strain (mm/mm)

Figure3-35. Mechanical poperties ofaluminum 6061T6 adherendsis imported into numerical simulation

Work by Trimifio and Cronin49] provided a baseline material model for BRAIS, suitable for direct
implementatiorinto LS DYNA cohesive material model. The input variables are presenteidumne3-36
andFigure3-37. These values we acquired from a series of tept8], focusing on quantifying fracture
behaviour of the material usinguble cantilever beam geomettyd thick adherend lap she@he
relevant meerial input deck can be found AppendixD: LS-DYNA Cards

1
i |/ TN
= 0.8 \
3 ( \
GC 2.82kN/m T s
GC | 1513kN/m > \
¥ 0.4 .
T 37.57 MPa T \
4 0z 4{
s 20.67 MPa =
S
rad ]
] 0.2 0.4 0.6 0.a 1

Mormalized separation displacement

Figure3-3617 DP460NScohesive tractiorsepration properties
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Figure3-371 SA9850cohesive tractioiseparation properties

The shape of the tractieseparation curves used in this stuehstrapezoidal[148], which is well suited
for ductile materialss the large amount of plastic deformation can be represented with the [ld&au
This shapevasalso observedxperimentally in quasstaticthick adherend lap shear tesgure2-3).
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3.6.3. RESULTS

The numerical simulations were rup tothe point of failure adetermined byn abruptrop in loadfor

the dsplacementontrolled simulationStresswvasdistributed nodinearly in the adhesive bon&hear
stresgsdevelopat the joint edge@~igure3-38) before spreading to the centertloé adhesiveRigure

3-39). The failure of the adhesive joint occurred uniformly on all the elements, in contrast to experimental
results where failure initiated at the edges of the jdihis behaviour persisted with highmesh density
andoutputplotting frequencyThe dress distribution across the length of the adhesive giatrosshead
displacement of 09 mmis compared with analytical results using equations developed by Goland and
Reissnef61], and HatSmith[150] (Figure3-40). Details of the analytical solution equatiaren be

found inAppendix E: Lap Shear Test MathCAD Solution

Shear stress
(MPa)

0.000e+00
-2.000e+00 :I
) ~ . -4.000e+00
G =09n@m, F= 570N G = n@m A=73324 £.0006+00 _

8.000e+00
-1.000e+01 ]

-1.200e+01 _|
\ \ 14006401 _
-1.600e+01
U = nim, R=7546N U =86n@m, F = 650N -1.800e+01 ]
-2.000e+01

Figure3-38: Stress distribution across the adhesive j@iulation depicted is DP460NS
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Figure3-39: Shear stress distribution across the length of adhesiveajoratious times
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Figure3-40: Shear stresdistribution across the length of the adhesoiatj at outer edge of jointin comparison
with analytical resultsCrosshead displacement i99mm

Solution proposed by Goland and Reisgfé&t assumed infinitely thin adhesive layer, and considered its
effect on lending moment factor to be negligible. H&rmith[150] improved on this by including

adhesive layer thickness in the bending moment factor calculation. It is appdfgnuraB-40 thatthe

solution developed by HaBmith predicted the distribution of shear stress more closely compared to the
one developed by Goland and Reissner. However, neither of the analytical solutions considered the effect
of plasticity of the adhesive in theirlgtions. In a single lap shear configuration, adhesive joints

experiences higher strainsar the edge$igure3-41), which would result in lower shear stress

compared to prediction by elastic formulatioAtso, the elemergizeof the adhesive joint in the

62



numerical simulation wasot fine enough to capture large variations of stress negitih@dges. These
two factors can explain the difference between the solutions acquired by FEA method and the one
developed by HafEmith

Plastic region Elastic region

\

]

—~ -t-F--

N

Plastic region

Figure3-41: Regionsof strain along a single lap shear adhesive j@gaken from Da Silva et aJ64])

1

Om 3= 0.18mmg 3 = 0.36mmyd = 0.40mm

Figure3-42: Test progression, experiment [fgrsussimulation [B] Simulation depicted is DP460N@th
aluminum 6061T6 adherends
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The amount of bending experienced by the adherends, whitkractly measured, visually appears to be
represented well in th@mulation Figure3-42). For apropercomparison to be made, the displacement

values recorded during the experimengsacorrected fotest apparatusomplianceas discussed in

chapter3.3 Compliarce corrected results are showrFigure3-43.
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Figure3-43. Forceversuscros$head displacement, simulativarsusexperimental results (DP460NS [T], SA9850

[B])
Loadingslope (N/mm)
Adhesive| experimental numerical
max min simulation
DP460NS| 19144.1] 16594.8] 18106.2
SA9850 | 19110.1| 17054.9] 18216.5

Table3-4: Loading slopes of lap shear tests

64



The loading force rampp predictedfor both simulationgrewithin the range acquired from

experimental resultdable3-4). However, the displacement to failwasoverpredicedby a magnitude

of approximatelytwo (Figure3-43). The mostdirectly relevant variable regarding strain to failure in the

material model is supplied in the form of critical energy release raig@& GC). Figure3-44 shows

the results of SA9850 numerical simulation that were run vifterag,C values while other variables

were kept equal.

Within this thesistheG, C values were acquired frothick adherend lap shear testish bond thickness
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Figure3-44: Results 0fSA9850lap shear test numerical simulatiaith varying values of ¢(C
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of 1mm,as described inhapter3.6.2 Therewasa fundamental difference of thickness of adhesive bonds

in these two tests, and as Itiple studieshave show151-155], this significantly affects thecquired

values of @ and GC.

Chai[152] conducted seval tests to acquire (& values of adhesive bondsingendnotchedflexure
and napkin ring shear specimehis study revealdthat the various bond thicknessdgtect the GC
valuesdifferently with brittle and ductile adhesivdswas found that for tittle adhesives, much of the
variation in GC values occur in the excessively thin range of bondline thickness fi060 ® m) .
ductile adhesives, the variatioasistin the range of thicknesses of common epoxy adhesive bond
thicknesses (5 nto >600¢e m(Figure3-45). Theseconclusiors were supported by other researchers
such adDaghyani et al.[154], usingcompact pure shear (CPS) specimeiib ductile adhesives and Da

Silva et al[155], usingedge notch fractureeNF) specimens with ductile drbrittle adhesivef~igure

3-46).
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Figure3-45: Variation of mode Il energy release rate obtained by napkin ringwéhtductile adhesivéadapted
from Chai[152])
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Figure3-46: Variation of mode Il energy release rate obtained by ENF tests (adapted from Da Sil{E5&f)al.

Both DP460NS an8A980 areductile adhesive The aforementioned studies supporthiipothesis
that the GC values for thinner bonds are significantly less compared to those measured with thicker
bondlines. The overprediction of strain to failure showRigure3-43 supports thiginding.

3.6.4. DISCUSSION AND RECOMMENDATIONS

The use of single layer cohesive material model singlelap shear t& wassuccessfulhowever a
challenge was noted the overprediction ofthe strain to failure The distribdion of stress inside the
adhesive jointvaspredicted by FEA methods to bghest at the edges dheoverlap length, awas
consistent wittclassical analysis of lap shesudes[63]. This draws the conclian that lap shear

failuresinitiate at the edges and propagate into the joint. This is an important feature to consider when
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designing adhesive joint¥he easiest method to take advantage of this knowledge is the inclusion of

spew fillet on the edges afihesive joint.

Thepredicted response footh adhesivewasobserved to bwithin the range of those observedtst
experimendl results The failure strairwasconsistently ovepredicted for both adhesives, ands
attributed to the value of (€. Oneof thefactors that significantly contribute to thdgscrepancy is the
bondline thickness, as it hbsen shown by other studies to have a significant effect d@,tbealue.lt

is recommendethatshearstrength datéor theadhesives materiglaramegrsto be improved using data
acquired from a test of which the bond thickness is equal to .8
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CHAPTER 4
PIN AND COLLAR TEST

4.1. BACKGROUND

The pin and collar s#@was designed to introdugaireshear stress in an adhesive joirte jointwas
createdby assembling together a round pin and a hollow collar withreeentriaing of adhesive joining
them together.

For most structural adhesives, the praiide mode of loading is sheamd compressigras adhesive joints
are typically weak in tension anegl [51]. It is also beneficial to design a joint where the distribution of
stress and strain is as uniform as possible throughout the bond, minimizing thdifyoststress

concentrations.

The shortcomings dhe lap shear test as a measurement of adhesive shear respadisonssed in the
previous chaptehe bending effedhat is present in lap shear tesé® be minimized by increasing the
adherend stiffness either by using materials with higher modfileissticity making the pieces thicker
or by using the double lap shear configuratibaking this into consideration, the pin and collar i®st
still superior to the lap shear test to acquire adhesive shear responmsiasiitesthe bending effect

significantly.

The Short Beam Shear T¢$66] is an ASTM standard test used to obtain the interlaminar shear strength
of composite materials. A bulk sample of the material is loaded to failure in gothiredoendiiy
configuration(Figure4-1). In elastic beam theory, the midplane of the beam would experience pure shea
stress and fail when its shear strength is exceddasl would allowoneto acquire the shear strength of

the adhesive iquestion.

Figure4-1: Short beam shear teg3-point bending [T], 4point bending [B]Xadaptedrom Abali et al.[157])
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Due to the length of the beastress profé near its loading point and two supports are complex and
sometimes cause midsurface buckling prior to the expected shear failure. Bretvalifigy58] proposed

to replace this test by using fepoint bending whil, in their experiments, produced interlaminar shear
failure more consistenth ASTM standard D5378159] alsouses a four point bending principle and
proposed adding-8shaped notches, more commonly called thepksiu shear specimen, to improve the

uniformity of shear stress distribution within its gage section.

A transformatiorto the Short Beam Shear Téstm bulk material testing to an adhesive joint teas
proposed by Moussiaux et §l60]. It is based on bending of a beam specimen made by bonding together
two metal plates with thadhesivgFigure4-2). During threepoint bending, the adhesive which is

located in the center line of thpeximernwould bedeformedwith shealoadand bending moment. With

a sufficiently thin adhesive thickness, this bending moroanbe considered negligiblérhe shear

modulus of the adhesive can be deduced after an appropriate analysis of the amouln@f ben
experienced by the specimen. A typical improvement of this geometry is the addition of a notch at one
edge of the adhesive joint, ittstigatecrack propagatioand to enable the characterization of the

adhesive from a fracture mechanics standpoint

JP

Figure4-2: Single edge notched bedsthematic$lL], actual[R]) (taken from Yanget al.[161])

The relative ease of manufacturing of this geoynetakes it an attractevoptionfor acquiring adhesive
shear datarhe adhesive bond is also visually exposed, which enables more detailed study into the
mechanism of damage initiation and propagation, as was done bjl&RhaHowever,it is challenging
to adapt this teghto higher deformation rasgest apparatus such as SRHRBe to fixturing and strain

wave transmission issues

The napkin ring test (ASTM E22%ithdrawn on 200Bis another test proposed to ensure a pure state of
shearstress in the adhesive layer. It involves two tubes that are aligned, bonded together and loaded with
a torsion torque until the adhesive fafipecimen production is expensive and difficult, and the required

equipments intricate Creating torque andeasuring small angle of twist is a considerably bigger
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challenge compared to creating compressive force and measuring linear defortd@tiener,some
researchers hawmeen successful in using this geometry for shear characterization studies using various
bond thicknessg4.62], material{163] and deformation ratd464].

4.2. METHODS

The collarswere cut from a coldolled round solid steebd, 1 inch in diametgiFigure4-3). The rodwas
machined to have an inner diameter ohi® by means of a reaming tool. In combination with the pin
diameterof 12.7mm, this resukedin adhesive bond thickness of O.1bBn [150° m).

0.413 [10.5mm]

@1

@0.512 [13mm]

\
/

&

_/

Figure4-3: Dimensions of the collar substrate

The pinswere manufactured from a coeldlled round solid steel rod, half inch in diameteigure4-4).
Thepieceswere cut ito 2 inchlengthseach andleburred

N
=
| —

Figure4-4: Dimensions of the pin substrate

70



The surfaces of the pin ancetbollar were gritblasted wittommercial gritblasting equipment to an
approximate roughness ®f m. The samples were cleaned with Metkyhyl-Ketone immediately

before the adhesive was applied. The same oven curing cycle developed for lap shear, as described in
chapter3.2[142], was used for curing the pin and collar samples.

The pin and collar sections were placednraluminumfixture to maintain a consistent adhesive

thickness around the pin, and then go through a curing prddesixture was machined with tight
tolerances (@010 ) t o hol d the pin and col | a@heescpse ci mens
adhesive waseemovedwith a lathe to ensure consistency between all sanffipsre4-5 shows the

sample beforand aftetthis processThe machiimg process introduaka radius of 0.5nm atthe

adhesive borg]l which made the effect aftress concentratisrconsistentThis process also causes a

minor decrease of the diameter and length of the pin and collar sections.

Figure4-5: Pin and collar samplspecimer(before cleaning [L], aftemachiningwith lathe[R])

4.2.1. TEST MATRIX

The purpose of this studyas to observe the adhesive response to different deformatiorirr giae
mode Il The parameterseing observed in this study digted as follows

DP460NS

SA9850

0.1 /s [0.015 mm/s]
Nominal |1/s[0.15 mm/s]
shear rateq10 /s [1.5 mm/s]
100 /s [15 mm/s]

Adhesives

Table4-1: Pin and collatestvariables
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The variables result in 8 different configurations to t&shinimum of three samples were created for

each configuration.

4.2.2. EQUIPMENT

The same test frame used for the lap sheamastised for the pin and collar experiments. Although
typically useful only for quasstatic tests, the relativethin thicknesq0.15mm) of the adhesive layer
translates to lowros$iead velocity numbers at high shear rateload cellof £20,000 Ib capacitand
actuator crossheatisplacement measurement systgas present for this experiment.

Long columns of solid stewelere fastened into the top and bottom parts of the frame. A fixtese

placed on the moving actuator piecgtwsh the collar by its bottom plane, while the top platepstdine
pin from moving(Figure4-6). Theactuatorequiredan average of one second of initial acceleration to
ramp up to theonstant desired velocity; therefore souistancevasleft between the specimens with the
top platen to accommodate raqmpaceleration

o

& Shaft lock collar

- Collar

Shaft lock
collar

Figure4-6: Pin and collar test rig [L], Schematic [R]

4.2.3. DISPLACEMENT MEASUREM ENT

Measuring deformation of the adhesivasthe main challenge of thigpe of testGeometry of the pin
and collartestspreventedlirect observation of the bonrevious attempts at providing displacement
data with this testsuch as those done by Yokoyama and Shifi2]y wasdone by calculating the
velocity of the testlevice actuatorshpact bars instead of direct measureme&he results of their
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researcltamewith several characteristics that are atypical; such as excessively high shear strain to failure
and excessively low shear modulus. Both of these supportdhétidt the traditional method of
calculating displacementy actuator/impact bar velocitwerpredictedthe amount of actual

deformation experienced by the adhesive.

The amount of displacement to be measwvagon the order of the thickness of the asikie bondof

0.15mm. Fourdifferent displacement measuremerviceswvereassessed to analyze the data:

1. Test frame hydraulic actuattavel distancécrosshead displacement)

2. Spring mounted LVDT (lnearVariableDifferential Transformer) systepmanufactued by
Omega Engineering Inc.
Clip-on gagefor fracture mechanics studjesanufactured by Epsilon Tech

Video image analysis withiracker[143].

Figure4-7, Figure4-8, andFigure4-9 shows measuremeritem the actuator, the LVDT system, and the
clip gauge durin@nidle period of one second. In an idle situation, the measuremergexpected to be

constantTable4-2 shows the accuracy comparison between the systems.
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Figure4-7: Actuator voltage reading during idle period of one second
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Figure4-8: LVDT voltage reading during idle period of one second
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Figure4-9: Clip-on gauge voltage reading during idle period of one second

The adhesive thicknesgas 150 m. From data gathered using the thick adherend lap shear tests, it
estimated that the elastic region during shear loading would lie between @tolee actuator VDT,
and the clip gage were consideredncapabldo capturghedisplacenentsto a reasonable accuraéyor

this reason, the video image analysis approach was developed.

The softwaraused for acquiring displacement datdiacker[143], developed by Doug Brown, used
under GNU genal public licenseThe software works by identifying a template windiovthe first
frame to be matchdad subsequent framdxy means of crossorrelation Theaccuracy of the resuis
inherently dependent on the qualitithe video imagand the algothm used by the software.

As a validatiorstudy, the software was compared with established Dital Image CorellatiofDIC)
softwareVIC-2D [165]. A samplewasmoved under a constant velocity amas analyzed with both
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methods The results are shown kigure4-10. Linear fit were done for both set of curves, and the slopes
were confirmed to be within 0.1% of each otlgris confirms thaffrackerworkedequallyaswell asan
establishedIC software.

0.35

03

0.25

y=0.0174x-0.0447
0.2 R?=0.9996

= VIC-2D

0.15

+ tracker

y=0.0174%x-0.045
R? =0.9997

0.1

Displacement {mm)

0.05

5 10 15 20
Time (s)

Figure4-10: Comparison of resudtbetweenTrackerandVIC-2D

There were several challenges in adapting the video image analysis approach to pin and collar tests. The
surfaces othe pin and collar sample were curved and have different diameters, which made it difficult to
acquire a focal length setting which worked for all surfaces. There was also a concern with parallax
effect, which occurs when the objects being viewesit dfferent distances from the camera. To

minimize these errors, a shaft lock collar of the same diameter as the collan(@pwias attached to the

pin and the focugrasaimed at the edge of the objects. The camera was also positioned in such a way so

thatthe objects being tracked were all equidistant from the camera.

Steps were taken to improve the accuracy of the software, by means of painting distinctive speckled
pattern on the pin and collar surfaces. Hnabledhe software to distinguish betweentpats in a more

consistent manner. Also, during tracking of video images, a relatively large template size was defined to
reduce noise in tracked data.

The camera was setup with a tetmnverter and a macro lens. It was positioned as close as possditae to t
specimens while maintaining acceptable focus level. This was done for the purpose of improving
resolution of the video images, hence improving the precision of the tracked displacements. One example
of such image is shown Figure4-11. The size of the image in the sample is Thr@ x 6.7mm,

corresponding with 1280 pixels x 720 pixels.
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Figure4-11: Sample of analyzed video image

To determine the accuracy of the softwareid@o of the pin andcollar sample during idle conditiomas
analyzedThe position of the pixel in x and y axes were tracRéx result is presented kigure4-12
andTable4-2. The video image analysis thed produced displacement data with lower standard
deviation compared to the clip gauge displacement measurement system by 42.4%.
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Figure4-12: Positionof tracked idle poinin x andy coordinates

. Video Image
Actuata LVDT Clip gauge Analysis
Standard deviatiori (n) 19.62 7.904 1.241 0.714
Resolution {m) 4.71 1.69 0.214 <0.1

Table4-2: Accuracy comparison tabletweerthe actuator, LVDT and the clip gauge, and video image analysis
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4.2.4. DEVELOPMENT OF AVERAG E CURVES

The intended purpose of the data obtained from pin and collanasts improve the finite element

model of the adhesive by supplying it with more accurate shear-streasstrain curvedost material

models developed for finite element packag@sdructa shear response curve based on supplied tensile
curves. Polymers such as adhesives are anisotropic and would benefit from more accurate shear stress

strain information.

A minimum of three samples were made for eamhfigurationof test resulting n a minimum of three
curves eaclStatistically significant trends were found in the resultsglach curvecquiredhas

relatively different parameter€urve averaging was done in an attempt to minimize the effects of
variance in the data test, and torbine these multiple curves to one ideal curve to be used as input for

numerical material model.

The force and displacement datareacquired by two different tools at different sampling raftesce
data was recorded lilge load cell installed on tretuator atrates 0fL000/sand2000/s.The camera
recordedvideo images which wengsed to acquirdisplacement dataherecordingrates weré&0/s (low
speed) 250/s (medium speedhd 1000/s (high speed)he two set of data were synchronized by their
timestamps. The actuator was setup in a way that the data recordiedestactly when the actuator
starts moving, this is set as tsfor the force data. An LED lighwas installed on the fixture and was
setup to glow when the actuatapved The frame ofvhich the LED lit up is recognized as the for

the displacement data.

It was not possible to visually observe the failure of the adhesive joint, and the transmitted load did not
get reduced to zero after failure initiation. This is causeithdypincontinting to be resisted by the
frictional force created by themaining adhesive layekttempts were made to pinpoint the fracture

point of the samples by identifying the:

1. sharpest decline of recorded force, and
2. steepest incline of recorded crossheeldeity

These attempts were ultimately cancelled because the two parameters did not reliably exist in every
graph. The curves acquired from samples bonded with SA9850 in particular getidnady feature any
large/sudden changes in either force or viglod@ o avoid arbitrariness, the failure point was determined

to bethe maximunforcevalue recorded

It wasobservedhat the adhesives exhibita response thatas similar to thepowerlaw strainhardening
relationship characterizedvith a smooth trangon betweerelastic and plastic regi@anThe point of

transition from elastic to plastic respongas notvisually obviousThe Rambergdsgood equation was
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developed to descrilmesimilarstressstrain relationshipThe general form of Rambef@sgood eqgation

is givenin Equationd.1, and the shear equivalent is showkguation4.2.

Equationd.1: General form of Ramber@sgood equation

-l.
r 0 | T

T
5

Equation4.2: Shear equivalent form of Rambef@sgood equation

Where
9 = Shear strain (mm/ mm)
U = Shear stress ( MPa)

G = Shear modulus (MPa)
( = Yield shearstress (MPa)
U n = Material strain hardening parameters

This equatiorwas used to determine the sheariablesfor each curveAn example of this fit is shown in
Figure4-13. A codewaswritten and compiled wittMATLABto process the data as providedTogicker.

40
35 Adhesive: DP460NS
Rate: 0.1s
= 30 _
a
£ 25 G 90.193 MPa
ga 20 U |1.98x 10
m .
E 15 P 16.398 MPa
2 -
d 10 = Qriginal Data n 12.95
= Fjtted >
5 — R 0.996
0 —
0 0.2 0.4 0.6 0.8

Shear (mm/mm)

Figure4-13: Comparison beteen original data and curve fit
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The R valueswereconsistently above.96 for every curvewith most being above.99 (Table4-4). This

indicatesan extremehgoodfit between the data and the equation selected.

For traditional steel materials, a 0.2% offset yield point is defined as the point where plastic deformation

starts. This criterionid notwork well for the acquired curvesince the shear strain valugsrelarger

than typical steel strain values by multiple magnitu@essolve this problem,aeh of the curves was
separated into elastic and plastic regions with t
parameterdenotes the yield shear stress whichifigstht he end of the elgastic regi
numbersvere averaged to produce the elastic part of the average Ginw@lastic region, whicktarted

andendedat different stress/strain values, weoemalized at 20 discrete poir(fSigure4-14) then

averaged.
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Figure4-14: Plastic responses of DP460NS at 0.1/s (Original [T], Discretized [B])
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Once the elastic and plastic reapes of each of the curvegre acquired, they were combined into one
final curve. This curve represetidealized shear strestear strain curve for the adhesive at specific

deformation rates.

4.2.5. SECTIONED SAMPLE ANAL YSIS

The shear mulusvalues for thatwere calculateftom bulk tension test[49] is presented imable4-3.
Thesevalues werecalculatedusingEquatiord.3. Figure4-15 showsthe shear modulus value for
DP460NSoverlaid on shear stresshear strain curvahatwereacquiredby Tomblin et al [166] in their
researchusinglap sheaspecimens

Shear Modulus (MPa)

DP460NS 773.05

SA9850 85106

Table4-3: Calculated values ghear modulof the adhesives

0

0 ——
¢p U

Equation4.3: Shear modulus equation
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Figure4-15: Shear stress shear strain result of DP460NS withear modulus line overla{ddapted from Tomblin
et al[166])
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Shear modulus values that were acquired fromapafcollar curve fits ag consistently lower thahé

values listed aboviey several magnitude$o explain this discrepancy, an investigatiess doneonto a

pin andcollar sample. To be able to visualize the movements of the adherends directly on the bond line,
the adhesive bahwasexposedy sectioning the sample as showrrigure4-16. To eliminate

imbalanced bending moments, the sectiomiag done on both sideghe resulting geometnyas closer

in nature to a double lap shear arranger{leigure3-2) with non-constanthickness

Random speckled pattewas sprayed onto the surface of the samplenfvove accuracy of the video
image analysisand the experimemtasrun atnominalshear rate of 0.5, whichcorrespondetb a
crosshead velocity of 0.0xBm/s[0.9 mm/min].

11mm

TOP VIEW

FRONT VIEW

Figure4-16: Sectioned sample (Schematic [T], Tested salfif]le

Multiple spots on the pin and the collar substrates were trackedrattker. Detailsabout this analysis
arepresentedn chapter4.3.1
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4.3. RESULTS

Twenty-five pin and collar samples were successfully tested at four different deformation rates. Curve
fitting wasapplied to each individual shear strsb®ar strim curve, the coefficients of whidre
summarized iTable4-4. Also shown in the last column is thé Walue of each of the curve flEad of

these curvewasplotted against itfit and can be found iAppendixC: Pin and Collar Data Charts

Adhesive Att$;?£ted Sample# G U] 1) n R2
1 90.19 1.98E04 | 16.40| 12.25| 0.9961
0.1/s 2 111.07 1.70E05 | 18.40| 23.06 | 0.9965
3 87.24 2.42E04 | 16.13| 10.82 | 0.9973
1 126.25 2.94E06 | 21.50| 20.67 | 0.9950
1/s 2 213.80 8.02E06 | 20.38| 18.34 | 0.9874
3 139.02 5.46E07 | 21.27| 25.& 0.9984
DP460NS 1 162.64 5.52E06 | 19.02| 14.83 | 0.9969
2 117.12 9.35E05 | 17.16| 11.21 | 0.9964
10/s 3 159.90 6.64E04 | 14.15| 7.83 0.9715
4 105.30 3.02E05 | 18.73| 12.72 | 0.9951
1 181.19 1.04E09 | 30.14| 43.33 | 0.9891
100 /s 2 184.51 1.91E04 | 16.43| 8.91 0.997%
3 247.53 4.47E07 | 24.20| 19.82 | 0.9977
1 89.32 4.13E03 | 11.21| 6.95 0.9987
0.1/s 2 121.86 8.28E03 | 9.82 | 6.26 0.9849
3 156.86 1.76E02 | 8.29 | 5.25 0.9974
1 144.64 2.46E03 | 12.40| 8.70 0.9939
1/s 2 199.39 3.48E03 | 11.63| 7.93 0.9973
3 136.84 1.10E02 | 8.81 | 5.36 0.9972
SA9850 1 80.87 2.63E06 | 19.13| 28.00 | 0.9614
10 /s 2 122.62 2.11E03 | 12.20| 7.63 0.9983
3 127.67 5.14E04 | 14.77| 12.47 | 0.9855
1 272.82 7.83604 | 14.19| 10.77 | 0.9944
100 /s 2 100.84 3.12E05 | 18.79| 16.53 | 0.9959
3 151.76 1.8E04 | 16.54| 11.93 | 0.9973

Table4-4: Constants of the equation fit for all data

The type of failure experienced by the sampés mostly cohesive, as determined by visual inspections
(Figure4-17). However spots of interfacial failure were observea some samples, with increased

frequency on samples that were tesitligh deformation rates.
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Figure4-17: Figures of a failed specimépin [L], collar [R])
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Figure4-18: Shear rate dependency@P460NS and SA9858s obtained from pin and collar tedbataacquired
from thick adherend lap shear test®wn for comparison as dashed liggreen: DP46BIS, purple: SA9850)

Strength of the adhesive bond increbaseh increasing deformation rat®@P460NS exhib&da higher
dependencyn deformation rate than the SA9850, as evidenced by the steeper Figgie@4-18. This
behaviour is also consistent with results acquirethimk adherend lap shear tedtgure2-4), to a lesser
degregTable4-5). This can be explained laffects ofbond thickness and geometriéfdiences.

: Shear strength increase per decade of shear
Adhesive - -
Pin and collar Thick adherend lap sheg
DP460NS 7.276MPa 2.338MPa
SA9850 2.392MPa 0.880 MPa

Table4-5: Increase of shear strengterplecade of shear rate for DP460NS and SA9850
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Every decade of increased shear rate increases the shear strength of the DP460NS by approximately
7.276MPa, and SA9850 by approximate\822MPa(Table4-5). The shear rate valuesve acquired

from the actual deformation rate measured \viloker, as opposed to the nominal values of shear rates
based on crosshead velocithe higher value afisplacement rate measured from the actuator was
attributed to compliance of test fixturghere the displacement of the actuator marefiisito

deformation of the various parts of the fixture itself, instead of into the pin and collar samples.
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Thefinal average curves are showrHigure4-19 andFigure4-20. The min/max values of shear to

failure are shown as error bars.
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Figure4-19: Average curves of DP460NS\arious shearates
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Figure4-20: Average curves of SA9850 edrious shearates
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The general trend in most polymers and other viscoelastic materials is thlag#nestrengthnd shear
modulusof the adhesive joints increasesghnincreasing deformation rate; while the amount of

defamation to failure decreasgss7].

The acquired data showed similar trend toward the shear strength of modulus with some notable
exceptiongprimarily with those tested at nominal shear rates ds@hile the defomation to failuredid

not follow a consistent pattern anmésmore sporadic in nature. Other ththe camera capture rates, there
were not any fundamental difference in technique and methodology involved among the samples tested.

Investigation othe variance of the acquired datavealedssues with the displacement measurement
system. The variation of shear moduli and shear to failure for both adhesives at respective nominal shear
rates are shown iRigure4-21. The error bars oeach chart represent 95% confidence interval.
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Figure4-21: Variation of shear moduli at various nominal shear rates (DP460NS [L], SA9850 [R])

In additionto high variancetheshear moduli values acquiragre much lowethanthe expectedralues
as presented imable4-3. Thevalues ofshear strain to failurdid not follow a consistent pattern and
exhibited high amount of varianceofternsvere raisedegardingthe legitimacy oboth the failure
indicator method anthe dsplacement measurement systainis issuds investigated into on chapter
4.3.1
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4.3.1. SECTIONED SAMPLE RESULTS

The resultingorceversuscrosshead displacemdatshown inFigure4-22. For the purpose of
investigating elastic response, points were tratleddre crossheadisplacement 0f.174mm. Forceat
crosshead displacement@fl74mmis equal to2728N, corresponding to shear stres®afsMPa.
Results fom previous chaptgustify the assumption that theaterialresponsevas still within theelastic

regionbefore this point

Region of analysis
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6000 2144
=
s
g 4500 16.08 =
(%]
g \ 2
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S 3000 e 1072 2
3
_—
[}
1500 5.36
0 0
0 0.1 0.2 03 04 0.5 0.6
Crosshead displacement (mm)

Figure4-22: Plot of forceversuscrosshead displacemeor the sectioned sanwl

Theforceversuscrosshead displacemaaimp up slope in the seatied sample veacharacteristically

lower than the ones usedprevious sectiorA plateau oforcewas observetetweercrosshead
displacement 00.32mmand0.42mm, which is uncharactgstic for DP460NSoints. Effect of

machining andjeometric differences between the regular pin and collar tests with the sectioned tests is
likely to be toosubstantiafor them to be compared to each other. For this reason, the sectioned sample
resultsis onlyused to highlight the nuancesd#formations occurring in the adhesive and adherends

instead ofacquiring propeplot of shear stress versahear strain.

Trackerwas used to trackultiple spots(three spots eaclon the pin and the collgFigure4-23and

Figure4-24) for the duratiorpreviouslyspecified.The results are shown Figure4-25.
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Figure4-25: Tracked displacements of collar [L] and pin [R] geiat various progressions
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From thisinformation, itwas observethat the displacementssidethe collarwere maximized further

away from the adhesive barahd the deformation of the pin was maximized near the adhesive bond.
This effectwasgreater intie collar than the pin, whicguggestshey received different amount of

rotational displacement$his behaviour was also observed in the numerical simuldfigarg4-26), but

to a much lesser degreethe point of insignificace The sectioned sample experienced displacements
that were not explainable by deformations during loading alonexplanation is that theectioned

sample experienceglobalrotation due to imperfect alignment ieten the fixture and the sample, and
exaggeratedocal rotation on the collar adherend due to geometric diffesdeteveerregularpin and

collar sample and this sectioned samjplas exaggerated displacement on the surface of the collar would
exaggerate the values of deformation of adhdsiyer during elastic loading, resulting in lower shear

modulivalues

F=2711N

MNodal displacement
y-direction {mm)

4.000e-03
3.780e-03 ]
3.560e-03 _|
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3.120e-03 _
2.900e-03
2.680e-03 ]
2.460e-03 _
2.240e-03
2.020e-03 ]
Pin| 1.800e-03

Figure4-26: Predicted axial deformations of pin and collar adherendgdinegtion during loading of 2711N

Furthermore, imperfecti@on the surfaces of the sample and the fixtures typicatigssitated anitial
6sett | i Duwirlythis periad,aheé sampéxperiencedmall movements, both translation and
rotation, while transmitted foraequalechonzero For the case of thisstioned sample, it can be seen
that forceramp updid not cause separation of thia and the collar untipproximatelytd6.5s (Figure
4-27). Ideally, the movements experiendadhis periodby the pin and the collavould bevery close to
equal anctan safelybe consideredegligible However deformations that were expected during elastic
deformation ofthe adhesive bon@4 pm) wes within the samenagnitudewith themovements thawere

expected duringhis settling period
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Figure4-27. Plot of force and tracked adherend displacements against time

It also follows thathe calculated value of shear modulas highly sensitive to the choice @dcation of
tracked pointsTable4-6 shows the calculated shear modulus value E3.ts based on the points that

were selectedThevariations in the calculated shemoduli confirmthe sensitivity of measurement with

respect to the positigof the tracked points.

Shear modulus (MPa)

Collar A CollarB CollarC
Pin A 39.94 47.57 64.18
Pin B 48.36 60.01 89.12
Pin C 55.12 70.79 115.16

Table4-6: Calculated shear modulus value using various tracked points

The experimenivas able taeffectivelyprove the importance dafolating the adhesive bond deformations
from theadherend deformations. Direct consequence of this information is to develop a test where
displacement measurement systaam be donéirectly at the bondThe nature of pin and colléest
geometrynecessarily conceadithe adhesive bond from sigimaking this impossible.

4.4,

The biggest challengd this experimentvasacquiring accuratdisplacement numbers. Calculating
displacement numbers from the velocity of the actuagoessitateseveral assumptions: for the pin to
stop moving as soon as force ramps up, and for the collar to move at exactly the same rate as the actuator.

Both of these assumptions have been proven to be false in this research.

DISCUSSION AND LIMIT ATIONS




The optical method to measure displacements of pin and collar samples has bessfiuduloae
consideratiorwasrequired when transforming the measured values into adhesive displacemast. It
proven that deformation of the adherends and fixture can distort the information about the joint

deformation significantly.

To accurately measushear strain in the adhesive bond, the measurements will have to be made directly
on the bondline on each of the substratdated from adherend deformatioififis is only possible with

test geometries where the bond is visually apparent such as -dlpibleearor single edge notched

flexural beam Pin and collar geometry it suitable for thiseffort. Also, the relatively thin bondline
thicknesdranslates to very small measurements, especially in the elastic region. This necessitates
equipment withvery high precision and accuracy.

While not an ideal test for measuring shear strains, the pin and collantsstudor examining the
strength of adhesive joints in a hypothetical pure shear scehasialsorelatively easy to be adapted to
highe strain rate testing using the Split Hopkinson Pressure Bar appaatiisubsampling of geometry
is straightforwardShear rate dependenaas also shown to beettercharacterisetdy pin and collar test

compared tahick adherendbp shear.

4.5. NUMERICAL S IMULATION

Multiple researcherf69, 168, 169ktudiedstress variations itubular joins and came up with analytical
solutions Martinez et a[70] in particularadapted the work dfl e m etal[69] to a pin and collar joint
over various collar thicknesséheydiscovered that the stress distribution over the length of the pin and
collar adhesive joint cane expressed Hyquationd.4.

., i Q,

Tt i —— 30—
¢ T Qa

O

Equation4.4: Distribution of shear stress across the length of a pin and collar joint, as develdyadibgz et
al[70]

Details of each coefficient can be foumd paper authored Bylartinez et a[70] and the solution of

present worksolved with MathCADg¢an be found ilAppendixF: Pin and Collar MathCAD Solution

For the present work, stress distribution inside the adhesivenasgtudiedusing solid elements

formulation.
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4.5.1. GEOMETRY AND BOUNDAR Y CONDITIONS

The geometry of pin and collar test is entirely rotationally symmetiites. means that the geometry of
the numerical simulation model can be simplified into a 2D model whichjafwed around the Y axis,
would berepresentative dahe original 3D structure. Taking advantage of this feature would decrease
computational cost by a significant amount, while losing none of the relevant infornhatiba.case of
the finite element caLSDYNA LSTC, this featurevasdefined bycreatingshell elementsentering on
Y -axis, and applying axisymmetric element formulation for the defined gigsre 4-28)

Five different mesh densitiesere used for this studgoverned by the amount of elements through the
thickness of the adhesive bond. Accuracy of the results divehenesh sizesvascompared to each
other, and onwvasselected for further simulations.

The experimenivas setup in a waguch that the collawas pushed by the test fixtur#his is represented
by applying constant velocity to the bottom nodes of the cdlta.pinwas stoppd from moving by the
top platenthis was represented in the numerical simulation by restricting the ratdbe top of th@in

from translation in the-girection

As per the experiment, four different values of velocity were applied to the bottom nodes of the collar,

corresponding to the values presentediwapterd.2.1
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Figure 4-28: axisymmetric geometry elements (full [L]; five different densities, zoomed in view [R])
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4.5.2. MATERIAL MODEL

The material model for the steel adherewdee defined simply as elastic materials, as it e@dirmed

both analytically and through preliminary FEA that the amount of force exerted on the adherends did not
cause the adherends to yield. Codtled AISI 1018 steel materialvas used, the properties of which are
presented iTable4-7.

Property Value
Density (kg/m3) 7830
Youngds modu 207

Poi ssonbds r a 0.35

Table4-7: Properties of steel adherengsed for pin and collar numerical simulation

The material model utidedto represent the adhesive layas the SAMPL model(Semi Analytical
Model for Polymer), developed by Kolling et E130] As mentioned irchapter2.7.2 this material model

has beenanfirmed to work reasonably well up to the yield point of the matdtiehg shear loading

This particulamaterialmodel requires an input of at least one tension cwitk,anyadditioral curves

will be used tgredict strain rate effect¥hree tengin curvegFigure2-2) were supplied as input for this
study, generated from a series of testslving double cantilever beanf¥9]. A shear curve acquired

from thick adherend lap shearttess also supplied as an input to improve the shear response prediction.
Figure4-29 shows the input curvder both tension and sheiarplot format LS-DYNA automatically

removel any negative tangent curve prior to solving shmulation, to eliminate potential instability.
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LCID-T input curves
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Figure4-29: SAMP-1 input curves information (Tension [T], Shear [B])

The SAMP-1 material modehas the capability ohicludng a failure criterion based aaffective plastic
strain. Thiswas utilized in this study by inputting the plastic strain to failure information acquired from
the tension tests, in the three selected strain iratégure4-29. The material input deck can beufad in
AppendixD: LS-DYNA Cards

4.5.3. RESULTS

The differentlysized mesh elements were evaluated by comparing their shear sifdésy@rsustime.
Results fronthapterd.5.4show that shear stress insithe bond is close to uniform at halfway across the
length of the bondand reached peak value at the edijdsllows that stress predictions on the edges of
the adhesive bond are more sensitive to element size in comparison to the other elemeadb asive

bond. For this reason, the shear stresses at the top edge of the adhesive bondvwedensetestedor
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mesh size convergence stuf¥ress profiles on this location on tfiee different mesh sizes are shown in
Figure4-30 (bottom) The simulations were run with the same parameters with respect to deformation

rates, end time and computational cost (e.g. numbatoeEssa, memory allotment).
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Figure4-30: Shear streson thetop adhesive element across the bond at different mesh denslags€d time to
normal terminatiofiT], shear stresat top adhesive bond elememtrsusmeshelement sizeB]

It can be seen iRigure4-30that running the simulation with mesh element size of hfbresulted in
shear stress numbers thare consistentlyvithin 10%of the valuespredicted by simulation ran with the
densest meshWith the accuracy it providedhé amount of time taken tifsh the simulation is

considered to beeasonableElement size of 0.0B1m was thereforeselectedor future simulations

The failure strains that were acquired from tension test®timanslate well intdailure shear strainsy
shear loading. Adhesavbonds, especially on epoxies that are rubber toughened, deform by a much larger

amount during shear than tensi®\MP-1 underpredicedthe failure shear strain value by a large
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magnitudeFigure4-31 shows the deformation oflaesive bond just befofailure, with maximum shear
strain value of appramately 0.063at the highlighted element.

The simulations were redo¢ different shear rategthout failure strain criterion.

Rate: s
Time: 0.216s

Shear Strain
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5.200e-02 _|
4550602 _
3.900e-02
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1950802
1300602
6.5000-03
0.000e+00 |

Figure4-31: Adhesive bondhear straimprior tofailure
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Figure4-32: Shear stresgersusshear strain FEA results at differemtminalshear rates

Although the tension strength information supplied tontiag¢erial mode(Figure4-29) linearly scald
with logarithmicstrain rate, the acquired response from a shear simu(&igure4-32) did not follow
the linear scale. The shear response at slowest deformrate (0.1/syvas equal tathe tension input of
slowest tension curve supplied (0.001/s), multiplied by 0.577. This value is acquired frawisésn

equation based on mushear conditiondquation4.6). But the shear respses at the other deformation
rates @ notfollow the same behaviour.
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Equation4.5: Von Mises vyield criterion equation
.  Vos s
” = n T[8) XHX

Equation4.6: Von Mises yield criterion equation, simplified for pure shear condition

To show the tribution of shear stresalong the length of the collar, four states were taken at different

timestampavhere the loadingvasstill considered elasti¢Table4-8). These values were acquired by

converting the values of compressiveestr oranelementwhich represergdthe top center part of the

pin. The chosen element wasfficiently far from the adhesive bond to avoid stress concentration effects.

Shear Stress (MPa)
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Collar Displacement (mm)

Figure4-33: Shear stresgersuscollar displacement of pin and collar numerical simulation
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The shear stress values at these different timestamps are givadvied-8.

w
o

Time Collar displacement| Shear Stress
0.24s 0.0036 mm 5.86 MPa
0.52s 0.0078 mm 12.41 MPa
0.76 s 0.0114 mm 18.06 MPa
1.00s 0.0150 mm 23.28 MPa

Table4-8: Shear stress values at different timestamps from FEA
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Figure4-34: Stress distribution alanthe length of the adhesive jointvarious colladisplacement values
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Figure4-35: Stress distribution along the length of the adhesive joint, according to analytical method developed by
Martinez et a[70]
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The distribution of shear stress across the length of the adhesivat jeamtous timess shown inFigure
4-34. No significant variation from the average shear stress vediséound However, a large difference
was observelletweerthe shear stress distributions predicted~ByA methods andnalytical results

developed by Martinez et B0], in both magnitude and general behavidtiggre4-34 andFigure4-35).

4.5.4. DISCUSSIONS AND LIMI TATIONS

In this particular modelling scenaritnet mesh element size coldd relatively coarseith little loss of
accuracyThe adherends are sufficiently rigm énsurenearlyuniform shear strain throughouethength

of the adhesive joint, minimizing shear strain variations.

Even though SAMPA material model was developed for polymers and has strain rate dependency factors,
it doesnot currently includevaryingmoduli of elasticity and rigidityat different rates oleformation

This can lead to inaccuracisice increasing modulus with increasing deformation rates is a trensl that
observedn many polymers, adhesives includéé7].

The failure criterion to be specifiedasacquired from uniaxial tension tests, amarked suitablyfor
tensile conditions. Adhesives deform significantly more in shear than in tension, making this failure

criterion ursuitable.

With three tesion curves as the inpuhé scaling of shear strengahdifferent rates inotlinear as

expectedMore information for the intermediate rates might improve the accuracy of results.

With present FEA software it is relatively easy to obtain the stregibdition in a cylindrical joint
However, analytical calculations are still very useful as a design tool, because it gives answers
immediately when different design parameters are tried. (e.g overlap dimensions, thickness, materials,

etc) It would be udal for the solutions for pimndcollar joint to be developed with better accuracy.
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CHAPTER 5
SUMMARY AND RECOMMENDATIONS

The mechanical response of adhesive joints in shear was investigated using two toughened structural
adhesives, three different adbied materials and several surface pretreatments. Efforts were concentrated
on observing the effect of different pretreatments on the joint performance by means of single lap shear
testing; and on acquiring more accurate shear information by means atigolkar testing. Numerical
simulations were undertaken to aid in the eventual implementation in full vehicle models to support

integration of new materials, joining technologies and designs.

The lap shear test is widely used to evaluate joint perforendne to the simple geometry of the sample,
and is useful for comparing the effect of various parameters on bond strength. This test can be used to
validate numerical implementations, although the mixedie loading and small deformations can

present ch&nges.

Samples were created using two different adhesives (DP460NS and SA9850) and two adherend materials
(aluminum and magnesium). Seven different pretreatment methods were investigated including Alodine
conversion coating (all adherend and adhesivdsjline with hexavalent chromafall adherend and
adhesives), anodization(aluminum only, all adhesives), gritblasting (all adherend and adhesives),
contamination (all adherends, SA9850 only), Bonderit& @Dminum only, all adhesives), and

Bonderite MgQ(magnesium only, all adhesives).

The joint performance was found to depend on the adherend material, adhesive type, and surface
pretreatment. In general terms, the DP460NS adhesive was found to be more dependent on surface
pretreatment compared to the B89, assessed using a statistical comparison of the measured strengths
and variability. The DP460NS provided good strength for a gritblasted surface pretreatment while the
preferred pretreatment for the SA9850 was contamination of the surface usingrey flofonicant

(Drylube E1), this is true for both aluminum and magnesium adherends. Hovested, pretreatments of
magnesium did not result in joint strength numbers that were comparable to those of aluminum.
Augmentation of the adhesive joint with secandfasteners is recommended for magnesium adhesive
joints.

Contaminating the adherends significantly increased the difficulty of manual application by decreasing
the grip of the adhesive to the adherend surface. An approach to solve this would be dteahiom

dispensing application.

Three pretreatment methods (Alodine, Alodine HC, and anodization) were applied to the adherends by an

external supplier, and variability between different lots of treated adherends was noted. Preliminary
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results showed potéal for these pretreatments to produce relatively high joint strength numbers, for
example when bonding aluminum with DP460NS. However, these results were not reproducible,

attributed to variability in the surface pretreatment. Further investigatioodsreended to address this
variability for Alodine conversion coatings and anodization to produce joints with strengths that are

higher and more consistent.

Gritblasting was identified as a reliable technique for preparing aluminum for bonding with DP460NS,
determined by the relatively high joint strength (average of 21.8 MPa) and low variability (standard
deviation of 1.36 MPa) compared to other methods. Gritblasting was also identified to be the pretreatment
which produced strongest (average of 7.1 MPd)raast consistent (standard deviation of 0.5 MPa)

bonds with magnesium adherends among the other pretreatments tested.

Having a thin coating of contaminant in the form of metal forming lubricant on the adherends was proven
to increase the strength and smtency of the bond with SA9850 adhesive. This is true for both

aluminum (average of 25.4 MPa and standard deviation of 2.0 MPa) and magnesium (average of 19.2
MPa and standard deviation of 0.8 MPa).

The joint strength numbers from Bonderite’@d Bonerite MgC conversion coatings (manufactured

by Henkel, Germany) were not determined to be comparable to gritblasting and contamination. On
aluminum samples that were prepared with Bonderite € joint strength numbers are 9.9 MPa for
DP460NS and 19.5 Ph for SA9850. For magnesium samples that were prepared with Bonderite MgC,
the joint strength numbers are 5.8 MPa for DP460NS, and 15.3 MPa for SA9850. However, these
conversion coatings were cut to size after the pretreatment was applied, which wasalrfor itesting, as

the cutting process might introduce chipping and peeling in the coatings. These materials were of
different alloy to the other previously mentioned configurations, and the magnesium was of different
thickness. In addition, the amourfttione that passed between adherend treatment and bonding procedure
was not controlled. These issues prevent direct comparison between the Henkel conversion coatings with

the other pretreatments.

A statistically significant effect of time between coatargl bonding was found only on samples
pretreated with Alodine HC. However, in some cases the high variability of strength values and the low
number of samples tested for some configurations resulted in wide confidence intervals. Future research

should consler a larger number of test samples for specific pretreatments of interest.

Environmental exposure tests were conducted by means of exposing lap shear joints to a salt spray in an
enclosed chamber (ASTM Standard B117). Lap shear joints prepared withNl$dgDnot show any

significant reduction in strength when exposed for 330 hours. The samples prepared with SA9850
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demonstrated a reduction in strength following salt spray exposure for aluminum adherends exposed for
330 hours. This is demonstrated on skm@assembled with gritblasted (19.4 MPa reduced to 11.0 MPa)

and contaminated adherends (25.4 MPa reduced to 8.5 MPa).This effect was not assessed for magnesium
adherends since they were significantly corroded after only 24 hours of exposure dueitasignétal

loss.

This study also investigated the applicability of numerical methods to predict the response and failure of a
lap shear test sample using cohesive elements to represent the adhesive. The shape and loading behaviour
were found to be compadie but accurate comparisons with experimental data could not be made as the
model predicted exaggerated strain to failtaltiple studies have concluded that the most directly

relevant input variable regarding strain to failurg @ppossessed a stroogrrelation with bondline

thickness, in the sense that lowgiQ3ralues are expected for thinner bonds. Th€ alues were

calculated from thick adherend lap shear tests where the bondline thickness was 1 mm, while this present
study uses lap sheaiits with bondline thickness of 0.178 mm. Lower value pE®vas therefore

expected for this present study, which would result in lower predicted strain to failure.

Pin and collar direct shear tests were conducted on gritblasted steel adherends gatievkstresponse
and failure of adhesive bonds in a pure shear condition over a range of deformation rates. The nominal
target deformation rates was16to 16/s; however, the actual deformation rates achieved were between
4 x 10%s and 14/s. The ge@try was beneficial to investigate aspects such as different adherends,

bondline thickness, and deformation rate effects.

Accurate displacement information is important for acquiring complete shear characterization data.
However, typical adhesive bond thieess (~0.15mm) makes deformation measurement challenging due

to deformation of the test sample. For the case of DP460NS joints, the elastic defomation was expected to
be on the order of 4m, and failure to occur within 15m. It was concluded that the pin and collar test

was not conducive to accurate deformation measurements, partly due to the nature of its geometry which
conceals the adhesive bond from direct observation. Measureraartis taken close to the bondline, as

was done in this research, but this data was still affected by the deformations of the adherends themselves.
It is also problematic to identify the precise point of failure for these joints, as they cannot be ddtermine

visually and frictional forces inhibits a significant drop of transferred load at failure.

The video image analysis method produced displacement data that were more accurate in comparison
with traditional methods of displacement measurement (e.g. cpaclrg displacement gauge). This

study showed that accuracy of the optical method was highly dependent on the locations of the tracked
points on the test sample. A numerical model of the pin and collar joint was developed using a solid

element formulatiorwith a constitutive material model designed specifically for polymers including the
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effect of strain rate on material strength. Another is the assumption of asymmetry in the material, which
permits multiple forcalisplacement inputs on the varying modékading, as opposed to interpolating

them strictly from tension information. Shear characterization studies can benefit more from using
geometries where the adhesive bond is exposed, such as a double lap shear test or edge notch flexural
tests. Exposeddhesive bonds would allow for direct measurement on the adhesive bond, isolated from
adherend deformations, via the developed optical method. However, other methods such as those noted
above are not conducive to high deformation rate testing, which issaggdor complete

characterization of a material.

Although not ideal for displacement data acquisition, the pin and collar test is conducive for studying the
effect of deformation rate to adhesive joint strength. It is easy to conduct on common tasdrigslso
straightforward to adapt to higher rate test apparatus, such aki@m#ihson Pressure Bar. The scatter in

data acquired was relatively small, and the relationship between deformation rates and the failure strength
is much more accurate coamgd to results acquired by the thick adherend lap sheantess. observed

that DP460NS and SA9850 exhibited higher strength at higher deformation rates. The shear strength of
DP460NS (increase of 7.3 MPa per decade of shear rate) was found to atesependent compared

to SA9850 (increase of 2.4 MPa per decade of shear rate).

In this study, joint performance was measured using single lap shear joints to assess different adherend,
surface pretreatment and adhesive combinations. The pin andesitaprovided insight into adhesive

bond response during shear loading at various rates, including those associated with vehicle impact
scenarios. In general terms, the numerical simulation studies conducted in this research were able to
provide insightmto the adherend and adhesive bond response during various loading conditions. Issues
with specific cases were identified, and suggestions for future efforts include additional testing to provide
accurate measures of properties such as fracture enerfgilare strain. The information gathered from

this study will ultimately aid the implementation of structural adhesives in-maltrial lightweight

vehicles.
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APPENDIX A: TECHNICAL DATA SHEETS

Adhesive: DP460NS

Scotch-Weld™

Epoxy Adhesives
DP460 Off-White » DP460 NS

Technical Data

Product Description

IM™ Scotch- Weld™ Epoxy Adhesives DP460 Off-White and DP460 NS are high
performance, two-part epoxy adhesives offering outstanding shear and peel
adhesion, and very high levels of durability.

Features

* High shear strength * Controlled flow
* 60 minute worklife

* Non sag (Scotch-Weld DP460 NS)

* High peel strength
* Outstanding envirenmental performance

* Easy mixing

Typical Uncured
Physical Properties

MNote: The following technical information and data shoubd be considered representative
or typical only amd should not be used for specification purposes,

Scotch-Weld Scotch-Weld
Epoxy Adhesive Epoxy Adhesive

Prod uct DP460 Off-White DP460 NS
Viscosity (approx.) Base 20,000-50,000 cps 150,000-275,000 cps
@ 73%F (23°C) Accelerator 8,000-14,000 cps 8,000-14,000 cps
Base Resin Base apaxy apaxy

Accelerator aming aming
Color Base white white

Accelerator amber ambar
Net Weight Base 9347 9347
Lbs./Gallon Accelerator 8.89.2 8.889.2
Mix Ratio (B:A) Volume 21 21

Weight 2:0.95 2:0.95
Worklife, T3"F (23*C) 20 g mixed 60 minutes &0 minules

10 g mixed 75 minutes &0 minutes

5 g mixed 90 minutes &0 minutes
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Scotch-Weld™
Epoxy Adhesives
DP460 Off“White » DP460 NS

Typical Cured Note: The following technical information and data should be considered representative
Thermal Properties or typical only and should not be used for specilication purposes,
Product AM™ Scoteh-Weld™ AM™ Scotch-Wald™
Epoxy Adhesive Epoxy Adhesive
DP460 Off-White DP460 NS
Physical
Color Opaque, off-white Off-white
Shore D Hardness 75-80 78-B4
Thermal
Coefficient of Thermal Below Tg 50 x 10 T4.44 x 105
Expansion Above Tg 158 x 105 166 x 10=
{indin~C)
Thermal Conductivity 0.104 0.104
(btu - FLALZ - hr. - *F ) @ 45°C
Electrical
Digtactric Strength (ASTM D 149) 1100 volts/mil T2T volls/mil
Volume Resistivity (ASTM D 257) 2.4 x 10" ghm-cm 3.25 x 1015 ghm-cm
T}'pical Curing Note: The following technical information and data should be considered representative
Characteristics or typical only and should not be used for specification purposes,

Rate of Strength Build-Up

Aluminum, Overlap Shear (7 mil Bondline) (ASTM D 1002-72)
Bonds Tested at 73°F (2320)

Scotch-Weld Epoxy Adhesive DP46l Off-White

Time in Owven Cure Temperature

T3*F (23°C) 120*F" (49*C) 140°F" (B0*C)
30 min. — =50 3000/60=
60 — 1300 4500/60°
90 — 4300/60° —
2 h. — 4400/80F 4800
3 — 4800060 —
5 400 — —
& 1000 — —
7 3500 — —
24 4000602

Scotch-Weld Epoxy Adhesive DP460 NS

Tirme in Owen Cure Temperature
T3°F (23°C) 120%F" (49*C) 160°F" (71°C)

15 min. — - 4860
30 — 10 5250
&0 — 2800 5300
2hr. 1 5050 5470
kS 46 5400 5320
6 470 5570 5140
4 4500 - 5210

TThis repesans Hie aven lempaeratura o which ha bonds ware subjpctad far Fie prescaribed time . The averaga bandine
fternperature during fie cure e will be somewhal lower fian e oven lempas i

IThe walue in S denamina or is the apectad minimum 73°F (237°C) Toesl stranglh {piw] measurad afer e indicaled

oure e

MOTE: Tha data in Sz Techrical Data Sheal wam ganaratad using the 3™ EPX ™ Agplca ior System aquiggped with
an EPX sta e mixer, according ta manucturers direc fons. Tharaugh hand-rmindng will aford compamble resdis.

L.
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Scotch-Weld™

Epoxy Adhesives

DP460 Off-White » DP460 NS

Storage Store products at 60-80°F (15-27%C) or refrigerate for maximum shelf life.
f B

Shelf Life These products have a shelf life of 15 months in original containers.

Precautionary Refer o Product Label and Material Safety Data Shest for health and satety information before using this

Information " product. For addiional health and safety information, call 1-800-364-357 T or (&51) 737 -6501.

For Additional To request additional product information or to amange for sales asdistance, call ol free 1-800-362-3550

Information or vigit w3 M.comfadhesives. Address comespondence o 3M Industnal Adhesives and Tapes Division,
Buisding 21-1W-10, 900 Bush Avenue, 5t. Paul, MM 55144-1000. Our fax numberis 651-7 784244, In
Canada, phone: 1-800-364-3577. In Puerio Rico, phone: 1-T87-750-3000. In Mesico, phone: 52-70-04-00.

Product Use Allstalements, technical informafion and recommendations contained in fhis document ane based upon
tests or expenience st 3M believes are reliable. However, many faciors beyond 3MS conrol can affect
the use and performance of 2 3M product in 2 particular spplication, including the conditions wnder
wihich the product is used and the fime and environmen tal conditions in which the produdt is expecied to
perform. Since these faciors are uniguety within fhe user'’s knowledge and control, it is essenial that the
user evaluste the 3M product o determine whetherit is fit for & parfodsr purpose and suitahls for the
user’s method of application.

Warranty and Uriess siated othensise in 3MS product ierature, packaging inserts or product packaging for individusl

Limited Remedy

products, 3k wamrants that each 3 product mests the applicable specifications at the time 3M ships e
product. Individusl products may have additional or different wamanties as stated on product ierature,
package inserls or product packages. 3M MAKES NO OTHER WARRANTIES, EXPRESS OR IMPLIED,
INCLUDING, BUT MOT LIMITED TO, ANY IMPLIED WARRANTY OF MERCHANTABILITY OR FITHESS
FOR A PARTICULAR PURPOSE OR ANY IMPLIED WARRANTY ARISING OUT OF A COURSE OF
DEALING, CUSTOM OR USAGE OF TRADE. User is responsible for determining whether the 3M product
15 fit for & parfcular punposs and suiisble for user's application. If fhe 3M product is defecive within the
wiamanty period, your exduave remedy and 3M's and seller’s sole obligation wall be, st 345 option, to
replace the product or refund the purchase price.

Limitation of Liability

Industrial Business

Industrial Adhesives and Tapes Division

Except where prohibiied by law, 3h and seller will not be lable for any boss or damage anising from the
30 product, whether direct, indirect, special, incidenial or consegquential, regandiess of e legal theory
asseried, including wamanty, contract, negligence or sinct Bability.

fLmcs oooT g
This Incusial Jdhesives. and Tapes Divsion product was. manufachued under a 30 quality syshem regisiened o 150 5001 standards.

®

Mecyeded Pogrer
AP presconsumer
105 posiconsumer
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Adhesive:SA9850

Impact Resistant Structural Adhesive SA9850

Preliminary Technical Data Sheet November 2012
General IM™ Impact Resistant Structural Adhesive SA9850 15 a one-part epoxy fomulated for steel
Deseription and aluminum body-in-white joint honding applications involving high draw lubricant coated

weights. Itis toughened, designed for impact resistance and can be welded through. I is
designed to cure in typical e-coal cyeles (minimum bake s 10 minutes at 155 °C and
maximum bake is 60 minutes at 190 2C),

IM Impact Resistant Structural Adhesive SA9E50 is an adhesive product designed 1o excesd
the specifications of the world™s antomakers. It is available on a limited basis for evaluation in
qualified applications. To discuss potential applications, please contact 3M Automotive
Division Technical Service.

Product Compatible with significant coating weights of draw lubricants of several varieties,
Features including dry lubricants

e Excellent environmental durability (o heat, humidity, salt water, solvents)

+  Robust structural bonding performance; including untreated substrates

¢ Excellent shear and impact peel performance over a wide service lemperatune range

(-40°C 1 BOPC)
+  MNon-sag adhesive with washout resistance
«  Compatible with automated application processing

Physical The product is purple in color and remains purple throughout the bake cyele. It has a high

I"mp.ertieﬁ viscosily at room temperature that decreases when heated. To aid in hand dispensing, we
recommend heating up to 45°C.

Storage and When stored frozen, allow W thaw for up 1o 36 hours al room lemperature in the unopensd

Handling packaging. Do not open the container until the product has warmed 10 room temperature. The

thaw time will vary based on container size. Onoe the container is opened, it is recormmended
the product be stored in a plastic bag with desiccant o minimize any humidity exposure when
nol in use.

Dispensing Equipment:
Cartridges can be dispensed manually: follow instructions included with the applicator. To aid
in hand dispensing, we recommend heating up 1o £5°C.

Clean-Up:
Uncured adhesive can be removed by semping with a putty knife or similar 1ool. For cured
material, remove by culting or sanding

Shelf Life I month when stored at room temperature 23%C +~ 29C in the unopened original packaging.
6 months when stoved at -187C or below in the unopenad original packaging.

108



Preliminary Technical Data Sheet

IM™ fmpact Resistant Structural Adhesive SA9850)

Page 2

Performance The follow ing table contains typical performance properties.  Speci fic performance is

Properties dependent upon process conditions, metal type and thickness, and oil used.

Test Test Condition Underbake — 155°C for 20 Overbake — 190°C for 70 min
min (MPa unless labeled) (MPa unless labeled)

Lap Shear (IS0 43587} RT 16.5 17

Lap Shear (IS0 4587) B0rC 12 13

Lap Shear (IS0 4587) -40°C 19* 19*

Lap Shear after 10 days RT 15 16

at 40°C | 1009 RH

T-Peel (ASTM D IETH) RT 200 MI25 mm 225 W25 mm

Wedge impact peel RT 28 Kmin 30 K/min

(IS0 11343)

Wedge impact peel -40°C 20 Nimm 25 Nimm

(150 11343)

*Metal failure

MNotes:

L. Al cowpons were ACT HDG GT0 70U Unpaolished Steel. Ol used was Quaker FERROCODTE® 6 1A-US with a

mederate coating weight.

2. All Lap Shear tests measured on 25 4 mm x 1016 mmx 76 mm coupons wsing 12,7 mm over-lap bonds. Thickness of
the bond line was 020 mm. Crosshead speed was 12,7 mmdmin.
3. All T-peel tests measured on 25,4 mm x 203.2 mm x .76 mm coupons. Thickness of the bond line was 0.20 mm.  Pull

spoed was S0 mmdminute.

4. All wedge impact test coupons were 20 x 90 mm, steel, with a bond flat of 200 30 mm, “symmetric wed ge™
configuration. Thickness of the bond line was 0.20 mm. An impact head drop rate of 2 més was used.

Test Test Condition 'mc““rﬁ;z&'r'n'_':;?"’“
Lap Shear (SAE J1523) - aluminum RT 19

Lap Shear (IS0 4587) - aluminum BOPC 14

Lap Shear (IS0 4587} - aluminum -30°C 19

Lap shear afier 500 hour salt spray exposure (SAE J1523) - BT 19

24 hr test specimen recovery lime — e-coaled panels

Lap shear after 500 hours in 98 4+~ 2% RH, 25°C envimonment BT 17
(CTUS) — e-coated panels

T-Peel (ASTM DIET6) RT 250 N/25 mm
Wedpe impact peel (150 11343} RT 25 N/mm

MNotes:

l.  All coupons were 611 | aluminum. A moderate coating of dry lubricant, Dry Lube El, was applied to the substrate.

2. All Lap Shear tests measured on 25 4 mm x 10 16 mm x .76 mm coupons using [2.7 mm overlap bonds. Thickness of the
bond line was .20 mm. Cresshead speed was 12,7 mmfmin.

3. All T-peel tests measured on 25,4 mm x 203.2 mm % .76 mm coupons. Thickness of the bond line was 0,20 mm. Pull speed

was 5 mmy'minute.

4. All wedge impact test coupons wene 20 3090 mm, 6111 aluminem, with a bond fla of 20 % 30 mm, sy mmetric wedge™
configuration. Thickness of the bond line was 0.20 mm. An impact head drop rate of 2 mds was used.
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Preliminary Technical Data Sheet
IM™ Impact Resistant Structuval Adhesive SA9850

Page 3
Contact The data presented in this preliminary data sheet are best estimates for the current product
Information construction being scaled up. This product 15 still considered in scale up and changes in

product construction or process conditions may occur that can cause subsequent changes in
product characteristics or performance. User should not make any business plans in reliance
upan the future availability or the current properties of this product.

For more mformation, and help selecting a 3M product for an application, please contact vour
IM technical service representative.

FERROCOTE is a egisterod trademark of Quaker Chemical Comporation.
3M iz a trademark of 3M Company.

Technical vt The technical nformmation, recommendations amd other satemenis contained in this document ane based upon ksis or
experience that 3M believes are neliahle, but the accurscy or completenes of such information is nol guarsmieed. Prodwet Use: Many (actars
beyond 30 s control and unigquely within user's knowledge and control can aileet the use and performanes of @ 3M productin a particular
application Ciiven the variety of actors that can alTect the we and perfomance of a 3M produc, user i3 solely responsible for evaluating the 3M
praduct amd determinmg whether it i3 [ Tor & particular purpose and suitable for wier's method o application.

Warranty, Limited Remedy, and Disclaimer: Unbess an additional warsniy & specilically aated on the applicable 30 product pockaeing or
pracuct ieratune, 36 warranis Ul cach 3M product moes the applicable 3M product specilication 31 the time 30 ships the product. 380
MAKES MO OTHER WARRANTIES OR CONDITIONS, EXPRESS OR IMPLIED, INCLUDING, BUT NOT LIMITED TO, ANY IMPLIED
WARRANTY ORCONDITION OF MERCHANTABILITY OR FITHESS FOR A PARTICULAR PURPOSE OR ANY IMPLIED
WARRANTY QR CONDITION ARISING OUT OF A COURSE OF DEALING, CUSTOMOR LEAGE OF TRADE. 11 the 3M product doss
ol o faran o this warsanty, then the sole and exclusive remedy 13, @ 3M's option, replacement ol the 3M praduct or relund ol the purchase
price.

Limitation of Lialility: Except where prohibited by law, 30 will not be Lable for any loss or dansge arsing Prom the 3M product, whether

direet, mdinect, spocial, mcidenal or conssquential, regard less ol the legal theory ssered, including varramty, conirecl, neg ligenos or sircl
liatility.

™ ®

Automaotive Division

3M Center, Building 223-15-02 ISOVTS L6049 2002
St Paul, MM 35144-1 000 File Mo, A2109
www M eom/fmnio soluticon s a0 3M 2012

1-80D-32E-1684 Printedin L1L5.A.
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Pretreatnent Alodine 1200

Genke)

Surface

Technologies

Translation of the German Technical Process

Bulletin

Alodine® 1200
two component brush-on

process

Yellow chromating of aluminium

Fields of application:

Process components:

Coating bath make-up:

26-08-2002

Alodine® 1200 is a two package chemical used to produce a protective
coating on aluminum which ranges in color from light indescent golden
to tan. The process is operated at room temperature. The coating
produced minimizes corrcsion and provides an improved bond for
paint.

Alodine® 1200 is used in an immersion, sprRy and brush-on

application. This Technical Product Bulletin is valid for a brush-on
proCess.

Alodine® 1200 is divided in two components:

Alodine® 1200 A - liquid, chromic acid containing component
Alodine® 1200 B - powder, fluoride containing accelerator

Mitric acid (62 %)

For the preparation of 101 of the Alodine® 1200 coating solution add to
T I'water under stiming:

Alodine® 1200 A 0,27 kg
Alpdine® 1200 B 0,17 kg
Alodine® 1200 -1-
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Operating conditions:

Process sequenca:

Clean/Pickle:

Rinse:

Chrom ating:

Rinse:

Drying:

pH-Adjustment:

26-08-2002

Mitric acid (62 %) 0.04-007 kgor
30 - 50ml

After complete dissolution fill up with water to 101,

Do not premix the two components before adding to the bath. Add
each component seperately to the bath solution!

pH 13-17
Temperature 20-40°C
Time 20 - 180 sec.
Operation Mo. 1 Clean/Pickle
Operation No. 2 Rinse
Operation No. 3 Chromate with

Alodine® 1200
Operation No. 4 Rinse
Cperation Mo. 5 Dry

Products of the Primalu® typ are used for cleaning/pickling. Check
back with their data sheets.

The clean surfaces are thoroughly insed with cold tap water.

The wet surfaces are treated for 15 sec. to 3 min by brushing on the
Alodine® 1200 solution with a acid proofed sponge or a soft brush. The
surface must stay wet all the time. Too long treating time or a too high
concentrated Alodine® 1200 solution will result in layers which are
powdereous and can be wiped off. Too low tempemtures of the
solution and/or substrate inhibit the coat formation.

In case of having achieved powdereous coats these layers should be
washed off with a soft sponge and much water. The remaining firmly
sticking layer is suitable as a coat for subsequent painting.

The chromated surface is thoroughly rinsed with cold tap water.
The FMT during the drying should be kept below 100 *C.
A high pH can be readjusted by adding nitric acid and a low pH by

adding caustic solution (5 %).
Required pH: 13-17

Adodaned 1200 -2-
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Remarks:

Caution:

Equipment and chemicals
for the analysis:

The tank material containing Alodine® 1200 should be made out of
rigid PVC (free of plasticisers) or austenic steel (type 1.4571).

Hooks and basket will have to be made out aluminum, rigid PVC (free
of plasticisers) or austenic steel.

Spraying systems, pumps and heat exchangers have to be made out
of stainless steel (type 1.4571).

Bathes of Alodine® 1200 as well as its rinsing bathes are not to be
discharged into the public sewage system without prior detoxification
and neutralization.

Alodine® 1200 A contains chromium trioxide!
Alodine® 1200 B contains flucrides.

Wear

- Eye goggles

= Rubber gloves

- Acid resistant wear

= Awvoid contact with skin
- Provide air circulation

pH-meter

The expiry date of the product is given on the packaging labels.

The expiry date of the product is given on the packaging labels.

This information is based on our current level of knowledge. [t is given in good faith but it is not intended to guarantoe any
particular propertics. The uwsors must satisfy themsehoes that there are no cilcumstances requiring additional information or
procautions or the verification of details given hercin.

Hankal Oberfliachantechnik GmbH
40191 Dilssalkdarf

Telalon =49 211 797 3000
Talalax 49 211 798 3636

Revison date: 19-04-200 1

26-08-2002

Harkal Taroson GmbH Hankal Oberfiachanechnik GmbH
Postfach 10 56 20 Geschaftsainhait Wassarbahandiung
§9048 Haidalbarg D-40181 Dilssaldard

Talalon +496221 704 0 Talefon #49 211 797 9190

Talalax +498221 704 808 Talatax +49 211 798 2262

Adodaned 1200 -3-
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PretreatmentAlodine 5200

Type of Bulletin:  Technical Process Bulletin
Product Tite: ALODINEE 5200 - Dry-in-place
Product Yiew:

Descri ption: Nen-chrome conversion coating

Status: complete

Technical Process Bulletin

Technical Process Bulletin No. 236182
This Eewvision: O05/01/2006

ALODINE® 5200 - Dry-in-place
Hon-chrome conversion coating

l. Introduction:

ALODINE 5200 treatment iz a chromium free product and specifically
formulated for treating non-ferrous alloys. Spray or immersion application
may be used. The process provides an excellent base for bonding of
adhesives and organic finizhes.

2. Operating Summary:
Chemical: EBath Preparation per 100 gallons:
ALODINE 5200 1.% to 7.5 gallons

{use concentration is surface
configuration and

metal dependant)

Operation and Control (Einsable):

Concentration* {points) 27 to 7.8

Time* (zecondsz} 5 to 30 seconds
pH* 2.0 - 3.5
Temperature*(” Fahrenheit) 70" to 100°F

a

The actual control ranges used are application specific and will be
establizhed

throwgh application testing.

3. The Process:

The complete process sequence normally consists of the following steps:

A, Alkaline or Acid clean
E. Water rinse
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. Water rinse (optional)

0. Deoxidizer (optional)

E. Water rinse

F. D.I. water rinse (deszsired)

G. Alodine 5200 dry-in-place conversion coating

4. Materials:

ALODINE 5200
pRRCOLEME® 95E Defoamer (only if reguired for spray)
Testing Eeagents and Apparatus

5. Eguipment

Process tank, housing, pumps and piping should be fabricated from 31&6L or
I04L stainless steel or polypropylene. The 3161 being preferred for
maximum tank life. A secondary choice is 316 stainless steel fabricated
with approved welding technigues or CPVWI plastic.

Heat exchanger plates or other heating devices should be polished 316L
stainless steel. All process circulation pump seals, valve seats, door
seals, etc., which come into contact with the process solution and
occasional acid eguipment cleaners, should be EFDM, Viton™ or Teflon™.

Chemical feed pump parts and other elastomers which may come into contact
with the concentrated replenishing chemical should bhe EPDM, Viton or
Teflon.

Support equipment available from Henkel Surface Technologies for this
process includes: chemical feed pumps, level controls, transfer pumps and
bulk storage tanks.

dur sales representative should be consulted for information on Henkel
Zurface Technologies automatic process control equipment for this process
and any additional guestions. In addition, the "Henkel Surface
Technologies Eguipment Design Manual" may be consulted.

211 equipment which will be in contact with ARLODINE 5200 or processing
solution should be thoroughly cleaned prior to use with the process. This
includes such items as chemical metering pumps, solution tank, spray
nozzles, spray zone shields and housings. Our representative will supply a
recommended clean-out procedure which may be followed.

5. Surface Preparation:

Cleaning:

£11 metal to be treated with the processing solution must be free from
grease, o0il and other foreign matter before the treatment. Deoxidizing or
metal activation may be needed. & complete line of cleaners is available
and pur representative will recommend the proper one for each installation.

Water Rinsing:
After cleaning, the metal must be thoroughly rinsed with water. The rinse

should be overflowed continuously at a rate which will keep it clean and
free from scum and contamination. D.I. or R.O. fipnal rinsing is
recommended before conversion coating.

7. Treating with the ALODIHE 5200 Processing Solution:
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Euildup:

Eecommended buildup i=s 1.5 to 7.5 gallons of ALODIME 5200 per 100 gallons
of processing solution wolume. Higher concentrations may be reguired in
roll applied applications.

Fill the tank about three-fourths full with D.I. water. Add the proper
amount of ALODIHE 5200 and then add sufficient water to bring the solution
up to the working lewvel. Mix thoroughly and heat to the operating
temperature. PARCOLENE 95B Defoamer may be used in spray applications. If
bath foams, add 0.1 ounce per 100 gallons of PARDOLEME 95E until foam
subsides.

Jperation:
Time: 5 to 30 seconds
Temperature: Ambient to 100°F

The szolution concentration may be increased or reduced to meet specific
linre conditions. Our representative will assist in establishing the proper
conecentration.

Eeplenishment:
ALODINE 5200 Makeup will be used for replenishment, deperding on the
surface area of metal and type of work processed.

Dey=In-Place solutions and coatings by their wery nature must remain free
from contamination. 8&s a result proper line design to minimize
contamination must be used or the dry-in-place treatment must be freguently
replaced.

4. Testing and Control:

Mever pipet by mouth, use a pipet filler.

Concentration:
The concentration of the treatment solution is determined by a simple
titration.

Since this is a reverse titration, the treatment bath is used to titrate
the solution prepared below.

bipet (or discharge from a buret) exactly 10 ml of Titrating Solution 15
into a 150 ml beaker, add 50 ml of water, then 5 ml of Eeagent S5olution 44.
The endpoint for this titration is reached when the purple color completely
disappears resulting in a clear or slightly brown solution.

The concentration may be determined from the following table:

Titration Concentration %
{ml} by wolume
0 1.5
T 2.2
T 3.0
T 4.5

L &.0
T - 7.5

MOTE: The greater the concentration, the lower the number of mls (points)
of titration.

116



pHE_Adjustment:

¥hen ALODINE 5200 is used as a dry-in-place coating no pH adjustment is
desirable. If the pH riszes above 3.6 - 3.8 contamination is occurring and
the bath should be discarded.

9. After Treatment:

Drying:

The treated metal surface must be dried as guickly as possible to ensure
uniform deposition of the coating. The dry-off-unit should be sufficient
to remove water, but must not physically disturb the deposited wet £ilm.

Oneoe applied, the treatment solution £ilm must be properly disturbed hefore
it has completely dried. Care must be taken to avoid physical contact with
the metal before the film has dried.

10. Storage Beguirements:

ALODINE 5200 should be protected from freezing. If the chemical is frozen,
it will be irreversibly damaged and should not be used. ALODINE 5200 may
precipitate if stored at temperatures below 40° or above 100" Fahrenheit.
The product must be stored between 40° and 100" Fahrernheit. If exposzed to
temperatures outside that range for short periods, the product should he
immediately returned to the proper temperature and stirred.

11. Waste Disposal Information:

Applicable regulations covering disposal and discharge of chemicals should
be consulted and followed.

Dizposal information for ALODIHE 5200 is given on the Material Safety Data
Sheet .

The processing bath is at pH 3 to 4 and contains fluorides. Waste
treatment and neutralization may be reguired prior to discharge.

12. Precautionary Information:

When handling the chemical product uwused in this process, the first aid and
handling recommendations on the Material Safety Data Sheet for the product
should be read, understood, and followed.

The processing solution is acidic and may be irritating to skin and may
cause burns to eyes. Avoid contact with skin and eyes. In case of contact
follow the recommendations for contact given on the Material Safety Data
Sheet for ALODINE 5200.
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Testing Eeagents and Apparatus
(Order only those items which are

Code Quantity
ES2462 L ... iaaan 2N s aaaaas
........... P
IS T 2N s asaaas
585345 L ... ...... 1
SEIABD L. B
E@3842 ...l 2.5 L ...,
522428 ..., 1.0 L ...aa.n.

* Includes one more than actually

not already on hand)
ltem

Beaker, 150-ml

Buret Assembly, 25-ml Rutomatic

Pipet, 10-ml Volumetric

Bipet Filler

Plastic

Pitcher, Graduated,

Eeagent Solution 44 (50% H 504

Titrating Solution 15 (0.042H EMnO,)

required, to allow for possible breakage.

EEegistered trademark of Henkel Corporation.

Henkal Tednaloges

200 S =on Highway
Madison Heighes, M 48071
Telephorne 2485850300
Faw 2485032905

Henkal Technologies:
X100 Srepherson Highway
Madison Heights, M1 48071
Telephona: 248 5832300
Fanc 248 583 2597 6

Stand voim: gedruckt am : 01 82006

“The information presented henein is our infemmetaton of cortain test results and Seld experienos
to date. This information & not to be taken a5 wal ar
legal resporsibiisy, nor as pamMission o recommen
withaut a licomsa. R is ofamed saay for your comsideration, imvesigalion and wenfication” &
Henkel Copomatian.

taian for which we asumes
on 10 pracics any patented imeendon

“The information presented hamein is our inerprataiion of carkain test resulis
ard fisld experiencs todate. This information isnaot i b taen aswarmanty
or mpresenaion for which we assume legl responsbility, nor as
PETISSON O recommendation 0 pacics any potened irsendon withow! a
icensz. K is offered solely for yow cmsideraton, imeesdigation and
wenfication.” & Henkel Comparation .

‘Verborgene Felder: 3Parker Amchem

Form Revised 04 June 2001
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APPENDIX B: LAP SHEAR DATA CHARTS

PretreatmentAlodine (Test matriy
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PretreatmentAlodine (Investigation

Aluminum 6061T6

DP - Alum - Alodinelnv SA - Alum - Alodinelnv

30 30
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PretreatmentAlodine HC

Al

uminum 6061T6
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PretreatmentAnodization

Aluminum 6061T6
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PretreatmentGritblasting
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PretreatmentContamination

Aluminum 6061T6

SA - Alum - Contaminate
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