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Abstract

The Corporate average fuel economy (CAFE) standard set by the National Highway Traffic Safety
Administration (NHTSA) has prompted automotive manufacturers to produce increasingly fuel efficient
vehicles. Lightweighting of vehicle structures to reduce carbon dioxide emissions can be enabled by
advanced materials such as hot stamped-hittastrength sté€UHSS), but requires new joining solutions

for integration in future mukimaterial structures. Structural adhesives enable smaiterial joining, and

have been used to enhance the joint performance for-manerial structures to achieve improved joint
strength and stiffness. However, implementation of adhesive joining for hot stamped UHSS requires an
appropriate surface treatment to maximize the joint strength and to address delamination of the brittle

intermetallic coating formed on the steel durimggessing.

The present study investigated adhesive joining"Bvhpact Resistant Structural Adhesive 7333,"8M
Canada Company) of a hot stamped UHSS (Usibor®-BR)ArcelorMittal Dofasco) using three surface
preparation technigues: degrease usingoaee(ACE), gritblast (GB) treatment, and adhesion promotor
(AP) treatment following griblasting. Three hot stamping thermal treatments were considered with three
guenching die temperatures: room temperature (RT), 400°C, and 700°C, which varied thieeyigtth of

the steel, and created some differences in the morphology of the intermetallic chagéirayerall work
examinedthe surface treatmentfor adhesive joining ofhot stamped UHSSintermetallic coating

delamination mechanism and the adhesiiariamorphology undatifferentadhesive joint configuratian

Adhesively joined adherends were evaluated using the daqglehear (SLS) test to investigate the nine
material conditions (three surface treatments, three steel thermal processing tsgaltinembeasured joint
strength of the GB and AP conditions were 60% and 56%, respectively, higher than the baseline ACE
treatmentf <.001). The higher strength achieved from the GB treatment was attributed to removal of the

intermetallic coating.



The ACE treatment did not remove the intermetallic coating and resulted in the lowest joint strength with
the largest variability of the conditions tested, attributed to intermetallic coating delamination. The
intermetallic coating morphology included micracks and Kirkendall voids, which facilitated coating
delamination. The intermetallic coating delamination was associated with a measured SLS joint rotation of
2.5%-2.8° for all three thermal treatments, while the measured joint strength decreased asnthé th
treatment temperature increased (22 MPa to 14 MPa). This decrease in joint strength was attributed to the
lower yield strength of the adherend material enabling the critical joint rotation to be achieved at a lower
applied load. Plastic deformatiom the SLS adherends was observed in the GB and AP treatments for the

400°C and 700°C thermal treatments. No plastic deformation was identified for the RT thermal treatment.

The fracture surfaces from four types of adhesively bonded test specimens (Wedab, Mode Il shear,
Mixed-Mode at 45° (MM45), and SLS) comprising steel adherends without any surface coating were
investigated using an optical digital microscope. Analysis of the fracture surfaces revealed gqualitative
differences in the morphology fdifferent modes of loading. Shear hackles were observed for Mode Il
loading, while Mode | demonstrated facets on the fracture surface. The fracture surfaces were quantified
using the arithmetic mean roughness (Ra). Mode | demonstrated the lowest rei§@nas) while Mode

Il had the highest Ra (103 um), attributed in part to the shear hackles. The MM45 (80 um) and SLS (73
pm) demonstrated intermediate roughness values, corresponding to mixed mode loading. Thus, it was found
that qualitative and quantitee assessment of fracture surfaces could be associated with the mode of

loading, and mode mixity.

Ultra-high strength boron steel provides an important design option for vehicle structural engineers, with
high strength achieved through thermal procegisut resulting in a brittle intermetallic coating that present
challenges for adhesive joining. The present study investigated adhesive joint strength for boron steel, and
the corresponding intermetallic coating failure pathways and their effect osti@ngth measured using

a singlelap shear test. The importance of surface treatment to remove the intermetallic coating was critical

to achieve high joint strength with low variability.
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Introduction

Chapter 1lintroduction

1.1 Motivation for Research

The National Highway Traffic Safety Administration (NHTSA) has set out a guidelineegndement for
increasingvehicle fuel-efficiency through the Corporate Average Fuel Economy (CAFE) standards that
began in 1975. To support thigitiative, automotive manufacturers are conducting research and
development on newfficient powertrain desigs) incorporateadvanced lightweighstructuralmaterials

and optimizedBody-in-White (BIW) design to meet the target fuel efficiency (23.1 k{45 US miles

per gallon) for lightduty vehicles by 2025(Carleyet al, 2019).The body structure of a typical lightty

vehicle (LDV), classified as a vehicle with a gross weight of 3856 kg (8500 Ibs) or less, represents 23 % to
28% of the total velale weight (U.S. Department of Energy, 2013; Bietyl, 2017). With this significant
contribution of the total weight from the body, lightweighting of the BIW is a key strategy to improve the
fuel economy of vehicles (Cheah, 2010; katral, 2010; Marinsenet al, 2015). The BIW is the structural
component of a motor vehiglalsoresponsible for absorbing incoming impact during a vehicle collision

and is built to protect the passengers by safely decelerating the et détgentionally diverting thienpact

energy away from the passenger compartment (Du &o&, 2004). The approach to lightweighting
incorporates advanced materials such as aluminum, carbon fibre reinforced plastic (CFRP), magnesium,
and advanced high strength steel (AHSS) to preduenultimaterial lightweight vehicle (MMLV) by

taking advantage of either the high strength or the low density of each material to reduce mass and meet

the specific requirements of each component in the BIW.

Adhesive joining is a material assembly sntthat can play a role ithe fabrication of a MMLV.An
importantadvantage of adhesive jamg is the superior load distribution that results from the large joining

surface area relative to a localized joining technique, sucdsatance spot weldif(RSW), seltpiercing
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rivets, and mechanical fastenghallick, 2010). The increased stiffness and torsional resistance of the
vehicle body due to use of adhesive joints further improve vehicle hantliegadhesive material can act

as a barrier betweensdimilar materials, such as CFRP and steel, thereby minimizing possible galvanic
corrosion (Tavakkolizadeh and Saadatmanesh, 2001), which could affect the durability of the joint (Nguyen
et al, 2012). Adhesive joints also reduce noise, vibration, amshhass (NVH) in the vehicle structure

(Ghaffariet al, 2012).

Since the early 80s, the application of AHSS has steadily been replacing traditional mild steel starting with
door and bumper beams being the first components made of Aitfi®gl.1) (Taylor and Clough, 2018).
Structural BIW components, such asaid Bpillars, side sills and roof rails, are designed to limit intrusion
during sideimpact collisions and are often made of utiigh strength steel (UHSS), with tensikeengths

as high as 1.5 GPa. In addition, UHSS offers automotive manufacturers the opportunity to use thinner sheet
metals {.e.downgauge), which contributes to reduction of the BIW weight, while maintaining or improving
crash performance. The hot stangpmanufacturing process, also known as hot forming die quenching
(HFDQ), is capable of transforming a quenchable boron alloyed stge22MnB5 orUsibor® 1500AS

stee), with an initial tensile strength of 600 MPa, into a UHSS component with a tetrsiteyth of 1.5

GPa (Vaissierest al, 2002). With advancement in manufacturing technology, the level of ductility and
strength ofUsibor® 1506AS can be tailored during the-lie quenching stage of the hot stamping process,
commonly known as tailored hstamping (THS), in which hdie heaters are used to control local quench

rate and introduce local soft regions with higher energy absorption (Ge@abge2012; Omeet al, 2017).

Hot stamped steel has a layer of protective coating, described aseaneitallic layer, that prevents
corrosion and decarburization during heat treatmeet the austenitization process in the direct hot
stamping process) to preserve the surface finish and mechanical properties of the sheet metal (Fan and De
Cooman, 201 A widely used boron steel has a hot dipped alumisilicon coating that transformed into

an Al-Si-Fe intermetallic coating after the austenitization process. Unfortunately, an adhesive joint structure

with such coating encounters premature failure tdueoating delamination (Wo#t al, 2011). To date,
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there has not been a clear explanation of the failure mechanism$bcéhting delamination in adhesive

joints, although the brittle nature of the coativags been associated with coatiadure (Lundgren, 1989).

Coating delamination failure has been reported for coating systems such as galvanized steel (Lundgren,
1989), galvanneal coated steel (Wetlfal, 2011; Fujimotaet al, 2018), and AlSi coated steel (Kolnerova

et al, 2017).
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Figure 1.1: Growth of UHSS (hot stamped) steel parts in Bodyn-White (BIW) (Taylor and Clough, 2018)

Structural adhesives are already being used in modern vehicles to join UHSS structural components of BIW
(Figurel1.2b), in conjunction with conventional joining techniques such as RSW (Martatsan 2015).

RSW has challenges when joining dissimilar coating systems in various AHSS alloys. Igh@l4p016)

noted a significant decreaseg@int strength of a resistance spot welded joint between an alungitigon

(Al-Si) coated and a galvannealéd.zinc-based coating) AHSS and explained that different thermal and
electrical properties between the two coating systems in the formedvsfabted to the drop in joint

strength.
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(Image from https://besthqwallpapers.com/cars/4k-
acura-rdx-darkness-2019-cars-crossovers-52082)

—— Structural Adhesive

Figure 1.2: Body-in-White (BIW) of sport utility vehicle (SUV); a) structural components colorcoded including: high
strength and advanced higbkstrength steel, and &uminum parts with associated tensile strength (in MPa), b) location where
the structural adhesive was applied (red lines) (figures adapted from Honda Motor Co., 2019)
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An essential process during the preparation of an adhesive joint is the surfacentregipfied to the
adherends that promotes a strong adhesion at the interface between the metal and the adhesiak (Park
2010.; Baldan, 2012). A recent extensive surface preparation study was conducted on mild steel by
Fernandcet al. (2013) who foundyrit-blasting surface treatment resulted in higher adhesive strength over
solvent degrease and hand grinding treatment; however, that study did not consider the effect of surface
treatment on quenchable-8i coated boron alloyed steel 22MnB5 and theceié thermal treatment on
adhesive joint strength, which is relevant to the implementation of adhesively bonded tailored hot stamped

structures.

A primary goal in adhesive joining is to achieve the maximum joint strength, which can depend on surface
preparation, and may be relatedtte type of adhesive joint failure observed, such as failure within the
adhesive layer (cohesive failure), at the interface (interfacial failure), at the adherend (adherendfailure)
coating delamination (Ikeganait al, 1996; da Silvaet al, 2008; Baneat al, 2015).A fractography
analysiscanthenidentify the origin of fracture and the crack propagation in an adhesively bonded structure
(Zhanget al, 2008; Teixeira de Freitas and Sinke, 20&Babling a better undéasiding of the joint
performance Although quantification of adhesive fracture surfadeas been consideragsing surface
roughnesgAmeli et al, 2011) to datethere has been no detailed assessment of qualitative and quantitative

analysis of the fractursurface on structural adhesive tested under various loading conditions.

1.2 Research Objectives and Approach

The overall goal of the current research was to better understand the effect of surface preparation on joint
performance and fracture processéthin adhesive joints of hot stamped Usibor® 1508, and among
adhesive joints loaded under different modes of loading. To this end, several research objectives were

pursued.
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The first objective was to examine the effect of surface treatment on adjogsiwtrength by conducting

a series of singkap shear tests. The test specimens were made frorhigtratrength steel (ArcelorMittal
Dofasco, Usibor® 150@\S) with various levels of ductility to examine the thermal treatment effect on
adhesive joihresponse and strength. The structural adhesive used in this study waparttimopact
Resistant Structural Adhesive (IRSA) 7333 manufactured by"3Rverall, the test matrix for this study
comprised nine test cases with a combination of three typesirfdce treatments and three thermal

treatments.

The second objective was to investigate the failure mechanism of tBeF&l intermetallic coating
delamination for UHS&dhesive joint configurations. The intermetallic coating generated on the test
specimens in this study was compared against the literature to identify the associated defects and coating
thickness variations. Two types of mechanical tests (a modified butt joint andIsingleear test) were
performed to determine the intermetallic cogtiasistance to failure, under pure tensile loading and mixed

mode loading, to understand the root cause of the intermetallic coating delamination.

The third objective was to propose a fractographic analysis methodology that qualitatively and
guantitativdy assessed adhesive joint fractures and compares the adhesive fractures caused by different

modes of loading. Four (4) different types of adhesive joints from different modes of loading were analyzed.

1.3 Thesis Outline

Chapter 2 of this thesis openshwé review of the mechanical properties of UHSS, the direct hot stamping
process to produce the current UHSS, and the microstructures achieved from different thermal treatments
applied in this study. In the same chapter, the relevant background is reviemesining toughened
adhesive mechanical properties, adhesive joint mechanical testing, adhesive fracture morphology, and the

existing quantitative techniques used to assess fracture surfaces. Chapter 3 describes the manufacturing
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process used to prepatee test specimens (singkp shear and modified butt joint specimen), surface
treatment procedures-tie quenching of UHSS, and the testing methodology used to investigate adhesive
fracture. Next, Chapter 4 presents the experimental results fromrfheestreatment study, the -Si-Fe
intermetallic coating delamination study, the adhesive fracture topography, and the fracture profiles of
adhesive joints under different loading conditions. Chapter 5 discusses the effect of surface treatments and
therma treatments on adhesive joint strength and the failure mechanism of {BigFAl intermetallic

coating for this UHSS. Differences observed in adhesive fracture morphology are presented in terms of
gualitative identification of the differences in fractdeatures and quantitative characterization of the
surface roughness parameters calculated from the fracture profiles. Chapter 6 ends by highlighting the main
conclusions drawn from this investigation and providing some recommendfidusure experimerat

work.
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Chapter 2Background

2.1 UltraHigh Strength Steel

Ultra-high strength steels (UHSSSs) are classified as having a tensile strength above 780 MR éMega
2004). The bodyn-white (BIW) structure of a vehicle requires high intrusion resistance for
crashworthiness and for this reason, th@illar, B-pillar, and rocker panel are commonly made of UHSS
(Karbasian and Tekkaya, 2010). This section covers the mechanical properties of a specif2aihBS,

boron steeland the hot forming die quenching pees (HFDQ) (also known as hot stamping or press
hardening), including the cooling rate effect, which determines the microstructure and controls the ductility
of the boron steel. An important enabler of UHSS is the application of an alursilicom (Al-Si) coating,

providing corrosion resistance and limiting decarburization of the steel during HFDQ.

2.1.1 22MnB5 Boron Ultrddigh Strength Steel

Boron steel grade®(g.22MnB5, 27MnCrB5, and 37MnB4) can be processed into UHSS usitkD&)

process (Nader2007). Among the listed boron alloys, 22MnB5 is the most common steel grade researched
and implemented in the automotive industry for use in crash management (intrusion resistant) components
(Vaissiereet al, 2002; Hein and Wilsius, 28DKarbasian and Tkkaya, 2010). The 22MnB5 material used

in the study is referred to as boron steel throughout this work.

Boron steel has a good hardenability and achieves the status of UHSS after HFDQ. The mechanical
properties of boron steel make it a compelling optmmtifie automotive industry to adopt and develop a
lighter bodyin-white by using thinner sheet metal while meeting crashworthiness requirements for

passenger safety. Asceived 22MnB5 has a ferritearlitic microstructure with a tensile strength of 600
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MPa (Merklein and Lechler, 2006); however, by following the HFDQ process, the boron steel can have an
ultimate tensile strength as high as 1500 MPgure 2.1). In the chemical composition of boron steel
(Table 2.1), the carbon (C) content is critical to the strength of the steel, and boron (B) promotes the
hardenability of the metal by delaying the sedtdte phase transformation of softer microstructures such
as bainite or ferrite while maximizing theafition of martensite resulting from the quenching operation
(Karbasian and Tekkaya, 2010Janganese (Mn) and chromium (Cr) also facilitate the hardenability of

the steel, but to a lesser extent compared to boron.

1750
22MnB35
1500
2 !
1250
g Hot stamped
& 1000
;:: 750
o /</_
2 500
= / As delivered
250
Lechler (2009)
0

0 01 02 03 04 05 06
True strain ¢

Figure 2.1: 22MnB5 boron steel true stress vs true strain curve before and after hot stamping (Karbasian and Tekkaya,
2010used with permission fromELSEVIER)
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Table 2.1: Boron steel (Usibor® 1500P) chemical alloying composition (weight %) (Georget al, 2012)

Element Symbol f‘:;:i:::i;;m
Carbon C 0.22
Manganese Mn 1.23
Phosphorus P 0.008
Sulfur S <0.001
Silicon Si 0.25
Copper Cu 0.03
Nickel Ni 0.02
Molybdenum Mo <0.02
Chromium Cr 0.20
Columbium Cb <0.008
Vanadium \Y <0.008
Aluminum Al 0.03
Tin Sn 0.01
Titanium Ti 0.037
Nitrogen N 0.044
Boron B 0.004

2.1.2 Hot Forming Die Quenching

Hot forming die quenching (HFDQ) of boron steel in this work follows a direct hot stamping process under
which forming and quenching of the part take placeuianeously Figure2.2). The direct hot stamping
process begins with the austenitization of the steel af@@0 950°C, with a dwell time of 3 min to 10

min depending on the sheet thickness (&aal., 2009; Karbasian and Tiekya, 2010; Omeet al, 2018).

The austenitization temperature is set above the phase transformation temperature from ferrite to austenite.
Ferrite and pearlite microstructures in thaeseived boron steel transform into a homogeneous austenite
microstucture by the end of the austenitization process. Next, the heated blank is quickly transferred to the

die, keeping the temperature above “TB@luring the forming and quenching operation to avoid the

10
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formation of bainitic or ferritic grains (Vaissiegt d., 2002). The forming and quenching operation are
executed in a single step and normally utilize a cooled die to ensure a high quench rate. The use of heated
dies offers the capability to tailor the mechanical properties based on the cooling rateagpidicated
sheet.The final grain structure in the boron steel follows the continuous cooling transformation (CCT)

diagram of the respective materigiqure2.3).

=) =) ’ Transfer heated blan‘k-}’ Forming and quenchinb-}’ Final part‘

S

Figure 2.2: Hot forming die quenching process: direct hot stamping
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Figure 2.3: Continuous cooling transformation (CCT) diagram of 22MnB5 steel showing the microstructure formed at the
applied cooling rate and the correponding Vickers hardness (George, 2011)
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Studies have shown that a fully martensitic microstructure is formed in the boron steel for a critical cooling
rate of at least 27 to 30/sec (Karbasian and Tekkaya, 2010; Geetgad., 2012). The steel die suda at
roomtemperature (RT) was able to meet the required critical cooling rate to produce fully martensitic boron
steel (Georget al, 2012; Ometet al, 2017). The fully martensitic steel was reported to have ultimate
tensile strengthanging between4d7 MPa to 1589 MP& @ble2.2). A martensitic microstructure features

fine grains and randomly oriented crystalline structligure 2.5) that contribute to an increase in

resistance to dislocation motigBardelciket al, 2010).
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—8—T700°C

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Effective Plastic Strain

Figure 2.4: True stress vs. effective plastic strain flow stress curves of boron steel under three thermal treatments: oil
guenched (fully martensitic (FM), in-die quenched at 40°C and at 700C) (digitized experimental data from ten Kortenaar,
2016)
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Figure 2.5: Microstructure of a quenched 22MnB5 boron steel (1.2 mm thick) obtained by applying a critical cool rate of
at least 27°C/sec through indie cooling at roan temperature (RT) - microstructure showed fine needldike grains with
random orientation (Omer et al, 2018used with permission fromSPRINGER NATURE)

To increase the ductility of boron steel, a-uitical coolingratecan be achieved by using heated dies that
reduce the cooling rate within the boron sheet, thereby forming ductile phases according to the CCT
diagram. As a result, the ductile boron steelredsiced hardness and material strengihutre2.4). Omer

et al. (2018) obtained a Vickers hardness of 258 HV that corresponded to approximately a subcritical
cooling rate of 10C/sec Figure2.3). The authors noted a mixture of soft phases such as bainites, ferrit
and pearlite developed in the boron sté@jire2.6). Such a cooling rate was reached by generating a die
surface temperature of 4UD. As the die surface temperature increased tdZ0@ Vickers hardness of

193 HV was meased (Ometet al, 2018) and approximately matched the hardness for a cooling rate of 3
°Cl/sec according to the CCT diagrafigure2.3). Large pearlite and ferrite grains were observed in the
microstructure (Omeet al, 2018) Figure 2.6) and increased the ductility of the metal. The Vickers
hardness of the boron steel with the slower cooling rate was found to decrease in conjunction with the
ultimate tensile strengtil&ble2.2). Ultimately, the HFDQ offers an opportunity to tailor the boron steel

and executes the forming and quenching simultaneously on a part that can have tailored mechanical

properties based on the local cooling rate.

13
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Figure 2.6: Grain structure of boron steel (1.2 mm thick and 1.8 mm thick) indie quenched at three different thermal
treatment: RT (room temperature), 400°C, and 700°C with corresponding Vickers value (Omaeat al, 2018used with

permission from SPRINGER NATURE)

Table 2.2: Ultimate tensile strength of boron steel and corresponding average Vickers hardness as a function ofdie

quenching temperature (room temperature, 400C, and 700C)

Quenching 400°C

Temperature
Literature Bardelcik et O'Keeffe George et  George et O'Keeffe O'Keeffe
al. (2012) (2018) al. (2012) al. (2012) (2018)
Ultimate tensile strength 1447 1548 1589 794 671
[MPa]
Awerage Vickers| 5 486 505 262 211
hardness
Uniaxial tensile test at a strain rate of : Bardelcik et al.(2012) 0.0028 /'s
O’Keeffe (2018) 0.001 /s
George et al. (2012) 10/s
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2.1.3 22MnB3Boron Steel Aluminursilicon IntermetallicCoating

A protective coating using aluminusilicon (Al-Si) is applied via hot dipping to boron steel to prevent
decarburizationi{e. loss of carbon content) during the austenitization process and oxidatianti &tal.,

2011; Fan and De Cooman, 2012). The aluminum component of the coating prevents the carbon from
leaving the base metal as carbon migrates toward the surface during the austenitization proceSs. An Al
layer is formed at the outer surface d ti-Si coating during the austenitization process, which is a barrier

to prevent corrosion at the surface once the HFDQ is completede{Fedn 2012). The presence of Si
influences the development of intermetallic phases at the interface betweenetimeelasand Al during

the austenitization process. One study found that an increase in silicon content in the coating prevents the
continuous growth of the intermetallic layer during the austenitization process (Winetahy2014).

The asreceived AlSi coating thickness ranges between 15 tqu@b(60 to 100 gm/rhper side) Figure

2.7a) (Jenneet al, 2010; Faret al, 2010). After the austenitization process, theSAtoating transforms

into a multilayer Al-Fe-Si intermetdic coating with a diffusion layer above the base metal that is made up

of UFe Figure2.7b).

s o AFe 0
- "‘..k o A

Al-,Si- rich a-Fe layer

Zone Il martensite

Figure 2.7: Al-Si coated boron steel; a) aseceived ALSi condition (Ghiotti et al, 2011 used with permission from
ELSEVIER) b) Al-Fe-Si intermetallic coating (after 6 min of soak time at 920°C) (Windmann et al, 2014 used with
permission from ELSEVIER))

10 ym
—
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During the austenitization process-®il coating, with a melting temperature of 3¢7o 600 °C (Faret
al., 2010; Karbasian and Tekkaya, 20liBansforms into a molten state on top of the base metal. Within
the first two minutes of austenitization, the iron (Fe) from the base metal diffuses into the mefien Al

coating and has a fastdiffusivity into the AFSi coating compared to aluminum (Windmaeatral,, 2013).

a) b)

Location on )

micrograph Fe[at.%] Si[at.%] Al[at.%] Phase
1 18 10 72 Fe,SiAl,
2 22 12 66 Fe,SiAl,
3 23 1 75 FeAl,
4 2 2 91 Pure Al
5 24 11 66 Fe,SiAl;
6 26 5 69 Fe,Als
7 31 5 64 FeAl,
8 37 15 48 Fe,SiAl,
9 39 16 45 Fe,SiAl,
10 49 15 36 FesSiAl,
11 32 3 65 FeAl,
12 52 13 35 FesSiAl,
13 49 13 38 Fe SiAly

20 #m

Figure 2.8: Al-Si coating development at austenitization temperature of 93C; a) the coating morphology transformation
from asreceived to soak time of 8 minutes, b) atomic % of Fe, Si, and Al at different layers of the intermetallic coating
throughout the austenitization process (Faret al, 2010used with permission fromELSEVIER)
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Figure 2.9: Al-Fe-Si intermetallic coating development comparison of two different cooling rates (80/s vs 308 /s) (Ghiotti
et al, 2011used with permission fromELSEVIER)

Al-Fe-Si intermetallic coating has a high hardness (900 to 1150 HvVar@ba low fracture toughness of 1
MPa/id (Kobayashi and Yakou, 2002; Késktral, 1993). The -Fe layer at the diffusion layer is more
ductile than the intermetallic layers, which are part of the overafle’®i intermetallic coatingRigure
2.10). Within the overall AlFe-Si intermetallic coating, there is a ductile&kephase with a microhardness
of 320 HV0.025/15 and a hard phaseAtewnith a microhardness of 600 HV0.025/15 (Kobayashi and

Yakou, 2002).

The developed AFe-Si intermetallic coating, following the HFDQ process, presents defects such as
microcracks, Kirkendall voids, and surface porosity in the intermetallic co&tiggré2.10). Microcracks

are formed due to different thermal expanscoefficients in the components of the intermetallic coating
(Al, Si, Fe,etc) (Jenneret al, 2010; Guiet al, 2014). The difference in ductility within the overall
intermetallic coating layer is also reflected by the tips of the microcracks tkat mrithe vicinity of the
softer layer of the diffusion layer {Fe) Figure2.10). An increase in austenitization temperature and
longer soak time mitigates the crack formation in the intermetallic coating (Windetaah 2014).
However, such an austenitization cycle is not considertddsrstudy to ensure the boron sheets produced
have intermetallic coating similar to the ones reported in the literature (Bardekik 2012; O'keeffe,

2018; Georget al, 2012) which reflects current industrial practice. The formation of Kirkendalkus

caused by the differential rate of mass transfer between Fe and Al during the austenitization process. Such
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voids are present at a distinct layer near the top of the diffusion Figer€2.10) (Fanet al, 2010; Jenner

et al., 2010).

...... . v

v

: 4]

Intermetallic | vMi'cm-crac§ 2
layers / 30

Diffusion
layer

Figure 2.10: Defects observed in a developed Ate-Si intermetallic coating (Wanget al, 2017used with permission from
ELSEVIER)

After the HFDQ, the coated sheet metal has higher surfaggmess compared to theraseived sheet
(Suehiroet al, 2003; Jenneet al, 2010), potentially related to the diffusion of the intermetallic coating
(Figure 2.11). The rough surface finish offers an anchoring effect that denates good paintability

(Suehiroet al, 2003).

Before Heat Treatment After Heat Treatment

Coating

Figure 2.11: Diagram of a crosssection of AFSi coating development before and after heat treatment (Jennet al, 2010
used with permission fromSPRINGER NATURE)

When the heated blanks are stretched and bent during the HFDQ, microcracks in the coating can turn into
large microcrackéFigure2.12) (Wanget al,, 2017). The intermetallic coating of a quenched sheet does not

deform phstically due to its high hardness (Jereteal, 2010).
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Location 1&5 I Cocation 2&4 I Location 3

Specimen B #7 AN Location 6 _

Figure 2.12: Cross-section of a coated steel demonstrating different degrees of growth in width in the microcracks at
various location in a bent shet (Wanget al, 2017used with permission fromELSEVIER)

Coating delamination strength measurement methods

One of the possible adhesive joint failures associated with coated metal adherends (material that is to be
bonded to another using adhesive) waatiog delaminationFigure2.13), in which the coating detaches

from the base metal, resulting in lower joint strength (Lundgren, 1989).afl{2011) conducted single

lap shear (SLS) tests using galvanneal (GA) coated highgth steel with a craglkesistant structural
adhesive and noted that the adhesive removed the GA colaiingg?2.13). Lundgren (1989) also noted

the coating delamination in the adhesive joint and attributed the coating deélamioathe brittle nature

of the zineiron and zinenickel coating on the steel. With the microcrack and void defects formed in the
Al-Fe-Si intermetallic coating (Faet al, 2010), coupled with low ductility of the coating (Kosedral,

1993), delamiation is likely to occur in an adhesive joint test. This outcome prompted the development of

a test methodology that quantifies the coating adhesion strength using adhesive joints under specific modes
of loading. Schiekt al. (2015) used a modified butipt configuration to determine the tensile properties

of coated specimens with GA coating, body panel paint, arféi Abating Figure2.14). In addition, the

singlelap shear joint configuration was used to demonstrate the gailamination as well (Wobt al,
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2011; Hertveldet al, 1999; Lundgren, 1989Y &ble2.3). Additional information on singkap shear and

butt joint tests are presented in the Section (2.2.2).

Figure 2.13: Galvanneal (GA) coated steel coating failure in singhap shear configuration (% CF=area % of cohesive
failure) a) 1-part crash-resistant epoxy b) tpart toughened epoxy c) dpart structural hem-flange epoxy (figures adapted
from Wolf et al, 2011)

adhesive 2

painted sheet

adhesive 1

|

Figure 2.14: Modified bultt joint test to determine the cohesive strength of the coating/paint (DIN 15870) (Schiet al,
2015used with permission fromELSEVIER)
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Table 2.3: Summary of mechanical testing reported coating delamination under singilap shear joint

Background

Authors Coating System Mechanical Adhesive / Adherend System Reported
test results
Zinc coated Adhesive:
steel: 1-part epoxide (structural adhesive for hem-
Lundgren, Hot Dip Simple flange bonding) 9 MPato
1989 Eleg?éva;rlw:;iciiz,ed overlap joint Adherend: 14 MPa
Zinc Igich Paint ! Re-oiled surface with sheet thickness ranged
from 0.67 mm to 0.82 mm thick
Modified Adhesive:
single-lap Heat cured — 1-part epoxy
Hir;\;?ldt Galvannealed shear joint <10 MPato
[199§] coating (with added  Adherend: 18.0 MPa
backing Deep drawing quality steel and high strength
strip) steel
A
Adhesives: (adherend #1)
A: 1-part epoxy crash resistant structural 14.1+£0.4 MPa
adhesive
B: 1-part epoxy toughened structural adhesive  B:
C:1-part epoxy structural hem-flange adhesive  (adherend #1)
. 13.420.4 MPa
W[gléﬁ ]6 i Gal:ggt?r?aled s:;:g?;g? Adherends (w/o backing plate): (adherend #2)
9 (adherend #1) 31.3+%1.0 MPa
extra deep drawing steel interstitial-free EDDS
(IF); 0.7 mm thick C:
(adherend #1)
(adherend #2) 10.910.5 MPa
590 Dual Phase (DP); 1.6 mm thick (adherend #2)
30.2+1.2 MPa
Quasi-static
Adhesive: @ 5 mm/min
Schiel et . A|-Fe—S|_ Single-lap 1-part non-toughened epoxy 17.1%£2.2 MPa
al. [2015]* intermetallic shear test
' coating Adherend: Dynamic
Boron-manganese alloyed steel (22MnB5) @ 2m/sec
33.6£3.6 MPa

* The test average and standard deviation are obtained through digitization of the test results in the literature
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2.2 Toughened Structural Adhesive

Progress in adhesive research has broadened the possibility of joining similar andadissaterials in
products found in the consumer electronics, aerospace, and automotive industries. Adhesive used in
engineering applications is generally categorized as structural adhesive, with varying composition and
properties, depending on the apgtion (Table2.4). Epoxies are commonly used as structural adhesives.

In automotive vehicles, structural adhesives are used for body structure bandirapf@ly panels, pillars,

and rocker panels) and the hemming operation (shett joining through bending/folding) for doors and

hood (Chiang and McKenna, 1995; Fujimetoal, 2018). Furthermore, toughened epoxy is a structural
adhesive currently adopted in the automotive sector to join structural parts of the vehiclet@sa2009;

Schielet al, 2015; Baneat al, 2018) due to its high strength, modulus and high fracture toughness as well

as ease of application (Banea and da Silvagr00

A toughened epoxy typically contains rubber particle additions with diameteiagdrgm 0.5umto 10

pm, depending on the adhesive formulation (Yee and Pearson, 1986). The added rubber particles increase
the fracture strain of the adhesive (Kinlagthal, 1983) and improve its ductility. Yee and Pearson (1986)
found that the addedibber particles promoted shear deformation and became sites of cavitation, which are

the primary sources of the toughening mechanism in the adhesive.

Aluminum particles can be incorporated in the adhesive formulation to improve the thermal and electrical
conductivity of the adhesive (Kiet al, 2011). In the application of weldbonding, a hybrid joint made up

of resistance spot welding and adhesive bonding, the metallic particles in the adhesive improve the electrical
conductivity during a welding operatidhat results in smaller heat affected zone (HAZ) compared to an
adhesive formulated with lower conductivity (Darwish and Ghanya, 2000). The Al particles sizes can be
less than 5@umin diameter (Kahraman and-Marthi, 2005), but can also go as high @8 iim (Kilik and

Davies, 1989) or 160 um (Darwigt al, 1991) There is also the economic motivation of substituting some

of the resin content with fillers, thereby reducing the production cost of the adhesive.
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Epoxy adhesive generally comes in the faim film or viscous fluid that can be formulated as a single

or two-part adhesive. Upon adhesive application, the adhesive joint system undergoes a curing process at a
temperature and duration specified by the manufacturer. At the end of the curiagtgchdhesive
transforms into a solid state. Epoxy adhesives are thermosets in which the individual polymer chains link
to neighbouring chains.é. crosslink) in the form of covalent bonds and the crosslink density, after cure,
increases significanthCarbaset al. (2014) found improved strength and stiffness in adhesives when the
cure temperature is increased, but below the glass transition tempergtutet Tharks the transition
between glassy and rubbery state. The authors also found a curperaeme above glwould result in

deterioration of the mechanical properties of epoxy adhesives by polymer chain degradation.

Adhesive curing can be initiated either at room temperature or in a heated environment depending on the
adhesive used. A room teemature curing adhesive requires longer curing time, which is not ideal in a
production setting (Petrie, 2006) compared to an elesatagerature cure. However, elevated
temperature curing can induce residual stresses, particularly in the case ofjw@igiimijar materials, from

the cure shrinkage in the adhesive (Petrie, 2006). Eletateplerature curing for adhesives is commonly

used in the automotive industry (Gramtal, 2009; Schieét al, 2015; Fujimotcet al, 2018), in which the
adhesive isplied before paint application and the paint bake cycle is used to simultaneously bake or cure

the paint as well as to cure the adhesive (Setial, 2015).
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Table 2.4: Advantages and limitations of typical thermosetting resins for adhesives and sealants (table adapted from Kim

et al, 2011)

Background

Advantages

Limitations

Epoxy

High strength

Good solvent resistance
Good gap-filling capabilities
Good heat resistance

Wide range of formulations
Relatively low cost

Exothermic reaction

Exact proportions needed for
optimum properties

Short pot life

Polyurethanes

Various cure times

Tough

Excellent flexibility even at low
temperature

One- or two-component, room
or elevated-temperature cure
Moderate cost

Both uncured and cured are
moisture sensitive

Poor heat resistance

May revert with heat and
moisture

Short pot life

Special mixing and dispensing
equipment required

Cyanoacrylates

Rapid room-temperature cure
One-component system

High tensile strength

Long pot life

Good adhesion to metal
Dispense easily from package

High cost

Poor durability on some
surfaces

Limited solvent resistance
Limited elevated-temperature
resistance

Bonds skin

Modified
acrylics

Good flexibility

Good peel and shear strengths
No mixing required

Will bond dirty(oily) surfaces
Room-temperature cure
Moderate cost

Low hot-temperature strength
Slower cure than with
cyanoacrylates

Toxic

Flammable

Odor

Limited open time

Dispensing equipment required

Phenolics

Good heat resistance

Good dimensional stability
Inexpensive

Modification of toughness by
adding elastomericresins

Brittle
Possibility of pollution due to
formaldehyde as curing agent
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2.2.1 Mechanical Properties of Bulk Adhesive and Adhesive Joint

Untoughened adhesive exhibits linear elastic tensile sitega response followed by brittleafiture at the

peak stress, with small plastic deformatidfig(re 2.15). A toughened adhesive, with rubber patrticle
additions, demonstrates improved ductility and toughness (quantified by the area under tsgastress

curve) through damage mechanisms such as cavitation around the rubber particles and shear band formation
that result in strain hardening response that ultimately leads to higher strain at failure, but typically with a

reduced failure strength compdr® untoughened adhesive.

e [ntoughened bulk adhesive

y— Fracture Toughened bulk adhesive

Stress [MPa]

Strain [mm/mm]

Figure 2.15: Typical stressstrain response of the brittle and ductile bulk adhesive

Adhesive generally exhibits viscoelastic behaviour with a dependence of the mechanidigsrop the
deformation rate (Gilagt al, 2005; Siviour and Jordan, 2016). Under cuséatic or low rate of deformation,

there is sufficient time for the intramolecular polymer chains in the adhesive to stretch until failure during
the test. Under aigh rate of deformation, the polymer chains resist high rate testing, while the
intramolecular polymer chains are unable to resist the load at such high rate. As a result, the modulus and

failure strength of a toughened structural adhesive typically iser@#h increasing strain rate, while the
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strain at failure decreases (Trimifio and Cronin, 2016), resulting in reduced ductility with increasing strain

rate (Gilatet al, 2005).

Table 2.5: Mechanical properties of twopart toughened epoxy, impact resistant structural adhesive (properties adapted
from 3M, 2016)

Mechanical Properties Value
Elastic Modulus, E (GPa) 21

ASTM D638 ’
Elongation (%)

ASTM D638 2103
Ultimate Tensile Strength, UTS (MPa) 35

ASTM D638

Fluid Property Value
Mixed Viscosity (centipoise) 150000 to 200000

The mechanical properties of an adhesive joint, such as critical energy release) e €@ergy required

to propagate a crack over a unig@y are not only dependent on strain rate (Metrai,, 2009), but also on

bond line thickness (Kinloch and Shaw, 1981; da Silval, 2010). Although the bulk toughened epoxy
properties are commonly measured (da Siival, 2006; Watsomt al.2019),the epoxy material response

at the joint behaves differently (Kinloch and Shaw, 1981). The large difference in modulus of elasticity (
stiffness) between the metal adherends and the adhesive generates a confinement effect that restricts the
growth ofa plastic deformation zone, also referred to as fracture process zone (FPZ). A typical steel material
has around 100 times higher modulus of elasticity than a toughened ep297 GPass.2 GPa) Table

2.5) (Askelandet al, 2011; 3M, 2016). The high elastic modulus of the adherends creates a constraint that
limits the energy dissipation to within a thin bond line configuration when a crack propagates under load,
thereby resulting in a low &compared to the bulk material (Kodh and Shaw, 1981). The authors
experimented with a thin bond line thickness of 0.15 mm and found the measured critical energy release
rate to be small compared to that of the bulk material. As the bond line thickness increased,;anaesak G

achieved andvas higher than that of the bulk material. This increased bond thickness enabled the
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development of the plastic deformation zone without restriction from the confinement effect (Kinloch and
Shaw, 1981). As the bond thickness increased further, the Icatieegy release rate of bulk material is
measured in an adhesive joint configuration, because the constraint from the adherends is no longer applied
to the adhesive. With the larger bond line thickness, the volume of the plastic zone is also redubed, whic

caused the critical energy release rate to decréaper€2.16) (Kinloch and Shaw, 1981).

Bond thickness, t, increcase ————>
High degree of constraint Almost no constraint
due to bond thickness

1
crack tip
Low Gyc Maximum Gy Below maximum Gy Approx. equal to Gy (bulk)

Legend |___| Adherend . Adhesive l:] Plastic-zone

Figure 2.16: lllustration of constraint effect from adherends bond thickness effect imelation to critical energy release rate
under the tensile opening, &; as bond thickness becomes sufficiently large, there would be no constraint applied to the
adhesive from the stiff adherends (figure adapted from Kinloch and Shaw, 1981)

2.2.2 Generdloading Conditions on Adhesive Joints, Modes of Loading

and Test Methods for Adhesive Joints

An adhesive joint structure can be loaded under tension, compression, shear, cleavag&jgu217).

A joint under tension or compression experiences a uniform load normal to the bond area. A butt joint is an
example of a mechanical test to determine the tensile strength of the adhesive (ASTMQ)2@EBTM

D209400, 2014). Shear loading deforms the adhesive binguhdherends that causes an oppesiiding

motion between adherends and adhesives. The thick adheresidetpexperiment is a standard test
(ASTM D 565610) used to measure the shear properties of the adhds8#eM D565610, 2017). A
cleavage loadhiduces a peak force at one leading edge of the bond area and no load on the opposite side of

the leading edge. An adhesive joint made of flexible adherends can result in a peel load in which the peak
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load is applied to one leading edge of the joint. Adatized Tpeel test is used to measure relative peel
resistance of an adhesive joint that is made of flexible adherends (ASTM BD&8{#STM D 187608,

2015).

Tension Compression Shear Cleavage Peecl

MrEh

Figure 2.17: Basic loading conditions of aradhesively bonded joints

The singlelap shear (SLS) test is commonly used to assess adhesive joint strength of similar and dissimilar
materials (Baneat al, 2018), determine the effectiveness of the surface treatment (Critehbdyw2000;

da Silvaet al., 2009a Aakkula and Saarela, 2014), effects of bond thickness (Batnala 2015), bond

length effect (Imanaket al, 2017), and validate numerical models (Nandwani, 2015; Cangtiklo 2012;
Watsonet al, 2019). The SLS test specimen is easyassemble, low cost to manufacture and can be
modified to examine geometrical effects such as the bond length (Karacktakbs2013), adherend
thickness (da Silvat al, 2008), and bond thickness (Arers®l, 2010) without major changes to the test
setup. There are different types of ASEMglelap sheaconfigurations, e.g. the adhesive mechanical test
standards, ASTM D10020 and ASTM D316807, are used to determine the joint strength of a given
adhesive system and compare engineering sheas sitefilure from different adhesive/adherend
combinations, but are not suited for basic characterization of the adhesive due to the presence of mixed

mode loading arising from the asymmetry of the test sanfifpire 2.18a andFigure 2.18b) (ASTM

D100210, 2019; ASTMD316507, 2014). The difference between the two standards lies in the usage of
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backing plates in the test specimen. ASTM D308%est specimen has the added backing plates that align
the loadng at the overlap to reduce the bending load and increase the stiffness of the specimen. ASTM
D565610test provides shear stresisear strain properties of the adhesive that can be used for the design

and analysis of the adhesive joiRtdure2.18c) (ASTM D565610, 2017).

a) 25.4mm (1)
(Test grip area) 63.5mm (2.5”)

le
<

Bond Line

\|1 N,
iy >

1.62 mm (0.064")

<

(0.57) (Test grip area)
b) 1.62 mm
190.5 mm (7.5”) (0.064”)

254 mm(17) 1.6 mm 12.7 mm Bond Line 254 mm (1)
(Test grip area) (0.064”) 0.5 (Test grip area)

¢)
228.6 mm (9.0”)

A

Y

~(228.6— )= 3.18mm
GO" =1 =0.1257)

N
7|

‘ Bond Line

}<—>{ Pin Hole 9.53 mm

12.7 mm 3.18 mm l @12.7 mm (0.5”) (0.375”)
0.57) (0.125”)

Note: Adherends in a), b), and ¢) are all 25.4 mm (1”) wide . adherend . adhesive
I =bond length

Figure 2.18 Standard test method of different adhesive joint configurations; a) ASTM D 1002 10 (ASTM D 1002 - 10,
2019), b) ASTM D 3165 07 (ASTM D 3165- 07, 2014), c) ASTM D 5656 10 (ASTM D 5656- 10, 2017) (illustrations are
not to scale)
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From ASTM D1002 or ASTM D3165 test, the shear strength is used in practice to assess the performance
of surface treatments. With the assumption of rigid adherare&ls¢ plastic deformation), the shear
strength (hay) represents the average nominal shear stress applied across the bond area. However, it is
important to note that the adhesive in the sigjeshear test experiences mixadde loading due to the
eccentridoading on the adhesive that leads to anaftilane bending moment at the leading edges of the
bond (da Silvaet al, 200%). Watsonet al. (2019) quantified the SLS joint kinematics by measuring the

joint rotation relative to the loading direction andted the difference between SLS specimens made of
similar and dissimilar materials (aluminum, magnesium, and UHSS). A elosadanalysis done by
Goland and Reissner (1944) showed asligped (bathtub shaped) shear and peel stress distribution across
the bond length, with stress concentrations at the leading edges of thé-lmpmd2.19). The peel stress

arises due to the eccentric loading, and as the joint rotates, the adhesive experiences the peeling load.
Nonetheless, the avage nominal shear stres®.(shear strength(fay)) is a common metric used to

determine the adhesive joint strength (Rial, 2011; Watsomt al, 2019).

12

= = = Shear stress

Peel stress g
10 T | kN
| 1.62 mm | : U
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&é’ 4 - \ /
(75 & >
2 1 S~ —a e <
0 T T v ———— - T
-6 -4 -2 0 2 4 6
] Overlap (mm)

Figure 2.19: Shear stress and peel stress distribution across the bond length of the sintgp shear test following closed
formed analysis by Goland and Reissner (da Silvet al, 20098
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A spew fillet is the result of an excess adhesive that overflows out of the bond area and cured around the
bond edgesHigure 2.20). In the stress distribution across the bond length of a SLS test specimen, the
presence of a spew fillet reduces the stress concentration at the ends of the overlap (Tsai and Morton, 1995;
Lang and Mallick, 1998; Crocombe and Adams, 1981), resulting inh&hjgint strength compared to the

case without the spew fillet. Lang and Mallick noted a drop in peel and shear stress, which improved the
joint strength in the finite element analysis of a sidgfejoint that included a spew fillet (1998). Grat

al. (2009) noted little change in joint strength with and without aspew fillet for thin bond lines (0.1

mm to 0.5 mm), but as the bond line thickness increased (1 mm to 3 mm), the effect of the spew fillet
became apparent in terms of a higher joint giitenKarachalio®t al. (2013) conducted singlap shear
experiments specifically with a thin bond thickness (0.1 mm) using adherends from mild, medium carbon
steel, and high strength steel that resulted in similar findings, in which no differencginttperformance

was found between the cases with spew and without spew fillet. However, Critchlow (1997) did report a

higher variability in the joint strength of test specimens with spew fillebl€2.6).

spew fillet \

Figure 2.20: Side view of singlelap shear test specimen with spew fillet at the leading edges of the overlap
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Table 2.6: Adhesive joint ultimate load using 1.2 mm thick mild stekfrom single-lap shear samples with full fillet (excess
adhesive overflow without specified shape), half fillet (one side of fillet removed), and no fillet (results adapted from
Critchlow, 1997)

Adhesive Fillet Joint Percentage
Geometry  Strength (N) variation

Full 3491+ 253 7.2

Toughened Half 3311+ 59 18
Epoxide

None 3229+ 64 2.0

Full 2705+ 121 45

Non-toughened Half 0425 + 132 54
Epoxide

None 2157 £ 57 26

In the framework of fracture mechanics, the field focusesrack propagation in the material and study

the resistance of a material to fracture. Under an adhesive joint configuration, the material of interest, in

this case the adhesive, has a-ack that can be loaded under tensile opening (Mode-plaime shear

(Mode 1), and oubf-plane shear (Mode Illl)Hjgure 2.21). Experiments are designed to induce loading

that causes a pi@ack to propagate under the intended mode of loading and measure the respective fracture
toughness mperties of adhesive, such as the critical energy release rate, taken as the energy required to

generate new fractured surface over a unit area.

Mode I, tensile opening Mode 11, in-plane-shear Mode I11, out-of-plane shear

Figure 2.21: Loading Modes: a) Mode | (tensile opening), bMode 1l (in-plane shear), c) Mode Il (outof-plane shear)
(Kanninen and Popelar, 1985)

32



Background

Double cantilever beam (DCB) and tapered double cantilever beam (TDCB) are standardized tensile
opening (Mode 1) test geometries (ASTM D3433 used to measure ddal energy release rate,cG

(ASTM D343399, 2012; Lope<t al, 2016) Figure2.22a). To cause crack growth in the adhesive joint,

the elastic energy stored in the beams (adherends) accumulates to the point that reachdsoldedhres
advance the crack and create new fracture surface area. A recent development in Mode | testing, called the
rigid double cantilever beam (RDCB), was proposed by Dasgtral. (2013) Figure2.23a). Similarto

the standardized tests, the RDCB measures ithef@he adhesive, but the analysis method is only valid if

the adherends are largely rigice(nondeformable).

A typical commercial on@art toughened epoxy has a critical energy release rate af/8f5(Karzi et al,

2009). Watsoret al. (2019) experimented with RDCB samples with a -pvemt toughened structural
adhesive and measured a critical energy release rate of 3.06uktler quasstatic, room temperature
conditions. As mentioned at the emidSection 2.2.1, the fracture toughness depends on the bond thickness
and strain rate. The relatively lightweight RDCB specimen has the advantage of measuring fracture
toughness at a higher strain rate with minimal inertial effect compared to the sizedi®@B or TDCB

specimens.

End notch flexural (ENF) testing is used to measure the Mode Il fracture toughness of an adhesive joint (da
Silva et al, 2010) Figure2.22b). A more compact geometry called the bonded shear sample (&3S
developed to determine the adhesive joint response under pure shear and measures shear strength and
critical energy release rate;édWatson, 2019)Kigure2.23b). Under a combined mode of loading with

tensbn and shear, MixeMode bending (MMB) and Arcan tests are common mechanical tests that produce
mixed mode loading at the adhesive bond with the flexibility of inducing various degrees of load mixity
(Figure2.22c). With the largesize and weight of the specimens and the specialized test apparatus to induce
the intended mode of loading, the adhesive response under high strain rate conditions using such geometries

would have a significant inertia effect. Thus, Watson (2019) desigmedipon level adherend geometry
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such as BDS and a Mixed Mode loading adherend geometry that inducgsoadibg at the adhesive

(Figure2.23c).
a) Mode I b) Mode IT ¢) Mixed Mode
Double cantilever beam End notch flexural Mixed mode bending

Tapered double cantilever beam

—
e

Arcan test

Figure 2.22: Adhesively bonded joints for fracture toughness measurements; a) Double cantilever beam (DCB) or tapered
double cantilever beam (TDCB), b) end notch flexural test, and c) Mixed Mode bending and Arcan test
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Figure 2.23: Adhesive joint test geometries; a) rigid double cantilever beam (RDCB) test under Mode I, b) bonded shear
test (BDS) under Mode IlI, and c) MixedMode loading at 45

2.2.3 Adhesive Joint Failure

Four types of adhesive joint failure are commauibgerved: cohesive failure, interfacial failure, coating
failure, and adherend failure. Cohesive failure occurs within the adhesive matiyimk .24c) and is
desirable since this indicates the maximum streofjfte adhesive was achieved within the joint (Spaggiari

and Dragoni, 2013; Ebnesajjad, 2014). Interfacial failure occurs at the interface between the adhesive and
the adherendHjgure 2.24a), typically indicating a low interfacstrength associated with the method of
adherend surface preparation. Such failure is also commonly referred to as adhesive failure. In the case
where a coating is applied to the adherends, such as alursificom (Al-Si) coating or galvanneal (GA)
coating (Fan and De Cooman, 2012), the interface between the coating and adherend may delaminate
leading to a coating failurd-{gure2.24b) (Lundrgen, 1989; Davis and Fay, 1993; Hertveldal, 1999;

Wolf et al, 2011). An adherend fare occurs when the ultimate load supported by the adhesive exceeds
the ultimate load corresponding to the strength of the adherBigiseg2.24d). An adhesive joint failure

may also present a combination of tfieramentioned joint failure type®.Q.,interfacial combined with

coating delamination, interfacial combined with cohesive failure etc.), defined as mixed failure.
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Figure 2.24: Adhesive failure types undersinglelap shear configuration: a) interfacial failure (also known as adhesive
failure), b) coating failure and c) cohesive failure, d) structure/adherend failure
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2.3 Surface Treatments to Enhance Adhesigherend

Interfacial Strength

Surface treatmendf the adherend surface that is to be bonded is a critical step to enhance the -adhesive
adherend interface strength (Ebnesajjad, 2014), to achieve cohesive failure. The methods of surface
preparation depend, to some extent, on the adherend materialemifit sglhesive. After an extensive
search on possible surface treatments on steel, thervamafegories of surface treatments for a wide
range of steel alloysT@ble2.7). The current literature lacks a surface treatment eoatipe study on
adhesive joint strength data for coated hot stamped boron steel using structural epoxies. In thisisection,
methods that are applicable to adhesively bonded-hilgta strength steels using structural epoxies are
described below includg surface cleaning and degreasing, -gtést treatment, adhesion promotor

treatment, acigtch treatment, drice blasting, and laser ablation treatment.
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Table 2.7: Literature summary of surface treatment studies on different types of steel

Surface Treatments

Background

Authors Degreased Mechanical — Chemical Dry !ce coz Lf"‘ser Additional Information Adherend Material
Treatment Treatment blasting Ablation
High strength steel (DIN C65
Banea et al. [2018] X X Grit-blasted and degreased (acetone) [heat treated)
Aluminium alloy (AE 6082-T651)
(1) degreased (ultrasonic cleaning in
. acetone) (2) combination of different . . .
Critchlow et al. [1998] X X X chemical freatments; and (3) CO2 Hot dipped galvanized mild steel
laser ablation
(1) degreased (1,1,1 trichloroethane),
(2) grit-blasted and degreased, (3) grit-
Critchlow et al. [2000] X X X blasted, degreased and silane; and (4) [EN 42 J spring steel
combination of different chemical
treatments
(1) degreased, shot blasted with
corundum, and cleaned with acetone; |Low strength steel (DIN ST33)
da Silva et al. [2008] X X X and High strength steel (DIN C65
(2) different chemical conversion heat treated)
coating applications
" Cold-rolled (CR) uncoated steel
Fujimoto et al. [2018] X Degreased (ethanol) galvannealed (GA) plated steel
. . . Stainless steel (SS) type 304
Ghosh et al. [2015] X X X Sandblastmg plus yltrasomc cleaning (plate) and stainless steel(SS)
(in acetone) and silane treatment
type 316 (rod)
(1)Shot-blasted, (2) silane treatment,
(3) corrosion inhibitor treatment .
Knox et al. [2000] X X X Mild steel

(solvent degreased before
implementing the treatment)
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Surface Treatments

Background

Authors Degreased Mechanical — Chemical Dry !ce coz Lf"‘ser Additional Information Adherend Material
Treatment  Treatment blasting Ablation
Sterrett [1981] X chemlcgl etchlng surface treatment Stainless steel (SS) 301
(sulphuric acid)
(1) Sandblast treatment and (2) 4340 High Strength Steel
various concentration of chemical 1010 Cold Rolled Steel
Vazirani [1969] X X etching surface treatment 1095 Cold Rolled Steel
(hydrochloric acid (HCL), phosphoric {302 CRES Steel
acid (H3PO4), etc.) 410 CRES Steel
Degreased (methyl ethyl ketone), grit- Mild steel
Walker [1991] X X 9 nemny’ ey -9 Stainless steel
blasted and silane treatment (4 types) .
Aluminium
(1) Grit-blasted, (2) Grit-blasted and
degreased (ultrasonic cleaning in
Wang et al. [2017] X X X acetone), (3) Grit-blasted and resin Mild steel
pre-coated; and (4) Grit-blasted,
degreased and resin pre-coated
Galvanneal(GA) coated steel
Wolf et al. [2011] X Solvent wiped (complex phase (CP), dual

phase(DP), and transformation
induced plasticity (TRIP))
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2.3.1 Surface Cleaning and Degreasing

A sheet metal surface is typically covered with oil or lubricant intended to reduce tooling wear and promote

the formability of the part during a stamping process. Witheetsfp subsequent adhesive joining, the

residual oil, lubricant and other contaminants prevent contact between the bare metal surface and the
adhesive, which decreases the adhesive bond durability and strength (Ebnesajjad, 2014). Therefore, a
degreasing sp as a surface preparation method can be used to remove oil and contaminants present on the
adherend surface. In some studies, the degreasing step has been incorporated as the last step of a series of
pretreatment such as mechanical surface treatmemegH al., 2018) to remove residues (loose grit or

dust) from the surfaces to be joined.

Common degreasing agents include: 1,1,1 trichloroethane (Critetlaly 2000; ASTM D2651, 2016),
acetone (Critchlovet al, 1998; da Silvat al, 2008; ASTM D26%, 2016, and Bane=t al, 2018), methyl
ethyl ketone (MEK) (Walker, 1991, Nandwani, 2015, and ASTM D2651, 2016), isopropanol (Bahberg

al., 2018) and ethanol (Fujimotd al,, 2018).

It is worth noting that there are adhesives formulated to bond ciatid surfaces (Nandwani, 2015);
however, these adhesives often require relatively uniform and controlled contamination of the surface to be
bonded. Acrylic adhesive is another example of adhesive capable of establishing good joint strength made
of materals with contaminated (oily or dirty) surfaces (Baldan, 2604t et al, 2011). Debskét al.(1986)
suggested that such adhesives could function using two possible mechanisms: 1) displacement of the
contaminants by the adhesive, allowing for direct atinteetween the metal surface and adhesive; 2)

absorption of contaminants (oil) by the adhesive.

2.3.2 GritBlast Surface Treatment

Grit-blasting is a mechanical surface treatment that increases the surface roughness of the adherends by

impacting the sugfce with an abrasive medium such as silicon carbide or alumina grit (Varetcalle
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2006) (Table 2.8) at a sufficient velocity to cause localized vyielding of the surface. The increase in
roughness is the result of abrasive madimpinging the surface and generating peaks and valleys across
the treated surfac&igure2.25b). The treatment also removes contaminants and weak oxide layers off the
surface (Arnottet al, 1993). Gritblasting is a common sae treatment for adhesively joining steel

substratesEbnesajjad, 2004 The treatment can be an effective way to control the final surface roughness

of the adherend (Baldan, 2004), depending on the blast media (Harris and Beevers, 1999).

Table 2.8: List of grit -blast medium with hardness and relative cost (Ebnesajjad, 2014)

. Hardness, | Relative Cost
Blast Media [Moh] Volume Basis
Walnut shells 1-4 19
Silicon carbide 9 50
Aluminum oxide 9 25
Glass bead 6 18
Plastic grit 3-4 30
Steel shot 6 27
Steel grit 6 n.a.
Sand, silica (silicon dioxide) 7 11
Sodium bicarbondate 2.5 n.a.

i
a) 30 microns

Figure 2.25: High-resolution SEM image of plain carbon steel surface a) degreased fage b) grit-blasted surface
(Critchlow et al.,2000used with permission fromELSEVIER)

The roughening procedure is only effective if the blast medium is harder than the substrate (Ebnesajjad,

2014), since a softer medium would break upon impact wittewsing significant plastic deformation to
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the substrate surface. Similarly, with softer metals such as aluminum and copper, relatively harder blast
media such as alumina, sand and silicon carbide are not recommended since they can become embedded in
the oft metal (Varacalleet al, 2006). A reduction in air pressure during the-plitsting procedure can

mitigate such issues.

The improvement of adhesion from g¢piiasting relative to surface cleaning and degreasing is best
explained by the theory of medtieal interlocking (Ozdemiet al, 2016; Wanget al,, 2017). As the media
roughens the surface, the surface area for adhesive bonding is increased thus producing a mechanical

interlock between the organic (adhesive) and inorganic (metal adherend) méayiale2.26).

Figure 2.26: lllustration of the mechanical interlocking model

Conflicting conclusions were found when establishing the relationship between the surface sy@giches

as the arithmetic mean roughness (Ra) of the adherend, and the adhesive joint strength. Harris and Beevers
(1999) reported no difference in the joint strength of specimens that webéagtiéd using coarse grit (60

grit, Ra=3.218m) 220 d¢i inte, egd 2802 (ABed a aritjcal valQeob surface
roughness (Ra=3.55 e€m) resulted in optimal joint
the surface roughness exceededl nhe oao§ivtiac2003Kkeaeghbr
reported an opti mal Ra ranging between 1.5 to 2.5

shear strength for r ough nFgsrs2.2®. A lecent stig byOBoudaretabr abov
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(2016) showed a better joint strength was obtaine
than a rough surface (Ra=3 em). These conflicting
adherends used by the auth@Fable2.9). However, the underlying effect of ghtasting or mechanical

treatment using abrasive sandpaper may go beyond a simple physical change in the surface geometry, but
also a change in the chemical properties of thiEasar(Harris and Beevers, 1999). A direct relationship

between surface roughness and shear strength may be oversimplifying the adhesion phenomenon at the
adhesive/adherend interface, however, the relationship can be used as a guide in designing ajoiadhesive

structure.

25 /0"*.\

20 ,1 "_*—30___
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Static Shear Strenght (N/mm2)
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Surface Roughness R (um)

Figure 2.27: Rel ationship between surface r ouogghWletsls 20@8osdd withe st at i
permission from ELSEVIER)
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Table 2.9: Summary of the surface roughness vs. joint strength relationship

Background

Literature Adherend Surface Adhesive Mechanical Recommendation
Material treatment Type Test
. . grit-blast No difference in joint
Harris and mild steel using strenath between fine
Beevers CR1 alumina two-part epoxy | single-lap joint _ 9
(Ra= 1.3 ym) or coarse
(1999) (1.6 mm thick) | oxideat 0.4 > H _
MPa grits (Ra= 3.2 ym)
. two-part heat-
aluminum gr";?r:aSt resistant Shear strength
Cho et al., ng adhesive . - decreases beyond the
2024-T3 aluminum single-lap joint o
(2009) . : RTV88 (hyper- critical value
(10 mm thick) oxide at 0.5 .
MPa elastic Ra of 3.55 um
adhesive)
anaerobic
Sekerciodlu et general abrasive adhesive .
al., (2003) structural sandoaper (commonly pin and collar Ra=1.5t025um
v steel pap used for
threadlockers)
aluminum . one-part
Boutar ef al., abrasive . . - 06
(2016) copper alloy sandpaper polyurethane single-lap joint Ra =0.6 pm
(3 mm thick) adhesive

2.3.3 Adhesion Promotor

Adhesion promotors (also known as coupling agents) are chemical solutions applied on the surface of a
metal adherend to improve the adhesion behw@e adhesive and the surface of the metal. The coupling

agent acts as a bridge between an organic and an inorganic surface that results in better adhesion between

the adhesive and the adherend (Critchddal.2000; Ebnesajjad, 2014). It can be constdeas a secondary

adhesive that binds the surface of the metal to the surface of the primary structural aBipsie2.28).

Evidence suggests that a covalent bond is established between epoxy and metal Wwélp tok

organosilane coupling agenBackham, 201)7 The adhesion promotor is reported to attach to the metal
surface via covalent oxane bonds, which makes the metal more receptive to the epoxy (polymer). On the
other side of the adhesive promotor, betwedhe adhesive promotor and the adhesive, the adhesion

mechanism is via chemical reactivity between the adhesive polymer and the silane couplingiguyent (
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2.28). The adhesion promotor diffuses into the initially liquid stdtéhe polymer and participates in the

curing process as the polymer is cured (Ebnesajjad, 2014).

Organic Material

Adhesive (Polymer)

Silane Coupling Agent

*—
*—

Interdiffusion of polymer
into the coupling agent

Chemical bonding via

covalent oxane bond

Figure 2.28: lllustration of adhesion promotor (e.g.,silane coupling agent) bond mechanism with adhesion pmotor (e.g.,
epoxysilane/aminosilane) participating in the adhesive curing (figure adapted from Ebnesajjad, 2014)

The additional benefit of the adhesion promotor is preservation of the joint strength over time by preventing

formation of moisture at thedaerend/adhesive interface (Gledbillal, 1990; Walker, 1991; Critchloet

al., 2000; Plueddemann, 1988). Critchletval. (1997) have demonstrated the improved durability of the

adhesive joint that received silane treatm@iai{e2.10).

Table 2.10: Joint strengths of singlelap shear specimens (0.25 mm bond thickness with a 10 mm overlap and 20 mm wide)
after bonding (initial) and after exposure to deionized (DI) water at 60C, with different surface preparations (data adapted

from Crit chlow et al, 1997)

Adherend

CR1 mild steel (1.2 mm thick)

Adhesive

Araldite® 2007 AV 119 (Single-part epoxide)

Overlap length 10 mm

Surface Treatment Initial Joint Strength Joint strength (N) after

(N) exposure for 12 weeks
Degrease only @ 3550 3070
CO,-Laser treatment, SET 30 sec? 5200 3920
CO,-Laser treatment, SET 2760 min © 4940 3980
Grit-blast ¢ 5240 5410
Grit-blast plus silane @ 5160 5610

Ul trasonic immersion degrease (using 6Super

b SET = surface exposure time before adhesive application;
¢ Degrease théirst before using 80/120 grade alumina grit and degrease again after mechanical treatment
9 Silane solution from Union Carbide A187 (1 % aqueous solution)
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2.3.4 AcidEtch Treatment for Steel

Acid-etch surface treatment can be applied to steel, negulti a pitlike surface Figure 2.29) that
effectively increases the surface roughness. Following the aggressivetcrcitteatment on the steel
surface, a deposit of graphitee( smut) was removed by using solutions such asmalt acid, sulphuric

acid, or chromium trioxide. After the desmutting stage, the acid etched steel has a uniform and thicker oxide
layer on the surface, which improves the corrosion resistance (Allen and Alsalim, 1976). A wide range of
etching solutions ds been investigated to improve adhesive joints on steel adherends (Vazirani, 1969;
Sterrett, 1981; Allen and Alsalim, 1976). The following chemical etching solutions were tested on different
grades of steel adherends (as well as stainless steel) to idetéhm joint strength: potassium bromide
(KBr), hydrochloric acid (HCI), hydrofluoric acid (HF), phosphoric acidRB), potassium iodide (Kl),

and sulphuric acid (#%Qy) (Vazirani, 1969; Sterrett, 1981Figure 2.29). The concemation of the acid

and duration of the etch time also affect the shear strength (Sterrett, 1981), so they are also the factors to
consider when implementing the a@tth treatment. There are currently no published experimental data
related to acigktch teatment for AISi-Fe coated boron steel for adhesive joint bonding, but a HCl and HF
mixture can be used as a coating striping solution to determine the coating weight and composition applied

to the steel (ArcelorMittal, 2010).
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‘A“-

Figure 2.29: Sulphuric acid (H2SOus)/oxalic acid etched martensitic F¥520B stainless steel (x 1000) (Allen and Alsalim
1976)

Allen and Alsalim (1976) and Sterrett (1981) recommended a desmutting step (e.g. with alkaline water)
after etching and before the adhesive application to remove the deposited carbon (smut) and debris left on
the surface, which showed an increase in strength and durability of the joint. Allen and Alsalim (1976)
reported a strength improvement of 138% (fronll4dPa to 116.5 MPa using the napkin ring test made

of stainless steel) between specimens with and without smut. The durability of-@tcheid stainless steel
surface with the optimal acid concentration showed a 45% improvement in shear strength rgd@mtio
hoursvs.537 hours under a static load of 14 MPa &@and 100% relative humidity) (Sterrett, 1981).

The resulting joint strength after aadiching treatment depends on the duration of the etching and the
etching agent used. The duration of #ivgdetch can last from a few minutes to an hour with a significant

difference in joint strength (Allen and Alsalim, 1976), which may not be an efficient or economic process
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in high volume production. In addition, the a@tth treatment may involve hazatgs chemicals such as

nitric acid.

2.3.5 Drylce Blasting

Dry-ice blasting (also known as cryoblasting) uses solid carbon dioxidg padicles in the form of pellets
travelling at high speed to break down contaminants and clean the surface of anch(Bwiset al.

1999). The dnjice pellets €.g.cylindrical shaped) can be projected at a blast pressure ranging from 0.9
MPa to 1.1 MPa (131 psi to 160 psi) for aluminum sheets (Bretdd, 1999;Uhimann and Mernissi,

2008) to strike the surface amneimove dirt and contaminants. The impact against the metal surface causes
the CQ particles to sublimateF{gure 2.31). Dry-ice blasting is also capable of roughening the surface
similar to gritblasting, which may improve the asifion Figure 2.31b). This surface treatment
demonstrated an improvement of the adhesive strength on aluminum substrates compared to conventional
procedures that used only a degreasing agent (Betvais 1999; Elbinget al, 20®). Liu et al. (2011)

showed that the collision between £garticles and the contaminants on the surface resulted in better
cleaning compared to an air jet cleaning. This type of surface treatment can be an alternative to replace the
surface cleaning andegreasing step that uses solvents and reactive chemicals that may be harmful to the

environment (Uhlmann and Mernissi, 2008).

1. CO, Particles
2. Contamination
3. Substrate

VR0

Figure 2.30 Dry-ice blasting treatment illustration (Uhlmann and Mernissi, 2008used with permission fromSPRINGER
NATURE)
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Figure 2.31: Aluminum 5251 post surface treatment SEM micrograph of a) degrease only, and b) dige blasting for 20
seconds at 1 MPa (Brewigt al, 1999usedwith permission from ELSEVIER)

The results showed that the dcg blasting treatment applied to aluminum could achieve adhesive joint
strength levels similar to chemical treatments (Brestisl, 1999; Elbinget al, 2003; Uhimannand
Mernissi, 2008). by-ice blasting treatment on ulttagh strength steel has not been done for adhesive
joints. Before conducting a surface treatment study related ticerplasting, several experimental
parameters should be considered and documented: velocity of tlepampact, dryice particle diameter,

duration of the blast, and temperature of theideyat the impact.

2.3.6 LaseBased Ablation Treatment

Laser ablation can be an alternative to surface cleaning and degreasing treatment (&itahld®98;
Critchlow et al, 1997; Mandolfinoet al, 2015). This treatment is capable of removing organic
contaminants on the adherend surfaces. Transversely excited atmospheric (TEA) carbon digkidegiCO
causes a physicochemical change to the bond area witmdbdication of surface topography and
chemistry (Critchlowet al, 1997) by emitting high energy through electrical discharge of g2G
(Beaulieu, 1970). Critchlowt al.(1998) reported similar mean tirte-failure between the adhesive joint

from TEA QO»-laser treated mild steel compared to degreasing treatment with acetone, which demonstrated

the similar durability of the treatmentsigure2.32). The improvement was attributed to the improvement
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in the surface wettability, vibh was quantified by the contact angle. The contact angle of a laser ablated
surface was lower compared to that of a degreasdsurface (Critchlovet al, 1997).Critchlow et al.

(1998) conducted a parametric studyadfiot dipped galvanized mild steeaterial treated by TEA CO

laser treatment under different number of pulses (10, 20 or 30 pulses). In particular, under the case of
20 pulses, the adhesive joimhd similar initial joint strength and durability as that of degreaséyl

surface Figure2.32). The surface became organic contamitiesg and the thicker oxide layer increased

from 60 to 140 nm after TEA COaser ablation. Since the ladesised ablation treatment does not
require the additional step of disposalusked degrease solution, it is an attractive surface treatment

solution for highly automated automotive industry.

Furthermore, Mandolfinet al.(2015) experimented with Ytterbium fibre laser treatment on aluminum

alloy 6061T6 adherends and reported anrappnately 100% increase in joint strength compared to

a degreased aluminum using acetone (19.4 MPa vs. 8.4 MPagt\Waf2018) found that the surface
topography becomes rougher and the surface roughness increases as the laser power level increases
when treating an aluminum alloy. The authors also found that the rough surface created by the laser
treatment played a key role in corrosion resistance and prevented salt solution penetrating the bond

interface.

a) Applied load at 0.2 kN b) Applied load at 0.5 kN
300

Double Degrease

TEA CO02-laser treatment (10 pulses)
mTEA C02-laser treatment (20 pulses)
B TEA C02-laser treatment (30 pulses)

250
217

[\
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(=}
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Figure 2.32 Mean time-to-failure of single-lap shear test to determine the durability of adhesive joints that were treated
by acetone degrease solution and TEA CQaser treatment; specimens were immersed in deionized water at €D with
two applied loads a) 0.2 kN and b) 0.5 kN (data adapted from Critchlovet al, 1998)
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e —
100 pm 100 um 100 um

Figure 2.33: SEM images of the surface of Aluminum alloy 5052; a) untreated surface, b) laser ablated surface at low
power level of 4 Watt without argon (Ar) shielding gas, and c) laser ablated surface at high power of 19.6 Watt without Ar
shielding gas (Waret al, 2018used with permission fromELSEVIER)

Adhesive joint strength from CQaser ablation showed a higher variability (wifandard deviation

of 0.22 kN) than a double degrease treatment (stahdard deviationf 0.08 kN) (Critchlowet al,
1998), which could be a limiting factor to meet the demand of joint reliability for the automotive
industry. Critchlowet al.(2008) alg pointed out the high cost associated with the cudtoith laser

design associated with G@ser and the requirement to use robots to manipulate the treatment.
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2.4 Adhesive Fracture

Following mechanical test of adhesive joints, a {fadtire analyss of the fracture surface enables: (i)
identification of adhesive failure mode (cohesive, interfacial, or adherend failure), (ii) study of the
toughening mechanism of the adhesive (Kinlethl, 1983; Pearson and Yee, 1986), (iii) investigation of

the cack propagation process (Purslow, 1981; Zheingl, 2008), and (iv) interpretation of the adhesive
failure mechanism using fracture features unique to the modes of loading (Teiseira de Freitas and Sinke,

2015).

2.4.1 Fracture surface morphology for epaxihesives

The fractographic analysis of epoxy highlights the difference in brittle fracture efonghened epoxy
and the ductile fracture of toughened epoxy (Kinlethal, 1983). The notioughened epoxy has an
unstabl e crack prnmagiagg antl snmoth fradtute rsurfacBgj(re 234a), while a
toughened epoxy showed stable crack propagation with multiple fracture f&agise(2.352). The
gualitative assessment explained the diffeeandhe measured fora@isplacement responskeigure2.34b

andFigure2.35b).

a) s 0 1 e BS b) 400 Type B
. \\ Initigtion c
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Figure 2.34: a) Nornrtoughened fracture of bulk epoxywith compact-tension (CT) specimengeometry that demonstrated

unstable crack propagaton and river-line fracture surface, b) loaddisplacement(Rqp) cur ve of the correspol

material (Kinloch et al, 1983used with permission fromELSEVIER)
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Figure 2.35: a) Ductile fracture of rubber-toughened epoxywith compact-tension (CT) specimergeometry that
demonstrated stable crack propagation; small voids originated from the rubber particles, b) loadisplacement (Rgp)
curve of the corresponding material (Kinlochet al, 1983used with permissionfrom ELSEVIER)

In Mode | opening, such as DCB or RDCB tests, as the load increases, microcracks develop within the
adhesive in front of the main crack that acts as a crack initiator in the adhesive bond. As the load increases,
the local damage areig( plastic yield zone) in front of the crack tip developg(ire2.16) and grows in

size as the microcracks extend to meet with the main crack, which ultimately results in joint failure (Banea
et al, 2015). In the case of tougherathesive, the added rubber particles become sites of cavitation, where
voids grow and coalesce, which leads to shear band formation in the adRigive2.36). The formation

of shear bands improves the toughness of the adh{@seaeson and Yee, 1986; Pardetial, 2005). The
dimplelike fracture is the result of the stretched and torn rubber partkiggré2.353). Another Mode |

fracture feature had ribbon formation and is observed when the grbtah microcrack is interrupted by

the intersecting crack planes and unable to coalesce during a tensileitpaeZ.37) (Greenhalgh, 2009).
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\

Figure 2.36: Mode | opening of rubber toughened epoxy illustrating local cavitation of rubber particles in front of the
crack tip and as load increases, the cavities grow larger which leads to coalescence of voids and fracture occurs (crack
progression begins from top to bottom) (Yee and €arson, 1986ised with permission fromSPRINGER NATURE)

Figure 2.37: Mode | fracture feature-ribbon found on a ductile fracture of adhesive in tapered double cantilever beam
(TDCB) test configuration (Pardoenet al, 2005used with permission fromELSEVIER)
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During the fracture process under Mode Il loading, shear hackles (also referred to as shear cusps) are
observed on the adhesive fracture surface (Biel and Stigh, Z8@8)€2.38). The orientation of the shear
hackles follows the maximum tensile stress within the bond. The microcracks develop in the adhesive and
continue to propagate due to the tensile stréss)( As load increases, the microcrack connects to
neighbouring microcracks, eventually leading to a joint faillrigure 2.40) (Chai, 1992). The fracture

surfaces with shear hackles appear as a rough surface Wikte fribles Figure2.39).

Substrate (steel)

Layer (adhesive)

Figure 2.38: Mode Il Shear deformation mechanism with shear hackle formation (Biel and Stigh, 2018sed with
permission from ELSEVIER)
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Figure 2.39: Fracture morphology of adhesive under Mode Il with crack growth started from right to left (Chai, 1988
used with permission fromSPRINGER NATURE)

T
. ." . I Interface Crack
% Ornas / v _/Micmcrafk /
T
L / H‘m Adhasie

I
T { Adherend

Figure 2.40: Mode Il shear loading and te crack development in the adhesive (Chai, 199&ed with permission from
SPRINGER NATURE)

2.4.2 Quantification of Fracture Surface

The fracture features of the adhesive described above have been used to qualitatively explain the adhesive
fracture undemr particular mode of loading. The following paragraph highlights notable works related to

the quantification of adhesive fracture surfaces.

Arakawa and Takahashi (1991) attempted to establish a quantitative correlation between the surface

roughness of aréictured bulk polymer to fracture parameters such as crack velocity and stress intensity
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factor, but a relationship was not observed. However, a linear relationship between surface roughness and
fracture toughness was established by Amedl. (2011) Figure2.41). Furthermore, Zhangt al. (2008)

found distinct morphological differences in the fracture of unmodified resin and modified Féegime(

2.42a) and demonstrated an increase gtmess with an increase in toughening agent corféire

2.42b). Unique modes of loading (I and Il) and mixewbde at different levels were characterized based on

the cusp angle on the fracture surface, andjbenidensity of hackles was observed in Mode 1l dominant
fractures (Gilchrist and Svenssatf95). The fracture surfaces of adhesive can be quantified to better
understand the failure mode of an adhesively bonded structure that has complex failure vedea de

Freitas and Sinke (2015) conducted a fractographic analysis of a component level adhesive joint that was
loaded to failure under a ptoff test setupFigure 2.43). The authors identified the change in fracture
featuresthat corresponded to distinct mode of loading; for example, pure Mode Il shear loaded adhesive
was found with steep shear cusps. Ehear hackles) and Mode | opening with shallow cuBips fracture
morphology of a specific mode of loading was distiely identified and used to qualitatively describe the
change in the mode of loading in a structural adhesive joint. Similar fracture analysis methods can be

applied from a quantitative approach by using surface roughness parameters.

57



Background

)
(&)
I

)
o
1

—
(9]
]

—
o
1

(o)}
1

Roughnes, R, (um)

o

0 1000 2000 3000 4000 5000
Fracture toughness, G (Jm™)

Figure 2.41: Relationship between surface roughness, Ra, of fracture surfaces and fracture toughness of epoxy from a
mixed- fracture test (Ameli et al, 2011used with permission fromELSEVIER)
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Figure 2.42: a) Fracture surface reproduced from the laser profilometer demonstrating fracture surface of a modified resin,
b) surface roughness parameters as function of toughening agent volume content tested at@83vith a positive trend in the
surface roughness with an increase of added toughening agent content (Zhagigal, 2008 used with permission from
ELSEVIER)
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E [ crack growth

Figure 2.43: SEM fracture morphology evaluation according to the 6loading; Point 1 to Point 3 had mixed of Mode |
and Mode Il with shallow cusps loading, Point 4 had a dominant Mode | component, and Point 5 showed increase in
Mode Il with taller cusps (Teiseira de Freitas and Sinke, 2016sed with permission fromELSEVIER)
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2.5 Summary

The wideadoptionof UHSS invehicleBIW structures emphasizes timportant roleadvanced materials
can play invehicle lightweightingvhile improving occupant safetin paralle] adhesive joining solutions
present new opportunitiesrfadvancinghe next generation of multnaterial lightveightvehiclestructures
To date, there is limited work on adhesively bonde®Atoated boron steel compared to other structural
steel in part due to challenges presented by the intermetallimgobtence, the motivation fahe present
research comprises of assessing the surface and thermal treattaeotsipon level usinthe singlelap
shear test. Furthermore, the material properties €fef$i coating and formationf the coating during
processindhave been well documented in the literature, but thasebeen ndetailedinvestigationof the
failure mechanism of the coating delamination in an adhesive gagpitethis beingreported as a failure
mode in the literature with common coafisystemsd.g.Gl, GA coating). Finally, fractographic analysis
is commonly conducted and reported qualitatively in the literaturethieo¢ is no quantitativeracture
morphologyanalysisto assess different modes of loading and the correspondingréracidaces, which

can inform on the efficacy of surface treatment and ultimately the joint strength.
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Chapter 3Methodology

This chapter presents the methodology adopted to investigate the adhesive joininghifilulstaength

hot formed steel with respect torface treatment and steel intermetallic coating condition. As noted in the
background, the AFe-Si intermetallic coating created on the surface of the steel during hot forming may
present challenges for adhesive bonding. Therefore, different surfaceatimsaand adhesive joint
configurations were investigated using the measured joint strength and fracture surface morphology to
assess adhesive joining performance. The conditions investigated included: (i) three different surface
preparation treatmentsind (ii) a range of hot forming conditions and resulting intermetallic coating
morphology. The joint performance was assessed using $amglghear tests and butt joint tests and

interpreted through analysis of the resulting fracture surface morphology.

3.1 Structural Adhesive

The structural adhesive used in this study was apavb toughened epoxy, known as BMimpact
Resistant Structural Adhesive (IRSA) 7333, manufactured by'3B&nada Company (3M, 2016Table

3.1) that incoporatessynthetic rubber particles for increased toughness and ductility. A preliminary study
by the author compared IRSA to two other adhesivesM3®anel Bonding Adhesive (08115) and M
Developmental Acrylic Adhesive (B2020), and identified IRSAhesitest candidate based on joint strength,
ease of application in structures and material availability. Therefore, this adhesive was adopted for the

current study.

The twopart IRSA adhesive was applied from a speciattwamber cartridge with separatentbers for
the resin and hardener. A manual cartridge gun (MIXPAGM 200-01, Sulzer Ltd.) was used to apply
the adhesive, providing uniform pressure to the cartridge and combining the resin and hardener in the

correct ratio via a mixing nozzle (3M Statc Mixing Nozzle 08193/43M™ Canada Company The
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uncured adhesive appears as a silver viscous fluid that turns purple to indicate the completion of the curing
cycle (3M, 208). The recommended curing cycle for the adhesive is 30 min at 80 °C; hovwangsy |
durations may be required for the adhesive to reach this temperature in the presence of large fixtures or

structures, as was the case in this study.

Table 3.1: Two-part structural adhesive (IRSA) compgition (3M, 2016

Ingredient Approx. % by Weight
Bis (3-Aminopropyl) Ether of Diethylene Glycol 15to 4C
Epoxy Copolymer (04499600-7155) 10to 3C
Aluminum 5to 1C
METHYLENEDI(CYCLOHEXYLAMINE) 5to 1C
Acrylic Copolymer 5to 1C
Synthetic Ruber (04499600-7150) 5to 1C
m- Xyl ene-.alpha.alpha6é . Diamine 1to 5
Tris(2,4,6-Dimethylaminomonomethyl)phenol lto5
Inorganic Filler (04499600-7153) 1to 5
Mineral Filler (04499600-7156) 1to5
Treated Filler (04499600-7152) 1to5
Formaldehyde, Polymer with Benzenamine, Hydrogenated Less than
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3.2 Al-Si Coated Boron Steel

Al-Si coated boron steel (boron steel), hot stamping steel grade 22MnB5, (Usibor®3,58@elorMittal
Dofasco) was used as the adherend in order to assess three surface treatments: degreasinguiagurface
acetone (ACE), griblasting treatment (GB), and application of an adhesion promotor TARB)acidetch
treatment, dryce blasting, and the laser treatment were not considered in this study due to the lack of
infrastructure and necessary equipminichieve the ideal experimental outcofbe study was
carried out using three different levels of boron steel strength produced by three seldiaglisnching
temperatures (room temperature, Z00and 700C) (Figure3.1) to examine the adhesive joint response
with respect to the strength of the adherend. The slapglshear test was used to complete the surface
treatment study. In this study, the terminology used to designate the test casksfaice
TreatmentThermal Tratment(e.g.for a room temperature-die quenched with gritlasting treatment, it

is GB_RT).

Flat Sheet

with in-die tooling temperature of

Temperature

2

Surface treatment

Baseline study Grit-blasting Adhesion

using acetone treatment : Promotor I
—_———— — s — . -

Figure 3.1: Single-lap shear test conditions for a surface treatment study
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3.2.1 InDie Quenching Procedufer Flat SheeBoron Steel

The 1.2 mm thick boron steel was cut to a di mensic
shearing machining. The square blank was fed into an 18 kW furnace (Deltech Inc., USA) to begin the
austenization proceski@ure3.2a). The boron steel was soaked in the furnace at 930°C for 6 min (Omer

et al, 2018) to 6 min 30 seceft Kortenaar, 2016) to heat the piece uniformly and provide sufficient time

for the grain structure to transform intaistenite throughout the sheet. The heated blank was then
transferred to the flat die with a 4 second transfer tigue3.2b). A 908tonne hydraulic forming press
(Macrodyne Technologies Inc., Ontario, Canada) applied 60 tafnesmpressive force (Omet al,

2018), translating to a contact pressure of roughly 6.4 MPa on the sheet. The duration afighe in
guenching process was subject to the desired thermal treatment: 10 seconds for the sheets cooled at room
temperature (R) producing fully martensitic boron steel, four seconds for the sheets talleqnenched

at 400 and 700C (Table3.2). All in-die quenched blanks were then taken out of the press acaosd

to room temperature.
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Methodology

b) Transfer and Quench

18 kW
furnace

Blank
[304.8 mm by
304.8 mm]

I Press Parameters:
60 tonnes of force

| Hold time:
@ RT =10 sec |
@ 400°C& 700°C=4 sec

Figure 3.2: Step-by-step flat sheet quenching process; a) load the blank, b) heated blank transferred to thedie heated

flat die ¢) quenching complete

Table 3.2: Hot forming parameters for three different die temperatures (Georgeetal, 2012) ( Omer ,
Usibor® 1500-AS (1.2 mm thick)
In-Die Quenching Room o o
Condition temperature e Here
Soak time - Furnace [sec] 390 360
Press force [metric ton] 60
Hold time - Press [sec] 10 | 4

2014)

(06

Four resistance heaters (1900 Watt and 600 Volt) (ASB Heating Elements Ltd., Canada) were uniformly

spaced across the eet; each with alengh o f

2018) Figure3.3a). They provided the required-ditie quenching temperature of 490 (George, 2012)

(Elleret al, 2016) and 70@C( O6 Kee f f e,
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materi al with a thickness of 25.4 mm (106) (ZRCI,
(Figure 3.3b), resulting in a small temperature gradient across the die surface. Tloé fletesheets

preserved the intermetallic coating and avoided maraoking that may result from forming processes.

a) Front (Cross-section View) b) Top View

ZIRCAL-95 insulation . Blank Sheet

Flat Die @ Heating Element

Figure 3.3: : lllustration of the bottom half of flat die set demonstrating the componats that made up of the flat dieset; a)
Front view, b) Top view

To consistently reproduce fully martensitic sheets, a water chilled plate made of aluminum was placed in
between the flat digets to ensure the dies were cooled down to room temperaturenaovkd when the

heated blank was ready to be quenciiégiufe3.4). As for the two slower cooling rates (at 400 and°T)0

in order to maintain the intended die surface temperature generated by the heating elements, the top and
bottom dies were closed, minimizing the heat exchange between the quenching surface and the air in the
environment. Once the parts were austenized and about to exit the oven, the flat dies were opened for the

heated flat sheets to be transferred and reshenslower rate kulie quenching operations.
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a) Press position during sheet austenization for room temperature b) Top view of flat die (bottom set)
sheet quenching

Thermal Couples

Flat Die
(Top)

Flat Die
(Bottom) .
Figure 3.4: : a) Closed positio with a water chiIIe plate in between flat diset b) Area coverage of the water chilled plate
resting on top of the flat die

ZIRCAL-95 ABN . . 8-

Fully martensitic boron sheets were waterjet cut from the-filgnched blanks in order to produce the

adherends for the singlap shear sample$-igure 3.5). The two softer thermal conditions were hand

sheared to size owing tbe lower material strength.

Figure 3.5: : Waterjet cut forsingle-l ap shear adher“'eﬁds o’fllé by 36 and 10
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Microhardness

The measured microhardness value is used té/vubg strength of the boron steel under differendim
guenching temperatures (Bardeleikal, 2010)Georgeet al, 2012). Microhardness (with hardness scale
HV1.0) measurements were used to determine material around the border of the sheetsithahekd

the strength requiremenue to the heat loss at the border region during tltBeiquenching process.
Coupons for hardness measurement were hot mounted in resin and polished with 4000 grit SiC sandpaper.
A measurement load of 1000 g was usedktermine the microhardness of the coupons using a commercial

hardness tester (402 MVD, Wilsbinstruments). Hardness (HV1.0) was calculated using equation 3.1:

8

"Owpsrt (Eq. 3.1) where F is the applied force (1.0 kgf) 8Rd& the

mean of the diagonal measuremeit¥s &nd(®) of the indent.

The hardness distribution for the flat sheet ider
from the edges of the shtehad higher hardness for 400(.e. high strengthmaterial) and lower hardness

for 700°C compared to the reported average microhardness by Geioafje, 2012 and Ob6Keef
(Figure3.6, Figure3.7, andFigure3.8). Thus, the border witB5.4 mm (linch) of material around the flat

sheet was discarded when collecting adherends from the flat Sfiget®8.5).

Section 1

Section 2

Section 3

Section 4

Figure 3.6: : Locations of the Vickers hardness measured (e.g. sample-itie quenched at 400°C), sections identified in
Figure 3.21

68



Methodobgy

500
® Section 1

_ 450 r @ Section 2
o 400 k ® Section 3
E Section 4
2350
=
=
£ 300 r
e Lo %
f’. 250 B
>

200 r

150 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80
Distance from sheet edge [mm]
Figure 3.7: Hardness profile near the edge of the flat sheet gunched at 408
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Figure 3.8: Hardness profile near the edge of the flat sheet quenched at 200

Fully quenched sheets had an average hardness value of 499 HRMgufe B8.3) demonstrating the
dominant presence of martensite in the microstructure. At the intermediate cooling rate witdian in
heating temperature of 40C, the hardness level was 267 HV1.0, explained by the presence of bainite
mixed with martensite (Bardelcét al.2012). Lastlythe lowest cooling rate, quenched at 7GQresulted

in a measured microhardness of 192 HV1.0, suggesting the presence of softer phases of ferrite and bainite.
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The reported values were in agreement with the work on the resistance spot welding-digtlyggiénched

boron steel by O6Keeffe (2018) atald20l¥lat channel bo

Table 3.3: Vickers microhardness summary on three different quenching conditions

Flat Die Temperature

Room
Temperature
(Fully Quenched) 400°C
Awerage [HV1.0] 499 267 192
Standard Deviation 9.2 7.8 3.5
Coeff. of Variance [%] 1.8 2.9 1.8
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3.3 Specimen Manufdare and Experimental Testing

3.3.1 SingleLap Shear Test

The singlelap shear (SLS) test is a widely used Jomst adhesive test comprising two adherends and a

single bond line that can be loaded to failure in a standard tension testing machine. Téedadiest

piece) in this study were 25.4 mm by 101.6 mm (10
by 76. 2 mmFiduied9) tb glign3heé applied(load with the bond line. The materials were cut to

size usig either a mechanical shear or a water jet cutter depending on the strength of the steel. The backing

pl ates were 12.7 mm (0. 50)07whiledeating the remaining diedgioks st a n c
identical to the standard (ASTM D3165, 2014). Tle shorter backing plate facilitated comparison with

results from the surface treatment investigation by Nandwani (2015) who used these specimen dimensions.

The sample had a nominal bond | ength of 12.7 mm (

Z

t

iy -
. Adherend

( . Adhesive
2\ : Shim

Figure 3.9: Single-lap shear test specimen, exploded view (modified ASTM standard D3165)

A surface treatment was applied to the adhds, as detailed in section Fllowing the surface treatment,
brassshimswih a t hi ckness corresponding to the desired

placed near each end of the backing plaigure3.10a). The twepart structural adhesive was applied in a
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single continuoudead on the backing plates and spread using a putty knife to uniformly cover the bond

area Figure3.10b andFigure3.10c). The test piece was then placed on top of theibggkate forming

the first subassembly of the sample. A small pressure was applied by hand on the test piece at the locations
where the brass shims were placed, allowing the adhesive to flow and cover the bondFiguneai0d).

These steps were repeated for the secon@sstmbly. To join the two stassemblies, a continuous bead

of adhesive was applied to form a nominal bond | €
(Figure3.10e) and spread using the putty knife. Each half of theasskmbly was placed onto a sheet of
tempered glass plate and with a6 aunmmimn(a@ mmitick)7 mm (
spacers were placed between each spaEtito ensure the samples were aligned during the curing process
(Figure3.10f). Prior to assembly, the aluminum spacers and tempered glass were coated with a mold release
solution (Frekot®, LOCTITE® 55N CE by ell@erm)to enable removal of the samples following

curing. The nominalbondarea, was 12.7 mm (0.50) by 25.4 mm (10)
was placed on top of the specimen assemblies, after which binder clips were used to clampplageglass

and keep the samples in place during cufiNgndwani, 2015)The fixture was cured in a forced air
convection oven (Binder FB3, Binder Inc.) at a temperature of80In general, the curing time included

a ramp up t@0°Cthat varied dependinghahe size of the samples and test fixture, and was followed by

30 minutes curing time at the specified temperature -tfge thermal couple was attached to the single

lap shear jig and connected to a Data Acquisition System (DMB-55™) to determine théme required

to heat up the fixture to the curing temperatigyre3.11).
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a) b) c)

N
backing plate brass shim adhesive .

N =i
d) e) .
8 — = adhesive

l
3 test piece —
3 ackingm‘

g) SLS sample

\

f) Aluminum spacer binder clips

-

Figure 3.10: Single-lap shear sample assembly process; (a) Place brass shims on topawking plates , (b) Apply adhesive

in a single, continuous bead, (c) Spread the applied adhesive to cover the area, (d) Place the test piece on top of thengacki

plate, (e) Apply a single, continuous bead of adhesive to create a bond lengthof 12.7@m (5 0) , (f) Pl ace t he s
tempered glass plate and separate each specimen by an aluminum spacer and (g) Place binder clips to bind the top and

bottom tempered glass to keep the specimens in place

cure adhesive

heatup
fixture

Temperature [°C]
WA AU
GOSUhShSh

15 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Time [min]

Figure 3.11: Heating temperature profile of the singlelap shear fixture
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After the specimens were cured, spew fillets were present on the test speckiggne 3.12),
corresponding to the excess adhesive that wasegqd out around the edge of the bond line. Since the
spew fillets could influence the strength of the joint by reducing the stress concentration at the joint edges
(Doru et al, 2014), they were carefully removed using a vertical milling machine (Netrags 2016) to
minimize the variability in the nominal joint strength that could originate from inconsistent spew fillet shape
(Critchlow, 1997) Figure3.13). The bond line length and bond thickness of the spesinvere measured

using an optaligital microscope (VHX5000, KEYENCE CorporationHgure3.14).

Before

Spew Fillet Removed
Figure 3.13: Single-lap shear specimen with spew fillet at the joint ends (top figure) and with spew fillet removed (bottom
figure)
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Bond thickness 1 Bond length

Figure 3.14: Single-lap shear bond thickness and length measurement using an optical digital microscope

The specimens were tested in a custom hydraulic frame at room tempdfaure 3.15). The samples

were clamped by a set of s#iljhtening wedge grips. The grip area was nominally 25.4 mm by 25.4 mm

(160 by 1060) on each side as specified in the ASTM D
crosshead speed based on feedback from a linear variable differential trengtofmT). The specimens

were tested at a constant engineering strain rate of!l &sesponding to a crosshead speed of 0.178

mm/sec (0.007 inch/sec). An 89 kN (20,000 Ib) load cell (2R, Transducer Techniques) measured the

force applied on the &ésive joint. The forcerosshead displacement data was acquired at a frequency of

1000 Hz (USB6210, National Instruments).
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88.96 kN
(20,000 Ib)
Load Cell

Figure 3.15: Custom hydraulic frame test setup for singldap shear test

The lacal displacements in the vicinity of the joint were measured optically using a Nikon D3200 digital
singlelens reflex (DSLR) camera. A macro lens (105 mm f/2.8) was connected tdiaiesaeleconverter

lens to record the test at 1080p resolution regultiran approximate resolution of 30 pixels/mm. Images

were acquired at 30 frames per second. Markers were created on the specimens using a permanent marker
(Figure 3.16) and were tracked using a video analysis tracking softwamsecKér Video Analysis and
Modeling Tool, Open Source Physics, USA) (Watsbal, 2019). The software provided the data on the

local displacement and the test piece joint rotation as the displacement was increased to failure of the sample.
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Local displacement

DAL, 121718 S )
AU SRS Ky L B

Reference axis

Figure 3.16: Single-lap shear test with the markers traced and the output (local displacement and progression of joint
rotation) generated by Tracker

The shear strengtth, , was calculated using the maximum force measured during th®&testand the
initial bond area9: —— ——(Eq. 3.1), is wheré is the width of the specimen ané the

adhesive bond lengtiThe shear strength was used to compare the performance of the various surface

treatments.
3.3.2 Butt Joint Test

The butt joint adherend geometry followed the dimensions outlined in ASITM (ASTM2094, 2014)

(Figure3.17). The €st configuration is generally used to measure adhesive tensile strength (lkegbmi

1996) and, in some cases, the energy absorbed by the adhesive (Yokoy&nan 208 study, the ASTM

standard test was modified by introducing adim quenchedully martensitic boron sheet sample between

two rods Figure 3.18), similar to the study conducted by Schétl al, (2015). The purpose of the
modification was to induce a single mode tensile loading to tH®i Aitermetallic coating on the sheet

sample and obtain the tensile adhesion strength of either the adhesive or the intermetallic coating. The butt
joint sample is made of two 38.10 N 0.25 mm (1.50

(O0.dbicgddgmet er and a 12.-BiCkoatedisheetGamplé. Ihe dhieed sarmpieavas watérjet

cut from an ultrenigh strength steel boron flat sheet coated witSiAlvith a diameter of 12.7 £ 0.127 mm
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(0.5 N 0.0050). A bon diolledstegl ang was designeuaocehforae thalreqgliiecd m ¢ «
tolerance on two parameters controlling the sample alignment between the top and bottom rod (axial offset
tolerancet0 . 076 mm ( 0. O BD ) 6 Ja n (@EOS, POW4L). The jigglésign was ed by

da Silvaet al.(2012)

Figure 3.17: Top view and front view of the butt joint adherend (ASTM-2094) (dimension in mm)

Figure 3.18: Butt joint sample with additional metal disc for measuring interface strength

The rigorous measurement of each component making up a butt joint sample (adherends, sheet sample, and
brass shim) was necessary to take into account of the toleranceistiokn the individial components,
in order to consistently achieve the target adhes

thickness of the sheet sampde, , was measured using a micrometane@ide of the sheet sample
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