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Figure 420: Optical microscope image of the serpentine microchannels on the epoxy mould inlay (left) and the optical
profile of the MICrOChANNEIS (FIGNT)........oiiii e e e e e e 72
Figure 421: SEMs dahe microfluidic serpentine pattern in polystyrene. Speckled artefacts are dueudseef the PDMS
SUDSEIALE At the CASHING STAGE. ... eeeiiiii ittt e et e e ettt e s e e e e sa bt e e aab et e e anb e e e s b e e e e annneeenanes 73
Figure 422: Optical profiles of a polystyrene part with a tilt in the patterned face, possibly due to excessive injection
temperatures, causing distortion of the epoxy inlayttigtranslated to the parts..........c.ccccvveeeeiiiiiiiieie e 74
Figure 423: Stitched optial profile (5 mm x 5 mm) to illustrate warping (left) and SEM of polycarbonate microfluidic
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Figure 424: Mould inlay fabrication overview: (a) spinning of a working stamp rigdtgrurple) on top of the structured

silicon master an antistick layer (red) is spun initially to enable separation from the silicon substrate; (b) imprinting of the
micro-features from the silicon to the working stamp material, followed by UV cudreplidify the mould insert; (c)

injection moulding using the mould insert for the production of mistauctured polycarbonate specimens (blue) and (d)

the final interlocking bonded lap joint with Araldite rapid adhesive (PINK).............cooooiiiiii e 76
Figure 425: Working stamp thickness in micrometres versus spin Speed (FPIM)-......coovvrieirieeriiieee e rieee e 77
Figure 426: Schematic highlighting the interlocking sca#idprofile (left) and the smooth sidewall profile from the mixed
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Figure 427: Bar chart representing the mean measured feature heights obtained at each successive phase of the micro
imprinting process +5D. Entries are categorised into the respective designed aspect ratios (AR) tied &pgie silicon
master. Five scans were taken for the silicon master, working stamp and moulded part numbers 1, 10.and.20...81
Figure 428: Bar chart plotting the mean measured feature spacingedech stage of the micromprinting process +5D.

Entries are grouped into the respective designed feature spacing that applied to the silicon master. Five scans were taken
for the silicon master, working stamp and moulded Parts 1, 10 and.20.........cccuuuiirieiiiciiiiieiee e e e e srreee e e 82
Figure 429: Inlay deterioration study. Low magnification SEMs to examine inlay deterioration as moulding progresses.
Arrows signify the progssion of the mould cycle from Part 1 (P1) to part 20 (P20): (a) and (b) shalewspimages of

Parts 1 and 20 moulded from the Bosch process produced master with coarse scalloping, respectively. (c) and (d) show
Parts 1 and 20 moulded from the Bosch e produced master with finer scalloping, respectively and (e) and (f) act as
control experiments, showing tegown images for Parts 1 and 20 moulded from inserts produced using the mixed process

—these ShOW MINIMal AMAGE..........cooi ettt e e e e e st e e e e e e nbbee e e e e e e snabeeeeaaeaean 85
Figure 430: Cross sectional SEMs (in tenth moulded part) to confirm scallop retention: (a) fine scalloping and (b) coarser
ST 1| (o] o1 o TS PP PO SPPPPRPP 86
Figure 431: (a) Schematic of microfluidic device design alongside (b)}-daap SEM image taken of the moulded

serpentine channels. The circled region in (a) signifies the region e@SHEhOWN iN (D)....cevvviiiiiiiiiiiii e 87
Figure 51: Photographs of Deben mdstester. Entire tester setup shown (left); cleap image of the tensile clamping

jaws for doghone SPECIMENS (FIGND).......cieiiieiie et e e e e e e sttt e e e e s tbr b e e e e e aessasntaeeeeeesansnraeeeeeessnne 89
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Figure 52: Schematic of the vertical position of the lee€ll centre line projecte from the original tensile clamping

fixtures (left) and the extrapolation to ensure SLJ test is conducted at the same position (right) whilst enabling imaging of
L0 oo o 31T o1 TR 90
Figure 53: Schematic indicating the two interlocking setups used for the mechanical testing with the defining geometries.
Top image dpicts the wider clearance setup; bottom image illustrates the narrower clearance interlocking.setup.91

Figure 54: Test rig design with the Aluminium SUPPOrtiNGg COMPONENTS......cciiei e eeeeeriiiee e e e e e e eeeeeeeeeas 93
Figure 55: Solidworks image of a structured silicon adherend bonded to the aluminium support (the other adherend is
=T To)VL=To I (o] g or F= T g1 Y O PRSPPI 93
Figure 56: Test rig integrated into the Deben mietester. Original fixture is replaced with pbased fixtures to rotate the
test setup for imaging as well as enabling horizontal movement when assembling the test.setup........cccccceeoenl 94
Figure 57: Stressextension data for the unstructured planar samples, each entry represents atregsea................... 95

Figure 58: Forceextension graph for the narroslearance adhesive joints. The extension is given as the absolute
extension in mm; force is given as Newtons (N). Severatalifggoints in force indicate fracture within the silicon prior to

the final failure Of the INTEITACE....... ..o et e e st snree e e e e 95
Figure 59: Forceextension graph for the wide clearance adhesive silicon jdliits.extension is given as the absolute
extension in mm; force is given as NEWLONS (N ). . eeeiiriiiiiiie ettt e e sb e 96

Figure 510: Photographs of the two failure modes observed during the planar testing. The image on the left illustrates the
bulk failure of the silicon with the bonded interface remaining intact. The image on the righateslithe shearing of the
adhesive layer, leading to the more conventional adhesive failure typically observed.............ccccvieiiiiieieiiieeens 96
Figure 511: Chart of the average failure loads (in MPa) observed for: the nateanaace tests (white), planar tests

Figure 512: Graph showing the absorption coefficient (1/cm) and absorption depth (m) for silicon plotted against

wavelength (nm). Image from referenCe [T5] .. ..cvii oo a8

Figure 513: Schematic showing single interlocking feature with polycarbonate (gozged by adhesive (pink): D denotes
featurededrpt &s N e adenotesechamnel avidth, a andl b denote clearance at each side of the feature and

(oo [T pTe] (SIS (o c= Lo [=T- T =T o Lo =PTSRS 100

Figure 514: Schematic representing the typical variation in geometries from the initial silicon master (red linesjitalthe

moul ded polycarbonate part wigghldOmpmsi oldbMely mviadtdd exipdg he
100 pm. The average mea sur7e/d=3dlifgnde nusnidoannsd..wie.r=e.:.9.8..A9..101 m.

Figure 515: CAD design image of the unsupported test rig design where the polycarbonate lap joint (white) is permitted to

bend during testing. Image taken from SolidWorks CAD SOftWALE..........cocuuiiiiiieee ittt 103

Figure 516: Image of the polycarbonate failure within the bulk of the adherends.............cccccoiiiiiill 104

Figure 517: Schematic diagram and dimensions for a structured interlocking joint. Samples (grey) wera rdgth of

40 mm and bonded to thicker custom supports (orange) designed to prevent bulk failure of the polycarbonate. The

dimensions of the structured bonded interface are 7.5 MM X 7.5 MIM........ooiiiiiiiiiii e 105

Figure 518: Deben micrdester with integrated 3D printed test fixtures to prevent bulk failure of the polycarbonate

bonded joint during testing. The blue outline denotes the 3D printed support structures, with the red lines denoting the
polycarbonate lap joint. The green circles located at the edges of the interface denote the locations used for tracking

FEIALIVE AISPIACHNIENT. ......eiieiii ittt ettt e et e e r et e e e s et e e s e e e e e bb e e e et bt e e s amnn e e e snnneeeannreeennes 106

Figure 519: Schematic illustrating the principleEDIC particle tracking SOftware.............cccooiiiiiiiieeiiiniiiiieee s 107

Figure 520: Nominal shear stress versus strain data for all tests: (a) unstrudiesti(planar untreated and planar
roughened); (b) structured wittCh 50, ymnOB@eapdf2@Oupmsahdv{nol
pm deep features @I s5o0,h alvliOn ga ncdl e2a0rOa nucne.s D ihfrepresenerepeat | i ne col o
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Figure 521: Normalised nomirlashear strength relative to the planar untreated sample for each test categor$Dj/

Dark grey bars: planar untreated and planar roughened. Lig!
White bar s: st r uct udeeplfeaiunes Forthe stucused wwtst the cléabafie labeiled above

L2 (ol oI o - | T PP O PR UPP PPN 110

Figure 522: Normalised work to failure relative to the planar untreated sample for each test catege§¥}/Dark grey

bars: planar untreated and planar roughenedures.Whiggbars: gr ey ba

structured interfaces with 100 pm de €iplabkllechaboveeachbarlBlor t he s
Figure 523: Narrow clearance igitu results, (a) to (d): Sieen microscope images of a portion of the interface at key

stages of lagoint deformation for the structuredwwface with features havingdeptb= 100 pm a@6-d %0 ejam.ance
(e) Nominal shear stress versus extension showing the stages on the loading path corresponding to the images in (a) to (d).

Figure 524: Wide clearance hsitu results, (a) to (d): Sig@n microscope images of a portion of the interface at key stages
of lapjoint deformation for the structured surface with features havingdepth 100 pm a@6xd Z0d Gk agm.nc(ee)
Nominal shear stresevsus extension showing the stages on the loading path corresponding to the images in ()1t (d).
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Figure 525: Optical sid®n microscope image of one half of a failed structured interface. The image was taken at the edge
of the joint. The sample had 100 um deep features with a 50 um clearance and correspdhedest in Fig. 3.23......116

Figure 526: Sandwich beam tloey analysis of periodic featw@dhesive repeating UNit..........ccccoeveeeniniiennceeennnenn. 117
Figure 61: Von Mises stress contour plot for the planar model (top) #yedmicro-structured case (bottom); both images
were taken at the lefhand edge of the joint to visualise the peak StreSSES..........cccvvvvieeiiiiciiiiee e, 123

Figure 62: Typical biinear traction separation response for cohesive elements. The elastic response is denoted up to the
criti cal camceuftimatedraciiooln. Ke@represents the effective stiffness of the elements during the elastic

phase.G:signifes the energy dissipated through the DoNd.............oooeiiiii e 124
Figure 63: Closeup image of the meshed part in ABAQUS, a significantly finer maslused for the adhesive layer to
capture the stresses at the edges of the bdim with greater aCCUracy..........ccccvevieeiiiiiiieeiee e 127
Figure 64: Stressstrain data for the planar lap joint using the cohesive zone madel.............cccooveeeiriiic e, 128
Figure 65: Image of the Von Mises stress distribution at the peak stress within the joint, the process of cohesive element
(oo o] (o] SR o] £=2]= o PRSPPI 128

Figure 66: Schematic of the FE model indicating the geometry and boundary cordifitve lefthand side was fixed

whilst displacement was applied at the rightind end of the joint. Boundary conditions were applied to constrain vertical

displacement on the top and bottom surfaces (as shown) to simulate the experimental testing conditiohapter 5. A

closeup image of the refined mesh at the miefeatures is provided in the bottom left............cccccovviiiiiiiniiiene 130

Figure 67: Comparison of finite element model (white) with experiments (grey) accordirgatbdapacity (left), straio-

failure (middle) and worko-failure (right) for: (ac) Aspect ratio (AR) = 0.5 andf{dAspect ratio (AR) = 1.0, for each

exXperiment the SAMPIE SIZE WBSE B........coiiuiiiiiiiie ittt ettt e st e e st e e e sttt e e e ante e e s sabeeee s bbeeesneeeesnneeeeaas 132

Figure 68: Forcestrain data for all simulations;{@) r epresents results fof)reprdsents50 pm f e
the 75 pm feature width groupand4g) r epresents the 100 pm feature width grou

widths (bracketed values being the multiple of the feature Width)............ccocveiiiiiii i 134
Figure 69: Main effects plots for the average loads for each factor leved) @rresponds to the maximum ldand (df)
corresponds to the straio-failure and (g) corresponds to the worko-failure results...........ccoccceevriii e 135
Figure 610: AnderssofDarling normality test plots for the maximum load, the maximum strain, and the work to failure.
............................................................................................................................................................................. 137
Figure 611: Interaction plots for the maximum load measured (top left), strain to failure (top right) and work to failure
[(e o 1(o] 00 TF PP PP PP TP PSR PPPPT PPN 138
Figure 71: Schematic highlighting the FDIM PrOCESS. .....cctiiiiiiiiiiiiie et e e e e ee s 142

Figure #2: Schematic of the powder bed fusion process withsathased system used to thermally fuse layers of powder
based on part geometry. Additional layers can be achieved through the introduction of new material via the roller system.

............................................................................................................................................................................. 143
Figure 73: Schematic highlighting the key components of the-Biiing ProCess........cccvevvveveiiiiieisiiee e 144
Figure74 Phot ogr aph epfnting unie The pratective caverin@(iD orange) has been raisethow the

gl (=] qTo i ele g oTo] 4= o £SO U PP OPPPPPI 145
Figure 75: Schematic highlighting the key parts involved in-Baged 3D printing (image taken from [128]).............. 146

Figure 76: Images for the different printing orientations with the PreForm software, top image shows prints with no
supports printed directly onto the surface of the build platform (checked white surface), battage shows the use of
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Limited understandingof surface behaviour relative to bulk properties maketerfacesa point of
notable uncertainty and weaknessvithin engineeringstructures Although previous research has
touched onthe notion of improving the mechanical performance of adhesiterfacesvia surface
patterning there is significant scope for further exploratioModerate success has been achieved
usinglaserbasedtechniques to produce structurindput this approachlacks control over surface
geometry and pattern morpholgy. The key feature of this work stems from the fact tlzaicurate
geometries at the sulmillimetre scale have noteally been explored for adhesive bonding
applicationsUsing theJames Watt Nanofalwation Centrd JWNCat the University of Glasgow, novel

adhesive jointhaving interlocking micron sized features have been devel@peldanalysed

Various micrefabrication strategies were studied with a midgraprinting/injection moulding protocol
identified as the optimal strategyA new route to the fabrication of micsstructured surfaces using
injection moulding has beeestablishedby developing a flexible mould insert produced by adopting
a nanoimprint process. The approach is rapid and more tilgsd&or example, Bosch process
produced masters having sidewall scalloping can even be used as the flexibility of the mould insert
permits ejection of the pa# even with scallopindJtilising this fabrication approach, polycarbonate
single lap joints wee testedin tensionusing a custom test rig. Results indicate that the presence of
the micro-structured featuresenables loadarrying vidocalisedeaturebending yielding substantially
greater mechanical streng{95.9%jandwork-to-failure (162%xompared tothe unstructured(planar
roughened)adhesive jointbaseling although it should be noted that this testing setup largely
mitigated Mode | peel stresses during testiRgnite elemen{FEmodelling wasised todemonstrate
that most of theload carrying capacitgriginates from bending of the interlocked featurésither
than from the adhesive)This result even opens up the possibility of adhet®gs joints(as long as
the joint can be held togetherf statidically guided optimisation protocavasthen performed(using

the FE modeljo ascertain the optimal micrfeature geometres.

Thefinal part of the work centred on determining the viability of 3inting micrestructured joints

as a more economical ancrsatilemanufacturing approach. Investigations into maximum printing
resolution were conducted as well as mechanical tdstselucidate the implications fomicro-
structuring on printed joints. The main focus within this research was the ability to tzolod-line
compliance as a means to alter the stress distribution within the single lap joint, with results
demonstrating that a more optimum combination of joint mechanical properteepossible by
tailoring to dace morecompliantfeatures near the edgs of the joints A final proofof-concept study

was performed using tensile butt jomasthe joint configuration Here,micro-structured interfaces
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againenabled greater joint strength through providing greater active bonding area as well as providing

more load carrying resistance via the stronger shear mode (via the feature sidewalls)
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Chapter 1: Introduction

1.1 Advances in materials engineering and the drive for innovation

When the various achievements within the field of engineering are reviewed, it is apparent that
obtaining a fundamental understanding of the underlying physics leads to the opportunity to
revolutionise the worldAn early example of materials engineerirande attributed to the people of
modern-day Iran around 8000BC. They identified and extracted copper from within rock formations
and subsequently created ornaments and tools that would assist in farming. The inventitatadf
casting around 4000BC wasodiner seminal feat of engineering, with the production of the first alloy,
bronze following in 3000B[T].

Moving into the modern history of materials engineering, there has been a plethora of discoveries and
advancementslinthe early 28" century,the focus was ometallurgical advancemerdndsignificant
attentionwas focused othe austenite-martensite-cementite phases found in the ireparbon phase
diagram that underlies steel productid®]. The achievement of understanding how temperature
affects the atomic structure in metalss an example ofhe substantial knowledge that has been
accrued @ bulk material properties. Under the industrial pressures of World Wathere was a
concerted move twardsthe study of polymers as a cesffective route for mass production with
injection moulding, improved by the work of James Watson Hendry becoming a viable manufacturing
route. The success of this work was illustrated when pgstbduction overtook steel production in
1979]3].

Through a brief review of engineering history, the knowledge of bulk material properties and the
routes utilisel for the optimisation of these properties becomes evident. However, the study and
knowledge associated with material surfaces is less rigorously researched. Advancensentace
properties are realised through the means of chemical modification anti®wutilisation of surface
coatings (such as physical vapour deposition (PVD) or chemical vapour deposition (CVD)), often

enabling surfaces to possess greater wear resistance through increasing hgjness

When reviewing the methods to enhaneeechanical performance, an area that has been largely
unvisited is the physical geometry of the interface. Manufacturing methods such as machining and
milling lead to surface profiles possessing rough and variable surface topography with limited
understandng of the performance implications associated with the variatjbh This is highly

pertinent to bonding and tribological applications where the engineering surfaces are used as the
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points of contact with other material. A summary of the random profiles generated from conventional

manufacturingtechniques relative to a tailored geometry is given in Fif).

It is hypothesised that the development of consistently structured interfaces with the critical
dimensions on the micron scale €500 um) will be of great benefit to the surface engineering

community, with greater repeatability and tuneable frictional properties possible for tribological
applicationg6]. Furthermore, it iqiypothesised that adhesive bonding performance could be greatly

enhanced via the presence of repeating mistauctured features.

Random surface profile
from machining

Repeatable, tailored
micro-structured interface

Figurel-1: Schematic illustrating the differing mictopographies associated with conventional machir
(a) and a repeatable micsstructured interface (b) produced via cleanroom processing

1.2: Surface structuring in nature

1.2.1 Structuring for hydrophobicity

Using nature as a motivational startipgint, it becomes apparent that surface structuring can have a
profound effect on material behaviour. An interesting example of the presence ofstancturing in

nature is the compound eyes of moths and butterflies, where nanometre structuring candhieith
incident light such that they reduce the proportion reflected and enhance the propodisorbed

[7,8]. The presence of this feature is a protectiveasure, reducing visiltiy to predators whilst
improving vision. This feature has served as motivation for the development of devices such as solar

panels. One of the most commonly studied examples of surface structuring is the water repellent lotus
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leaf. It was discovered thahicroscale mounds and nanoscale hairs on the surface of the lotus leaf
result in a highly hydrophobic surfgcan image of this is given ingFi2 [9]. The hydrophobicity

producedenables water to evacuate the leaf surface whilst simultaneously carrying awdyQjirt

This hydrophobic nature is quantified through the angle formed between a water droplet and the
surface of interest. Large water contact angles illustraggh lhydrophobicity, as the physical contact
area of the water droplet decreases. Another example of-adhesive surfaces is present on the skin
of sharks, where water repulsion is a means of reducing drag whilst providinfpaliig capabilities

stopping the aggregation diarmful microbiakpecieq11,12].

Figurel-2: Water repulsion is realised on the lotus leaf due to micron scal
mounds and nanoscale hairs on the surface, image from [9].

1.2.2: Structuring for adhesion, gecko feet

Through observing the movements of a Gecko, it is fascinating to observe the abilities to adhere to
smooth surfaces, overcoming the forces of gravity. This innate ability stems from the highly developed
surface structuring on’'tshdoGBGeéckdhusnndiedss. oOnt hibe
known as setae form the larggcale unit of adhesive capability, with a size ranging frord ZDum.

From these setae emanate hundreds of submicromcttres known as spatulae. FigBlprovides

Scanning electin micrographs (SEMs) of setae and spatulespectively.

The exceptional levels of adhesion are thought to be achieved through a combination of mechanical

interl ocking at the interface, capillarynforces
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through a purely chemical aven{&3]. This seminal example illustrates thimdamental function of
surface structuring as well as its potent impact on+gatld physical propertiesthis work has served

as inspirati orbasédoesearcildl r y' adhesi on

Figurel-3: Scanning Electron Micrographs of Gecko foot structuring: larger setae (left); branche
setae and suimicron sized spatulae (right), image from, imdgom [14]

1.3: Adhesive bonding as a joining method

1.3.1 Advantages and limitations of adhesive bonding

Adhesive joints have become increasingly prominent within modern engineering designs. Several
decades ago, joining operations between materials was achieved predominantly through the
mechanical fastening of bolts and pins, with adhesive bonding emengititgiearly 26 century.
Modern advancements in adhesive technologywéanabledsignificantincreasein the viability of
adhesive joining as a replacemeteichnology. Advantagesf adhesive bonding include effective
bonding of dissimilar materials, ligheight joints with no surface machining required and the absence

of stress concentrations associated with the machining holes for pirfd: this is particularlyan

advantage for economical assembly of pa&dhesive joints have been used extensivelipoth the
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automotive industryand the aerospace industry on account of thetential for lighter weigh

vehicles, fuel savings, and reduasatbon dioxideemissiong16, 17].

Although alhesive bonding has been successful in numerous applications, there are some notable
drawbacks as an approach for joining materials. The use of adhesive bonding has been hampered by
a lack of standardisation with regard to optimal bonding protocols asageleduced knowledge on

the strength of joints andheir failure modes. Furthermore, the need for disassembly in engineering
structures has posed limitations on the use of adhesive bondi8p The simplest configuration for

an adhesivgoint is illustrated inHg. 1-4, this is known as the single lap joint (SLJ). The SLJ comprises
of two solid components knen as adherends bonded via an adhesive that enables load transmission.
Although the single lap joint is a simple physical configuration, a highly complex stress state exists

within the joint.

Ideally, when considering an adhesive joint subjected to a tensile load, the stress should be distributed
evenly across the adhesive layer. However, thissdoot occurand high stressegienerallyoccurat

the edges of the overlap area. The high stresses experienced at the edge of the adhesiaeslayer
major factor that must be considered duringet design and manufacture staff®]. Although the SLJ

is the most common in engineering@jzations, there are several other lap joint configurations used.
When manufacturing adhesive joints, several factors must be considered to ensure that satisfactory

strength is achieved at the joint interface, separated into material and geometric faf20i.

- Upper adherend

Adhesive

Lower adherend —_—

Figurel-4: Single lap joint (SLJ) showing the adherend and adhesive components

1.4: Motivation for research

Refecting on theuse of adhesively bonded jogtithin engineering, it is apparent that the key
advantages associated with versatility and light weight, efficient design are often outweighed by the
lack of onfidence in the mechanical performance, with varying failure modes and failure loads
impacting on the confidence for use in highd engineering applications. The high peak stresses at

the outer edges of the joint can be seen as major risk locationsré@kdnitiation with catastrophic
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failure of joints less predictable than typical mechanically fastened alternaégpscially under

impact conditions

The present research has been inspired by nature, whereby the use of-stiaburing and
repeatable patterning of the adherend interfaces has been hypothesised to increase the overall
repeatability of mechanical performance, through effectively standardising the bond thickness whilst
introducing an additional means to transmit force (localised compreskivces at each discrete
contact point) throughout the bordine. Furthermore, the introduction of repeatable, squavave
features will appreciably enhance the available bonding surface area, with the potential to provide

additional loadbearing capacityhrough modifying the peak stresses at the edges of the Horel
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Chapter 2 Adhesive Joint theory

This chapter covers the main principle underpinning adhesive joint theory, incltidindpeories of
adhesiontypicalbonding preparatioriechniques to enhance adhesion strength and performance as
well as exploring the unique strestate within the singt lap joint and the various analysis

methodologies used to guide design.

2.1.Adhesive joird: Bonding theory antbmmon preparation techniques

A key concept to consider when studying adhesive bonding is the phenomena of adhesion and the
fundamental pringles underpinning adhesive mechanisms. Adhesion is a complex physiochemical
process whereby the interface between the two distinct materialsrought into intimate contact,
whereby attractive forcetead to the formation of the adhesive bond. Theatale adhesive strength

is dependent on the following parameters:

. Mechanical properties of the interface
. Chemical bonding interactions at the interface
. Wettability and coverage of the adhesive layer

The mechanical properties of the interface pertainghe overall morphology of the surfaces, with

high degree of porosity and roughened surfaces providing a greater active bonding area and potential
for interlocking of adhesive at micpids at the bondine. The chemical bonding refers to the type

of chemical bonds that are active at the interface. With reference to polymeric bonding, covalent
bonding (whereby two atoms share a set electrons) can be considerestritvegestattraction force

occurring between the adherend and adhesive matevisgthsecm d ar y f orces such as

interactions the primary means of chemical bonding in less strong bonds.

The concept of wettability refers to the ability for the adhesive material to suitably cover the adherend
surface. During the process of forminglaface, it is necessary for a material to break some molecular
bonds within the bulk of the material to enable the formation of the surface. Hence, surface energy is
defined as the excess energy at the surface of a mat@rargy used to break the bondsd form

the surface)compared with the bulk material itself. Surfaces that have predominately carbon
hydrogen bonds tend to have low surface energies and so do not wet easily. Surfaces that have lots of
oxygen and hydrogen bonds have inherently greaterfaxe energies and therefore improved
adhesion performance. Examples of low energy surface materials are Polyethylene and

polypropylene. A metric to test wettability can be considered the wetting angle between the two
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materials, with a low contact angleepresent high coverage, higher contact angles represent a
scenario where the material does not suitably spread across the adherend surface leading to poor

adhesion strength.

When considering an adhesively bonded jpthere are two principle mechanisnat play. Adhesion
refers to the adherence of the adhesive to the adherends, whereas cohesion refers to the inner
strength of the adhesive. A key factor regarding adhesion optimisation is the use of appropriate pre
processing to ensure that weak boundaayérs on the adherend surfaces are removed prior to
adhesive application. To ensure intimate molecular contact at the interface, different approaches can
be utilised[21]. A degreasing step is commonly used prior to most bonding applications. This is
achieved using organic solvents such as acetone to rem@asimr matter such as grease, oil and wax
from the surfaces of the adherends. Another common approach to physically change the surface of
the adherend is vigurfaceroughening. In this technique, abrasive materials are utilised to remove
layers and generat a roughened surface texture. The benefits of this method arefold weak

boundary layers can be eradicated as well as increasing the active surface area available for bonding.

A prevalent technique utilised to roughen bonding surfafoe metals is tle grit blasting process. This
process entails the employment of hard grit particles, propelled under the action of compressed air
onto the target surfaces, leading to the removal of material at the surface. The benefits of this
technique are twefold: wed& boundary layers can be removed and a random rastrocture can be
imparted onto the interface. Sample roughness can be measured using stylus profilometry, with
different grit blast media used to tailor the degree and form of material removal. Facfergiaef) the

final form include the hardness of the grit (hardness needs to be greater than the sample) as well as

the density (density is proportional to the energy imparted at the sample surface).

Focussing on the preeatment options for plastics, it can be observed that chemical modification of
the bonding surface is the main approach to enhance performante use of chemical treatments
canalsobe used, wherby the adherends can be immersed in solution, enabling the etching away of
the adherend surface or modtihation of the surface making it more chemically active. An
electrochemical reaction can also be included where current is transferred. Examples pptioach

include acid etching and anodising.

Another group of treatments can rely on surface modification through exposure to excited charges
or species to increase the surface energy of the adherends; an examples @pibroach is corona
dischargg22]. Corona is a stream of charged particles i.e.ted®s and neutrons, accelerated under
the stimulus of an electric field. A corona is produced when a gap filled with air and other gases is

exposed to high voltages, emanating from an electrode tip, leading to a chain reaction of high velocity
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particle colisions resulting in the production of more ions. The corona treatment process leads to the
oxidation of the sample, with an increase @H and COOH groups$ the surface resulting in an
increase in surface enerdg23]. Examples of polymer materials wibdond strengh improvements
includepoly-propylene, polycarbonate and peéther ether ketone (PEEK)thaugh bond strength is

still relatively low compared to metalR24-26]. Another prominent technique to enhance bond
performance is the flame treatment process.i§ ltechnique is particularly advantageous for the
processing of nomniform shapes. The process can be summarised as a burning process, where the

polymer is subjected to an oxidizing flame.

2.2 Failure modes for adhesive joints

As mentioned as a poteati detraction from the usage of adhesive joints, several failure modes exist;
these are outlined in Figz-1. Adhesive failure is commonly observed as the limiting strength
emanating from the interface, leading to the detachment of adhesive and adherendisd-ig2-1a.

This is widely considered a saptimal bond. In contrast, the cohesive failure depicted inZ-1g.
illustrates the scenario where bulk properties of the adhesive fail prior to the interface, leading to an
improved performance, a variaof this is shown in Figz1c where a thidayer cohesive failure occurs.
Accounting for the various failure modes possible for the single lap joint, it becomes apparent that
appropriate joint design, material selection and surface preparation are of paratimportance

[27].

24



a) Adhesive failure
b) Cohesive failure
c) Bulk failure

Figure2-1: Schematic showing the various failure modes possible for the single lap joint. Adbasedfailure

occurs when the interfacial bond strength is weaker than the adhesive (a), colresied failure occsrwhen

the bond strength exceeds the adhesive strength (b); this mechanism is viewed as the optimal failure pe

Bulk failure can occur when adhered strength is lower than the adhesive strength (c); this mechanism ty
emanates due to eccentric bding of the single lap joint.

2.3:Fracture mechanics overview

2.3.1.DNX T T A (Hased fraSufeciitaion

A pertinent area to address is the concept of crack propagation within an adhesive joint; this is
commonly enabled via the use of fractungechanics theory. The energy badeacture approach
formulated by Griffith28] is a useful conceptn this approach, the energy required to break atomic
bonds, and in turnmaterial at a crack front is balanced via the energy released durangrtitess. A
simple illustration ofthe energy required to break atomic bonds as well as the associated equation
(Eg2.1) are given in Fig-2[29].

The figure shows a crackawihtahi mas gtrowaB toeTaowif i
enable this, energy has been used to break down atomic bonds. Theviegfars to the amount of

energy required to break the atomic bonds per unit surface area created by the crack. The schematic
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in Fig 22 shows that there are two free surfaces, highlighting the need to multiply the energy equation

by a factor of 2.

Figure2-2: Schematic highlighting the crack propagation mechanism underpinningniagybased
theory of Griffith. The crack | ength *‘a’

%l A ORW AARIET AOTH 6 (Ec.1)

In addition to the energy input required to continuously drive crack growth, an additional term is
required to compensate for the reduction in strain energy within the material as crack propagation

progresses. The full equatigkq2.2) taking into account the two energy criteris :

. L T (Eg2.2)
O CTwO cTDw QTDO W

Wheret he additi onaB paoamgt &r sroaddup lbisedV st(rmagdse)r i ah
volume) are incorporated within the equatiofhis equation accounts for the strain energy present

within the structure (second term) as well as the associated reduction in strain energy as a function of
crack d& enddture, t‘o t R%eitcangbe abseevdd thatethe strain energy within the

system becomes increasingly sensitive to the spedifigevfor crack length. Small cracks are stable,

requiring further input to increase crack length. However, once a critical crack length is aclieved

processacceleratesand catastrophic failureccursacross the crack front.
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To determine the crack lgth at which spontaneous failure of the material will occur, the previous

equation is differentiated with respect to the crack length. Setting the #glitd side of the equation

to zero and using some simplification leads to the expression for the failire ¢ ass , o
. (Eq2.3)
00
” “ d')

In this expressionthe term G= 2Y'is known as Griffitts critical energy release rate. Since this
expression solely models crack growth due to the breaking of atomic bonds, this initial model
described the crack propagation behaviour of brittle materials, largely underestimating the energy
release for ductile raterials such as metals. This expression was maodified by Irwin and Orowan with
the addition of a term for plastic deformation per unit surface ar€g) for the energy release rate

term (shown in ER.4). This addition to the expression accounts for ptagkow at the crack tip
providing a more representative value for ductile materishen utilising these equations for brittle
materials, the surface energy term dictates the response (a typical release rate for glass is
approximatelyG=2 J/n), whereas dctile metals are governed via plastic dissipation (steel is around
1000J/m?).

0 CY+G (Eq2.4)

The critical energy release rate can be calculated using the compliance method. An example of this
can be found using thdouble cantilever beam (DCB) setup. The deflection of the two beams can be

obtained using beam theory, as well as the energy release rate relation:

0 TA (E5)
¢ FA

wherePis the applied loadg is the compliancef the structure, and is the plate thickness. For the

DCB configuration, compliance can be expressed as:

27



~ GO (E.6)
w -
0
Substitutinginc  —, wherel isthe moment of inertia of the beam equating 0 — . Using this

relation within the original energipased equation, results in the final form below:

(EQ.7)

a
[@) 2
e 2

2.3.2:Stress Intensity factor

Another useful parameter to define thatress state for various crack geometries is known as the stress
intensity factor.The concept of stress intensity factors can be describenligh the examples of an
elliptical hole under a fafield tensile stress. Under this loading the stress as atifumaf the

horizontal distance from the crackptcan be defined as:

»n Hb (E¢8)

Wheregg s thefa— i el d tensile stress, ‘a’ is the crack
distance along the crack plan€his realtionkip is highlighted within Fig 2.3 for referenddere exists

an asymptote within this stress distribution, wh&rr a, representing the tip of the crack front. This

work was developed further blywin, where a formula was constructed to determine the stretate

more easily for different angles relative to theack. The equations for normal stresses in tfady

directions, as well as the shear stress are given below. This derivation also enabled the formulation of

the stress intensity factok| an important parameteim fracture mechanics.

L Bedp [ RE Q) (Ec9)
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W, oy s (ER.10)

(E@.11)

K =, 0 (ER12)

l

O

Figure2-3: Schematic illustrating the daixil stress state for an elliptical hole subjected to fEéld tensile stresses in the x
and y planes

Within all three stress equatiopthe term,, U Qistermed the stress intensity factor. The unique
quality of this parameter is that the value of theesds intensity factor entirely captures the seter

of stress state at the crack frorit.is worth noting that there exists a relationship between the stress
intensity factor and the critical energy release rate. The relationship between critical erstegge

rate and falure stress can be written as:
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IS (E®13)

Using the stress intensity relation, this expression can berigen as:

o U (E@.14)
0

2.3.3:Crack opening modes

There are three distinct opening mechanismatthan be used to describe crack opening behaviour
within structures; a summary schematic is provided in Ziy. Mode | loading is the most common
variant, with crack propagation occurring through tensile loading at the crack front, typically any crack
will have a tendency to develop into this form through progressive loading. Mode 1l is of secondary
importance and occurs through-plane shearing. Mode 1l loading is a teafb@sed mechanism that

is typically less common than the other forf39)].

N

Mode 1 Mode II Mode III

Figure2-4: Schematic highlighting the crack opening modes. Mode | loading describes a tensile loading scenario; Mode Hoidnos
shearing with Mode Il loading occurring via tearing.

30



2.4: Adhesive joint stress distribution (SLJ)

Within an adheiwe joint, there is typically an uneven distribution of stress, with high stresses observed
at the edges of the adhesive layer. This section serves to review key analytical expressions for the

single lap joint to highlight the importance of the stress rlsttion.
24.1 Average stress equation
The simplest analysis describing shear behaviour in a SLJ considers constant shear stress across the

overlap length. This model assumes that the adherends are rigid and the adhesive deforms solely by

shear. The shear streskrelationship is realised tlough:

e

E.15
y 2 (E.15)
w

Q

WherePis the applied loadb is the joint width and is the overlap length. Although this equation is
unsatisfactory andot an accurate representative of the true stress state, it is frequently used for

guoting shear strength values in ISO and ASTM stan{iaitfis

2.4.2 Volkersen shear lag model

Early work aimed at explaining the streggain behaviour was conducted by Volkersen in 15228.
Movingaway from the concept of uniform stress within the joint, he postulated that the bonded area
of the joint experienced differential shear stress in the plane parallel to the load; this was termed the
shear lag theory. It was assumed that the adhesive deformed solely by shear and the adherends

deformed exclusively through tension.

Thistheory is vsualised inFig.2-5, with stress in the upper adherend maximal at the start of the
adhesive bond (Point 1) and zero at the free surface (Point 2). Conversely, the bottom adherend
experiences a maxi mal stress at (Poi nt (Roint) , pr ooc

2’). The equations representing t hearegiverl®elow.st r es s
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A

Cwverlap Length

Figure2-5: Schematic of the differential straining theory frofolkersen [32]n a SLJ. Points 1 and 2 refer to the outer edges of
2’ refer to th

upper adherend. Points 1’ and
f i 00 Al G [ p,0iDB (ER.16)
Qo O E Trakd ' p CAT G@v
0 p I e (E.17)
p o (ER.18)
Oa (E®19)
000
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WherePis the applied loadb is the joint width,| is the overlap lengthx is position along the joint
length, 6 is the thickness of the upper adherert,is the thickness of the lower adheren@, is the
shear modulus of the adhesiveaBd s t h e Y o u[83f The limitatioth af this snodel is the
failure to account for the bending moment induced in the joint due to the eccentricity of the load
profile. The first approach that factoreid the eccentric load path was developed by Goland and
Reissnef34]. In this work, the eccentric loading path that induces a bending moment was accounted
for in the solution through the incorpation of bending moment factorf84]. The bending moment

induced within aSLJ when subjected to a téledoad is depicted ifig.2-6.

—_—
_ M e
/ =X / \
/ \ / \
/ \ / \
/ \ / \
/ \ A
Peel stress
Shear stress
PN

S ~—

Adhesive length v Adhesive length

Figure2-6: lllustration of the bending moment induced with@herends, due to the eccentric loading profile, the adherends deforr
align the load path through the joint. A highly uneven distribution of normal forces is transmitted through the adhesive laye

2.4.3 Bending moment theory

Goland and Reissn¢B4] proposed that as the adherends are increasingly strained, the bending
moment is continually reduced as the load path becomes increasingly aligned. To address this, they
used a bending moment factok,and a tansverse force factok’ that enables a rel
applied tensile load per unitwidti?( ) , t h e b e Midnadthe tramsverserfarcd/f(at the

overlap regions of the joint. These relations are:

Qe (E.20)
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Qba (E.21)

As the joint continually rotates based on an applied |Bathe factorskandk decr ease. The
expression for the factorsandk , ar e gi ven below as well @s the
a n d theg3final equation for stressigtribution is given.
. AT OE® (ER.22)
Al Gy cWcOE 10ED
5 2@ ., 0 (ER23)
5 11°®  Fo
e (Eq.24)
op *F 0
0 z z —
C o 00O
00 (E.25)
I L|16—
. . xe A0 ® (E.26)
e ATGEE
T w - < P O'Q”AT\- —
Yo o OE I—gw op 0Q
WhereP i s the tensi tighaltheawriaplength,istmeiadheremd thidkriess and
v i s the H33 The peel Stress eqaation as well as the required parameters are given

below.
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F w (ER.28)
= 0
F O 0 (ER.29)
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(E.32)

Another seminal model is the HaBmith model to relate shear and peel strefistributions. In the
analysis, the adhesive plasticity was incorporated into the solution with plastic deformation occurring
at the edges of the joinwith a central elastic regiof85]. This analytical solution was not added to

the stress distribution plot below owing to the similar predictions to the original Goland and Reissner

peel stress equation.
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2.4.4 Stress distribution plots based on analytical solutions

Based on the analytical expressions for stress provided aboeesitear and peel stress distributions
across the single lap joint were modelled. Representative graphs for the Goland and Reissner shear
and peel stress retmnships are given ifrig. 2-7 alongside the baséine value predicted via the
average stress ea@tion. The parameters utilised for the simulation were intended to illustrate the
general stress distributions predicted for a steploxy lap joint. The geometric and material

parameters used are provided in TaBl4.

70 Single lap joint: analytical solutions
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Figure2-7: Shear stress distribution across lap joint width for the average shear equation, Volkersen shear model and Golanchangéd
stress distribution. Simulation plots from MATLAB model.

Table2-1: Summary of the main material amgtometric parameters used for the analytical simulations showigi2-F

Lap joint length (mm) 50
Lapjoint width (mm) 10
Lap joint height (mm) 5
Contact area (mr) 10
Adherend stiffness (GPa) 210
Adhesive stiffness (GPa) 3
Adhesive thicknessun) 10
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It was observed that thpeakpeel stress values obtained from the analytical expressions are slightly
higherthan the peak stresses for the shear stress distribution. Tdgsagio is common within the
single lap joint, resulting in failure commonly being governed by the peak peel stress values. The
average value of 2MPa is a poor predictor of the stress state with this valnder predictingthe

true stress state at the eges of the bondine by more than a factor of SJltimately, although
analytical solutions provide good insight into the stress distribution within the single lap joint,

numericatbased modelling offers greater flexibility in studying the single lap ghaviour.

2.5.Numerical Modelling of Adhesive Joints

2.5.1 Finite element modelling for stress analysis

A major drawback of the analytical models developed for adhesive bonding is that each model
requires a significant number of assumptions to enable a solution. Finite element modelling (FEM) has
emerged as a more attractive approach to modelling bondedcttines. At the basic level, FEM divides
amechanical structure into smaller sigections consisting of elements and connecting nodes to solve
for a ‘' fi(rthedcaseai sress dndlygise displacement field athe stress field. For each
element, the field quantity is interpolated from the nodal values and since elements are

interconnected the field quantity can be determined across the entire structure.

As discussed, the stress state within the single lap joint islinear and complex, thimakes the
modelling process natrivial, where obtaining a converged solution becomes difficult. In many
scenarios, a suitable approach used to gain insight into the mechanical performance of bonded joints
is to perform an elastic analysis to gauge ttress state and assist in dptising reallife performance.

For situations where failure and progressive damage of the joint has to be sjuthied

implementations of cohesive ne modelling has become the modemethod of analysi§36].

2.5.2 Cohesive zone modelling

The intention ofcohesive zone modellingCZM) is to relate the displacementreseparation of two
points of commonality between the adherends to the force per unit of area, termed the traction.
Cohesive elements can be used to model an exceptionally thin region between the two bulk materials,
in this case representing an adhesivgea The cohesive elements act to constrain the two adherends

together transmitting loads until the force and displacement cause damage leading to failure. The
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major advantage of using CZMs relative to traditional fracture mechanics lzggedachesis the

ability to model damage development within a structure withtl initial presence of a cra¢g7].

The tractionseparation law gaerns the behaviour between the adherends, providing the relationship
between element separation and tractiofhe cohesive elements exhibit a reversible elastic response
unt i | a criti caoccursAbgra thiathrésboldamagé ane failurdccurs if the
fractur e SseaqachedaThé area undler the tractisaparation law is equivalent to the
fracture energyG. Additionally, the damage evolution within the cohesive elements require an
appropriate model. The Mode | energy releasteria calculated through the use of double cantilever
beam (DCB) opening tesésxd Mode |l energy release rate is obtained through the usesraf-

notchedflexure tessor the thick adherend lap joint test.

The cohesive law obtained for an adhegbiat setup is equally dependent on the material properties
of the adherends. Therefore, to find parity between experimant simulation, sufficient material

characterisation is required. Simulation of lap jeiate covered in Chapter.6
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Chapter 3 Literature Review

This section will discuss the fields of study that provide a benchmark for the study of a micro

structured interface.

3.1:Laser ablation

The process known as laser ablation has been an area of prominent researeltdbtishing
structured interfaces in bonding applications. The surfaces developed through laser ablation could be
described as a more structured version of a-gtasted sample, with greater repeatability of micron

scale features. Bonding performance danimproved through three distinct mechanisms:

1. Increase in available surface area for bonding.
2. Mechanical interlocking of adhesive entrapped in pockets of removed substrate.

3. Chemical modification of surface during material removal such oxidation readtioreasing

surface energy.

Work performed by Zhang et dB8], introduced the concept of structuring adherend substrates
through laser vaporisatiarfhe intention behind this work was to enhance adhesive bonding between
metal and ceramic substrates. SiN was chosen as the ceraatérial and stainless steel was the
selected metal. Using a KrF excimer laser under carefully chosen laser parameters, material was
successfully ablated from SiN substrates forming a spherical figiatore topography. Laser ablation

did not prove successf in generating a structured topography on stainless steel substrates.
Mechanical testing oSingle lap jointsSLJgillustrated a marked improvement in shear strength in

laser ablated samples relative totweated and abraded specimens.

This work wasugmented by Baburaj et.gB9] in which laser ablation was used on titanium samples
to form structures termed micr@olumnar arrays (MCAs). The SLJ shear results corroborate the
findings of Zhang et a]38], with the MCAs resulting in an increase in shear strength. An optical

microscope image of thetanium-epoxy interlocking features is providaudFig.31.
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Figure3-1: Optical micrograph of titaniumpoxyinterface, image from Baburaj et.489]. The laser ablated titaniunm
(white) has a highly dense microstructured interface enabling the epoxy (black) to penetrate recesses.

The use of laser ablation was bolstered through the results obtained by Alfang4&t]&br aluminium

and steel adherenddJsing a Ytterbium excimer laser, the failure loads of both joint configurations
increased, with a strength increase in excess of 100% for the aluminium bonded joints reltivseto
subjected solelyo a degreasing prreatment. It was hypothesised that chemical modification at the

interface during vaporisation resulted in the marked improvements. Thidtrissshown in Fig-3.
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Figure3-2: Average failuredads in kN for aluminium (green) and steel adherends (blue) with degreasing
(left) and laser ablated (right). From Alfano et al. [21].

The strength and toughness in copgerepoxy joints tested in thel-peel test coupon were
substantially increased by employing laséfation in Hernandez et aJ41]. The improvement was
attributed to chemical modification and mechanical interlocking of the structured surface with the

adhesive promoting a cohesive failure in the adhesive layer. Work utilising laser basedrstguofu
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stainless steel in tandem with injection moulding of a plastic to transmit the load was conducted by
ByskowNielsen et al[42] highlighting the potential to substantially increase mechanical strength via
a microstructured interface Although laser ablation techniques illustratee potential mechanical
improvements attainable via imparting a mechanical misttmicture on adherends surfaces, this

approach has notable limitations:

1 The process is highly randomised with miteatures possessing a high degmelimensional
variation
1 The main route of strength enhancement occurs via interlockirthetdhesive as opposed

to physical interlocking of the discrete features.

Hence, it is useful to review the potential avenues to impart greater repeatability for structuring
adherends suUaces for greater repeatability and the potential to introduce physical interlocking of

squarewave features within the borine.

3.2 Repeatable patterning for feature interlocking

Outside of laser ablation, repeatable structuring is a field that remains-epeled with research still
rather preliminary in nature. Work performed by Cordisco et[4B] has ompared the fracture
performance of adhesively bonded aluminium with sinusoidatguas relative to planar jointsThis

work involved the use of double cantilever beam (DCB) specimens, testedModet crack opening
conditions. Testing was performedtandem with serial imaging of the crack front to enable the crack
extension as well as the reaction force of the joint to be computed. To investigate the effect of
patterning on mechanical response, different pattern aspect ratios were used ranging #dm12.

The crack extension/force curves as well an image ofébedetup are given iRig3-3.

A notable feature of this work was the feature interlock between the sinusoidal units. As exemplified
through laser ablation examples, traditionally thencept of mechanical interlocking refers to an

interlock between adhesive and adherend rather than an interaction between the adherend features.
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A limitation in this work was the millimetre scale used for patterning, i sinusoidal pattern
created through hot wire electrical discharge machining (WEDM), a process lacking the potential for
micrometre scale work. Alternative processes enabling smaller scale features would prove desirable

to amplify the material improvermas further.

0 10 20 30 ;10 50 60 70‘80 90 100 110 120 130
A [mm]

Figure3-3: (left) Image of Mode | testing of sinusoidal D@8gormed by Cordisco et al. [40]; (right) crack extension/rear
force graphs for sinusoidal patterned Al uminium

Another example of an interlocked bonded structureséen in Maloney and Fle¢k4]. Maximum

peak load was found to increase with aspect ratio (amplitude/wavelength) and crack propagation was
delayed (compared to flat surfaces) under Mode | loading owing to the neooterous crack path.
Interlocking square wave features for DCB and butt joint setups have shown strength and toughness
improvements due to their introduction of a mixedode response which incorporates the stronger
shear mode into both joint typedAgain the feature sizes used were on the order of-130 mm,

higher than the intended magnitudes of the present stjily]. Fhite element work by Corbett et al.

[46] predicted up to 86.5% improvement in work to failure B0 SLJ setup composed of a male and
female adherend interlocking in shear. Folow experimental work looking at optimising the
geometry of a single (mm sized) interlocking feature recorded work to failure improvements of up to
542%[47]. Haghpanah et al48] used teeth profiles in steel to show patterning can dramatically
modify the failure mechanism of the joint following an initial fracture, leading to substantial changes
in jointstrength and toughnes&teel adherends were machinedarthree distinct geometries: planar
samples, samples starting with a positive tooth and samples starting with a negative tooth. These
specinens are illustrated ifrig3-4.1 t was observed that the ‘positiyv

12% greaterthan he fl at sample. The ‘negative sampl e fr
initial fracture is arrested within the teeth leading to further loading and a substantial-teefilure;

attributed to localised plastic deformation within the adherend
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Figure3-4: Steel joint geometries: Positive tooth first joint (top), flat joint (middle) and
negative tooth joint (bottom), adapted from Haghpanah et al. [45].

In addition to experimental findings, research performed by Reedy ef48] found that, for a
nanoscale interlocking pattern, the interfacial toughness is directly propottiorthe area of bonded
contact.Although the study of feature patternsiisits infancy, the concept appears to hold credence

as a method of adhesive joint enhancemekthen reviewing the main experimental studies to
introduce physical interlocking, the main limitation of this research is the millimetre length scales used
for the features. A major issue with this approach is #ignificant design implications whereby
notably large alterations to the borlihe geometry would be required relative to miefeatures that
would not significantly impact on the wider joint dimensions. Furthermore, it is hypothesised that the
greater fedure densitiesmade possible by mictfabrication routes would provide a means to
increase joint toughness. Therefore, it is useful to review alternative manufacturing strategies to

enable repeatable feature design at satillimetre length scales.

3.3: Pattern generation for adhesive interlocking

A final area of pertinent research centres on unique pattern generation methods for repeatable
structuring. The research of Seock et. §b0] is particularly relevant to addssing micrescale
structuring.This work aimed to determine the effect of surface topography ant foacture toughness
through varying the geometries at the interface. To achieve periodic geometries, photolithography
was used followed by isotropic wet etching. To achieve the npetterns, steel substrates were spin
coated with StB photoresist andposed under a photomask. To achieve varying linewidths, features

ranging from (160) um were used. Following exposure, Nital solution was used to etch the exposed
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steel. To create a composite joint, CFRP prepregs were laminated onto the surface andacured
representation of theinterface is given in Fig® Testing for Mode Il and mixed mode failure
illustrated that increasing the groove width relative to ridge width corresponded to an increase in
toughness. This finding was attributed to greater enedissipation during cohesive failure in the

adhesive layer rather than in adhesion between the adherend and adhesive.

Polymer
Ridge
Groove width width Groove
e - depth
! / "“-, ! /
%K\ _/f/". ‘t’\q:: _ y, &
Steel

Figure3-5: Schematic of steel/CFRP composite joint. The three dimensions outlined fully characteri
interface. Adapted from Seock et al. [50].

The use of imprint lithography has sesame usefor patterningin adhesive bonding applications.
Imprint lithograghy enables the transfer of patterns based on an initial master into thermoplastic
polymers, if they are heated above the glass transition temperature. This technology enables features
ranging from the micrometre scale to the nanometre sciork performedby Matsuzaki et a[51]

used littography techniques and anisotropic etching of silicon to create tik¢hpyramidal prdfes

for bonding of butt joints.This work utilised the patterned silicon as a master to imprint
microstructures into CFRP. Results illustrate that the joint streimgiteased from 1.1®Pa to 1.95

MPa due to the pyramidal structures. Further work by Hikosaka gi2lhas demonstrated through

crack opening tests, that the imprinting of periodic channels results in an incred&edia | fracture
toughness with enhanced performanceitiv an increasen aspect ratio.This phenomenon was

ascribed to three main mechanisms:

1. Anincrease in overall microscopic crack length
2. Increase irMode Il loading per unit area

3. Transition from interfacial failure to cohesive failure

Matsuzaki et al[53] created a periodic groove pattern usirggsomewhat less studied material
Polypropylene Polypropylene has limited adhesive capability due to a low surface energy; the

rationale behind this work was to improve adhesive capabilities of polypropylene through adhesive
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mechanical interlocking. Patteing was achieved through the process of-iwlprinting, in which the
polypropylene was heated to its crystalline melting point and roll imprinting provided the transfer of
pattern. An undercut angle was also used ranging frénto035° based on previosl studies that
suggested purely vertical side walls resulted in more damage during separation from the master. An
image of the structures created by rothprinting is given ifrig3-6a. Bultt joint tests were performed

with results illustrating the structing yielded greater strength than planar polypropylene joints.
These findings are seen through the stdisplacement graph in Fig-6b. When reviewing these
micro-scale manufacturing approaches, it is apparent that the repeatable structuring has not
successfully enabled featustm-feature interlock to be utilised, owing to the relatively low resolution
limits of the manufacturing processes. It can be concluded that the rationale behind these approaches

is akin to laser ablatichased techniques, relyingn adhesive interlocking as opposed to adherend

to-adherend interlocking.
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Figure3-6: (a) Crossectional image of polypropylene patterning from roll imprinting withusdercut angle of 25and (b)
Stressdisplacement graphs for planar polypropylene joints and structured patterns with various undercut angles from

3.4: Response to the literature and aims of the thesis
Through reviewing the key areas of work tethto the proposed research, it is clear thestch area

does not fully address the keys aims of the work. These can be summarised below:

1 Micro-feature geometries and relative dimensions need to be precisely controlled (not
possible via laseablation)
1 Interlocking needto be introduced at the adherentb adherend level (not possible via laser

abl ation or prevd oalsd'y tsd ahlnieqgué ani cr on
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1 Micron-level resolution is required to impart a high feature density as well as minimise
impact on overaljoint architecture (not possible via previous largale interlocking

approaches)

Based on the limitations outlined above, it is evident that a mfafwrication strategy that can suitably
address all three criteria would be a valuable area to reseascinderstand the implications on
adhesive joint performanceMe propose there are several mechanisms that can lead to increases in
mechanical strength, joint toughness and repeatability at the point of assembly. Since the usage of
adhesive joints withi critical engineering applications is hampered due to concabwit varying

failure loads and failure typethe reasons outlined below are proposed to strengthen the argument

for using adhesive bonding.

3.41: Increasing the bonding area and adhesnerlocking

As elucidated from the studies provided, a substantial increase in the surface area can lead to an
improvement in joint strength. Through the fabrication of highly dense patterns, a ftdahyncrease
in active adhesive surface area can baiaged leading to higher joint toughness. Furthermore, a

substantial contribution can be expected from the mechanical keying of adhesive.

3.4.2:How will surface patterning modify stress distribution?

The implementation of patterning at the interface cha an effective approach to redistributing a
load across its bontine. From the stress distributions Fig.2-6, the central regions of the bonded
area experience a much lower load relative to the extremities of the bonded aredyjpashesised

that interlocking features across the entire bonded apavides a unique avenue to potentially
modify stress distribution across the botide through the incorporation of varying feature
geometries. In this scenario, the prospect of morenptiant features (higher aspect ratio features)
can be positioned at the extremities of the joint enabling greater feature deflection to potentially
nullify the high peak stresses that are typically present within unstructured bonded joints. This

hypothess is concept is investigated within the 3Winting research in Chapter 7.

3.4.3: Crack propagation arrestment
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Through the presence of the features, the adhesive layer morphology leads to a source of crack
arrestment and improved jointoughness. Once a crack has initiated within the adhesive |#yer

features can provide a barrier to further crack propagation. The patterned features could result in a
‘“stsildkp’ scenario in which the crsagdssthebondineipeded
leading to a greater overall energy dissipation. itlea of amore obstructivecrack path isllustrated

in Fig.37.

Figure3-7: Representation of crack path for rectangular patteThe more torturous
crack path developed through patterning will require the crack to redirect orthogon
the loading direction, requiring greater work to failure.

A further source of enhancement within this mechanism is the localisgibns of compression
loading between articulating micrstructures. It is hypothesised that this will mitigate adhesive failure
from dictating the failure of the joint with the bulk phase enabling substantial increases in stréngth.
has beerpostulatedthat this proposed mechanism could be greatly enhanced throughutieeof a
suitably ductile adherend, possibly through the use of polymers such as polycarbonate, bond strength
could be increased through localised adherend deformation. The overall tosglui¢he joint could

be greatly enhanced in a scenario where the adherend plasticity can be incorporated into the bond
line of the joint. A novel feature of the patterned bonded joints is the ability to transmit load
throughout the structure through andalitional means other than the adhesive itself. The adherend
material will possess greater mechanical properties relative to the adhesive layer, providing an
opportunity for a substantial strength improvement. The interlocking of features will enablditht
contribution to the strength of the bondVith reference to the crack opening mechanism outlined in

Fig.3.7, the prospect of micretructuring using square waves will enable a mixed mode loading to
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assist in modifying the crack propagation mechamik is welestablished that adhesives are typically
stronger under shear loading relative to tensile loading. Matracturing will lead to shear loading at

the top faces of each feature with Mode | loading occurring on the sidewalls.

3.5:Aims of tle thesis

This chapter has put forward the key information surrounding adhesive bonding research with a focus
on the untapped area of study associated with micemale interlocking adhesive joints. Based on the
results obtained pursuing similar structuradterfaces it is logical to deduce that substantial

improvements can be attained through miestructuring. The aims of this thesis doe

1 Successfully fabricateand test micron-structured joint interfaces using conventional
cleanroom techniqueto reaisestructured polymer interfaces.

91 lllustrate the viability of the micrdabrication processes for a range of engineering materials
through employing additional manufacturing processes e.g. injection moulding based
production.

1 Confirm that interlocking ofmechanical specimens is possible and consistently achievable at
the point of joint assembly

91 Determine the load carrying capacity of mechanical interlockireg independent from the
adhesive)

9 Ascertain the implications and potential mechanical benefitsoagted with micre
structuring of adherends for adhesive bonding relative testnuctured, planar joints.

1 Explain the underlying mechanisms that underimt strength and toughness mechanical
interlocking scenarioby varyingkeygeometrical paramiers.

1 Model the structured joints througfinite element analysis techniques to expedite the testing
of various microscale geometriasnd optimise joindesign

1 Study the viability of 3frinting based manufacturing as a route fmore rapid and cost

effective structuredadherend production for realvorld engineering applications.

3.6:Structure of the thesis

The remaining chapters are separated into distinct stages of research within the remit of micro

structured adhesive bonding.
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The frst research chapter (Chaptel) $rovides relevant data and insight into the various micro
fabrication techniques used thrgihout the research as well as details regarding the production of
polymer joints via micrénjection mouldingChapter 5documents the design of a custaest rig to
enable the successftdsting ofsingle lap jointsvithin a conventional tensile testing set@s well as
reviewing the results obtained for a brittle substrate mate(glicor) as well as a detailed analysis of
the mechanichperformance of ductile polycarbonatdhesive jointsThe third research chagr
(Chapter § documents the process of modelliaguctured joints andhe desigroptimisation through
statistical methods to further understand micstructured interlocking.Within this chaptey the
conventional approach of cohesive zone modellingdidrassed and other approaches are explored
with the interlocking behaviour of the micstructured joint considered.Chapter 7 assesses the
prospect of3D-printing of joints and the scope for extrapolating this work into #éfel engineering
applications This chapter provides a unique opportunity to rapidly prototype designs expediting
concept to testing phasé he thesis concludes with a holistic assessment of the research outcomes,

determining the extent to which the initial aims of the research hagerbsuccessfully addressed.
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Chapter 4Microfabrication techniques

This chapter documents the various midedrication strategies used to realise the production of
micro-structured interfaceskor convenience in terms of structure surfacéss tvak initially started
out using silicon as the substrate matetdaid later evolved towards injection moulded polycarbonate

substratesThe corresponding section relating the experimerteating is provided in Chapter 5

4.1 Silicommicro-fabrication

Silicon was chosen as the initial test material based on the relatively straightforward fabrication
process. Silicon is used predominantly in cleanroom applications due to its fundamental role in the
semiconductor industry. Micrfabrication processes afargely based on earlier work in the semi
conductor industryThe key processes apbotoresist spinning, photolithography, resist development

and anisotropic etching. The key stages are shown idHig.
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Figure4-1: Schematic highlighting the key stages in the silicon rfalbdcation strategy used throughout this wor

4.1.1 Resist Spinning: S18@Botoresist

The first stage in the process is the dispensing and subsequent spinning of espheitivesubstance

known as a photoresist. Precise thicknesses are achieved through using specific spinning speeds, with
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thinner resist layers achieved with increasing spin spésghical film thickness ranges from sub

micrometre thicknesses for electron beam bdraphy to several hundred micrometres.

Throughout all the silicon etching fabricatidine positive tone resis§1828was used with a spin
speed of 3000pm; this leads to a thickness of . Other positive tone resists were trialled
throughout the work. The S1828sistwas chosen due to possessing a larger film thickness relative
to other available positive resists. This turn, enabled greater deeptching performance as the

directionalty of this process is highly dependent on resist thickness$setion 2.14).

An experimental spin curve was developed to determine resist thickness at spin speed ranging from

1000rpm to 4000rpm; this is shown in FigZ.
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Figured-2: Experimental spin curve for the positive tone resist S1828 with resist thickness (um) versus spin speet
error bars for each entry are (-8D).

4.1.2 Photolithography anesistdevelopment

The secondstage involves selectively exposing regions of the resist to UV light through
photolithography. A photomask sits intermediately between the light source and the sample, light can

be selectively applied to parts of the sample, leaving other regions wsedpthis is shown in figure

51



4-3. Photolithography is the method of choice for a minimum feature size typically within the
micrometre range.The maximum resolutionR obtainable for photolithographypased pattern

exposure can be expressed as:

Q. . (Eq4.2

wherekis a process constant (typically 0.4 for mass produchidsithe wavelength of the light source

and NA is the numerical aperture for the lens system (a value of 0.6 is common). The numerical
aperture parameter representhie rangeof anglesat which light can leave or enter the lens, providing

a metric for the resolving power of the lendsing these values alongside a light source wavelength of
365nm equates to a maximum resolution of 1@h. The resolution ophotolithography is limited by

the diffraction of the incident light, resist properties and the gap betwenask and resigb4]. The
photoresists can be classified as positive or negative tone. When positive resists areceiqpbas/

light, the polymer bonds within the exposed areas are broken down. In contrast, the bonds in a
negative tone photoresist are strengthened through exposure. Common positive photoresists include
S1800 resists that have typical thicknesses rangifaigirh. The most prominent negative tone resist

is known as S8 which can achieve thickness up to 500jmrthis work, &arl Suss MA6 Mask Aligner
was used for photolithographyDuring the development phase peskposure, the comparably
weaker regions oftte photoresist can be removed using specific chemicals where the dissolution rates

of exposed regions differs greatly compared to unexposed regions of resist.

| Photoresist |

Silicon

uv

ERRRRRARRY

- . / Photomask
.

(photo-degrade) (photo-polymerise)

Positive tone resist Negative tone resist

Il B N H BN

Figure4-3: Resist tone: Positive resist is weakened in regions of UV exposure and is removed with greater ease (left); Negati
photopolymerise under UV exposure and remain after demelent (right).
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4.1.3 Metrology techniques

An integral part of the fabrication phase of work involved quantgyime quality of micrefabrication
work to assess process viability. Various metrology tools were employed over the course of the

research; this section will provide details regarding these tools as well as details of the analyses.

4.1.3.1:Contact profitmetry

Contact profilometry is an accurate and straightforward measurement technology where a stylus runs
across the surface of a sample providing spatial data as a function of the scanning length. Within the
scope of the present research, contact profilometryswased to assess feature heights primarily.
Contact (or stylus profilometry) relies upon the physical scanning of a probe across the sample surface.
A feedback loop is employed monitoring the force exerted from the sample onto the probe to ensure
that the probe maintains physical contact with the sample. Deviations in the probes positioning are
recorded through the use of positiesensitive photedetectors that convert position data to electrical

data that can be shown graphically.

In this work the DektakXT(Bruker, Germanystylus profilometemwas used. Analysis was performed
using Vision64 software, which is the corresponding software for this specific profilometry tool. To
minimise inaccuracies in measurements, data levelling was employed to provigetecealues for
feature heights. Due to the requirement for the stylus to come into contact with the surface, lateral

dimensions were not measured using thiethod [55,56].

4.1.3.2:0ptical profilometry

Another branch of profilometry known as dpal (or norcontact) profilometry was used extensively
throughout the project to quantify both heights as well as lateral dimensions. Two different optical
profilers were used, the Contour @Bruker, Germanypand the AliconalnfiniteFocus (Alicona,
Austiia). The Contour GT is suitable for test samples exhibiting low roughness, with a resolution on
the nanometre range; therefore, it was ideal for analysis of cleanroom substrates.operating
principle for optical profilometry is termeghite lightvertical scanning interferometrywhere light is
separated into two beams, one is directed towards the sample, the other is sent to an internal
reference mirror, these two beams of light recombine and are sent to a detector. The detector

measures the intensitof the light as the interferometric objective is moved positionally in the vertical
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axis, with the maximum interference between the beams recorded and positional data for the sample

is produced57].

Scanning electron microscopy

Scanning electron microscopy (SEM) was used for qualitative imaging primarily, with images taken to
determine micrefabrication quality This technique relies upon the baskattering of electrons
hitting the sample, enabling nanoscale resoluti®tMsoperate under a vacuupwith an electron

beam hitting the sample. The subsequent bachttering of these secondary electrons is detected
and converted into a greyscale imaff8]. The electron beam is created through the usage of an
electrongun, emitting a beam of electrong\ columnconsistingof a series o&lectromagnetic lenses

and aperturesprovide a mechanism to focus and direct the beam onto the sample. SEM typically
employstwo imaging detectors for detectinyvo separate types of electrons: secondary electrons
and backscattered electrons. Scattered electrans lowenergy electronemarating from close to
surface of the substrateln contrast, backscattered electrons (BBye higher energy electrons,

possessing a greater penetration depth into the sanipj.

Fornanoscale fabrication workhe prospect ofncident electrons impacting uporsaibstratecan lead

to notable damageof nanofeatures In this work, the comparably large feature size rendered this
issue negligible. Conductive samples such as metals and silicon can be imaged effectively using the
SEM process. For insulating materials such as polymers, samples are required to be sptéteinc
gold-pallidum to enhance condueity to improve image quality. Throughout this work the FEI Nova
NanoSEM 630 microscope was used for any-B&dé@d metrologylt should be noted that all optical
microscope and SEM images were analysed using lnsgféware. This software was particularly

useful for measuring local feature sizes throughout the quantification work presented in this chapter.

4.1.4Dry (anisotropic) etching

Dry etching uses plasma or gasses to remove substrate material. The misépemethod of dry

etching is known as Reactive lon Etching (RIE). In the RIE process, cations are produced from
compounds such as carbon tetrafluoride (F@hd are accelerated towards the sample surface. Etch
species containing halogens are the mosgkeasively used. When RIE is used to produce large vertical

profiles, the technique is known as deep reactive ion etching (MIE)

Anisotropic etching requires the employment of both chemical interactions as well as ion

bombardment of the silicon. The ion bombardment enables material removal whilst the chemical
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interaction enables passivation of the silicon sidewalls to ensure etabingrs exclusively in the
vertical direction[61]. The schematic in Fig-4 illustrates the alternton between etching and
passivation phases leading to the vertical removal of silicon mafieroughout this thesis, all dry

etching was performed using the STS Inductively coupled plasma (ICP) etch tool.

Bosch cycle overview

1. Passivation phase 2. Film etching 3. Silicon etching

(C4Fg plasma)
Protective passivation layer deposited

Directional ion bombardment

removes bottom passivation layer

Fluorine radicals react with exposed
silicon leading to serrated profile
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Figured-4: Schematic summarising the key phases associated with the Bosch process etch cycle. The passiva
involves the deposition of a protective layer (violet layer) using C4F8 pl&sepal(; the film etching phase involve
directional ionbombardment (red circles) attracted via voltage bias to remove the passivation Bgpr2) with
fluorine free radicals (green circles) used to etch the exposed silicon whilst the sidewalls are prdisged),(leadini

to a serrated sidewall profilessthe phases alternate.

The alternating phases in the process lead to a serrated profile as opposed to a continuous form. The
highly directional form of the etch as well as the serrated sidewalls are exemplifieg.4r5. As will

be discussed in the experimental testing seuwfisilicon proved to be a stdptimal material for
mechanical testing as the highly brittle nature resulted in great difficulty when testing within an

adhesive joint configuration. However, this work proved invaluable as the starting poititeof

fabricaion work performed in the JWNC.
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Figure4-5: SEMs of etched silicon, image on left illustrates the repeatable feature geometries and pitch obtained throu
microfabrication process; image on the righiosvs the serrated etch profile obtained from a Bosch process etch.

4.1.5 Proposed alternative: SU8 resist on Stainless steel

4.1.5.1 SkB Background

An alternative configuration was proposed in which the substrate material would be Ipiglighed
Stainless steel 316L with features composed of the negative resisB@I8The family of negative
tone resists known u®'dear & {aseduesidideelopedand patented * S U
by IBM. The distinct advantage of using&téssts is the capability of producing large thicknesses
(upwards of 2mm) and high aspect ratios (upwards off@®)63]. The advantages of this concept are
largely based on the relative ductility of steel compared to silicon as well as the option to clamp the
steel as opposed to fixing the joint via adiive.Before the fabrication stage, it was important to
establish the overall surface quality to determine the viability of the steel substrate as a
microfabrication material. To achieve a relatively confluent, flat8Stdsist layer, low roughness
valuesare required. To achieve this, optical profiles of the stainless steel were taken to visualise
topography and find the surfaceughness. The 2D plot in Fig64s supplemented byable4-1 giving

the key roughness parameters averaged across the sampée aongside the standard deviations.
Average roughnesf§ and Rootmean squared values {Rwere used to ensure that both positive
and negative topographies were accurately represented in the roughness measureftezaserage

values were obtainefrom five sampling lengths within the Vision 64 surface profilometry software.
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Figure4-6: 2D Contour plot of Stainless steel 316L topography the axes correspo
the scanning area for the sample in
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Table4-1: Selected surface roughness values for the 316L stainless steel substrate

Parameter Mean ( gm) S.D (nm)
Ra 0.148 12.9
Rq 0.211 10.8
R(max) 1.73 0.31

The roughness values obtained for the steel samples were desmitble to pursue as a substrate.
Although the roughness values are markedly higher than a silicon wafer (approximataiy)).fbr

the fabrication of large features of 50pum and greater, this value should suffice. From a fabrication
perspective, a poinbf concern was the potential for light scattering during photolithography to occur

due to the elevated surface roughness leading to some feature size variation.
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4.1.5.2:Fabrication process for SI3850

SU8 resist was spun at 200pm for thirty second to achieve a resist thickness of approximately 68

pm. A preexposure bake of one hour on a hotplate af@%vas used to evaporate all the solvent from

the resist prior to UV exposure. An exposure time of 60 seconds was used followpdsneaposure

bake for five minutes with a gradual ramping of the temperature from 65 836 prevent the resist

cracking. Unexposed resist was removed through developing-solzént for 8 minutes followed by

a wash in isopropanolThe optical profile obtained for the SUBteel specimens were generally
encouraging with the feature sizes remaining consistent across the sample area. Feature heights were
around64m compared to the quoted value of 68um fror
the slght decrease in resist thickness will be due to the lower adhesion of SU8 to steel relative to

silicon.

The image ifrig.4-7 conveys the feature enlargement caused by light scattering due to the roughness
in steel. The 150m designed feature sizewasfain t o be c¢cl oser to 175um; t h
then reduced to a size of around 425upm. Althoug
the initial mask features could be accounted for through plotting the feature enlargement versus

feature ske for a range of linewidths and designing in accordance téréimal line observed.
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Figure4-7: Optical profileofS3 050 f eat ures on steel. The f

The main drawback of ugj this material for testing was the-biaterial aspect alongside relatively
poor adhesion between the S8and the steel. The S®Imicrofeatures proved to easily delaminate

from the substrate under relatively minimal loading. A possible area to exptard tbave been the

58



use of aluminium as a substrate material as this has higher quoted bonding strength to e SU
material, although it seemed unlikely thatichimprovements would be sufficienft this point, the
project pivoted towards looking at final a fabrication route to enable the micstructures to be

realised within polymers, enabling all the key attributes outlined earlier in this section to be satisfied.

4.2Injection moulding

Due to the problems with the brittle silicon and the poor-&tb steel adhesion,tte focus of the
projectthen shifted towards aligning cleanroom miefabrication with manufacturing techniques to

enable polymer fabrication. The key advantages identified for polymer joints are:

1. The option to create highly ductijeints (polycarbonate or polypropylene) where the presence of

the interlocking features can be fully studied
2. Optical transparency of many polymers would be advantageous-§ituiimaging during testing

3. Manufacturing of polymers from anitial master boasts high throughput with high numbers of test

samples produced economically

4.21 Overview
The most optimal methodf making micrestructured polymers involved incorporating injection

moulding into the fabrication process. Injection moulding is a-astidblished manufacturing process
that is heavily used in producing plastic parts industrially. A notable exampleemhjttoyment was

in the 1980s with the inception of compact disks, where micromsired features required
repeatable and economical replicatid64]. The injection moulding proceg§ig. 48) entails the
heating of a chosen polymer to around 100 degrees above its glass transition tempefgtuhe
polymer is then injected into a mould cavity that is kept at a much lower temperature, typically 50

degrees belovly. The polymer subsequently cools and is ejected with this cycle repeating

The polymer is placed into the hopper in the form of pelletsal are directed under gravity into one

end of a screw. The polymer is then heated through four separate heating elements, each successively
increasing the temperature of the melt. Through increasing temperature, the rotational motion of the
polymer and anarrowing gap of the screw, the polymer reaches the nozzle at the end of the screw
fully homogenised in both temperature and form in a process known as plasti¢&iihgA first
polymer sho is required to fill the mould cavity to enable pressure buifd in the screw. This
mechanism is enabled through the presence of a-retarn valve at the injection end of the screw.

This valve moves back through the presence of polymer, when the ésuitied with polymer this
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valve prevents further flow through the nozzle, effectively preparing for the next shot. The main
components of an injection mouldare highlighted inFig.4-8. The polymer is injected through
pressure exerted via a thrust emating from the injection cylinder, at the distal end of the scr&he
polymer passes through a passageway connecting the nozzle to the mould cavity, known as the sprue;
this region forms the narrow protrusion on each solidified p@mtce the mould cawtis filled, the

part is held under pressure to mitigate shrinkage and is subsequently ejected, enabling the mould

cycle to progresf7].

Key components of injection moulding

Tie bars

Clamping unit

Screw :|

Heating elements

Figure4-8: Schematic of injection moulding machine with major componantsotated.

Injection moulding can be uigled for both amorphous and sefoiystalline polymers. Amorphous
polymershave a randomly ordered molecular structure that lack a sharp melting point. The result is
that amorphous materials soften gradually as the temperature increablesse materials exbit

better forming properties and reduced proclivity to warp upon coalilgthin the present study the
amorphous polymer, polycarbonate was chosen for final testing. In contrast;csgstalline polymers

have a highly ordered molecular structure withasp melting points, these materials tend to have
enhanced mechanical strength although there is a notably increased warpage upon cooling relative to

amorphous polymers.

4.2.2 Injection moulding tooling
There are various sutomponents that comprisehe tooling that ultimately determines the mould

cavity enabling the production of moulded par@nventional mould tooling, used in the creation of
common everyday produc{such as car dashboandsgenerally made by milling steel and assembling

all parts to form the desired cavity dimensions. The mould production process to enable the successful
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replication of micre or nanoscale features requires notable adaptations to the tool design process as

the highresolutionnecessary cannot be achieved via conventional machining techniques. The most

commonly adopted method to mould micro and nanoscale structusedacesrelies upon the

utilisation of hybrid tooling where a nemetallic insert can be addechto the mould cavity

configuration. This insert is manufactured through employing cleanroom techniques where the

micro/nano structure can be successfully fabricated. A schematic of the hybrid toolinguratiton

is given in Figd-9 with an exploded viewand enclosed setup shown. As can be seen, the polymer

based inlay is encased between the steel back plate and frame. When the movable platen comes into

contact with the fixed platenthe dimensions of the moulded part are determined (see Eigb)

Within this setup, the inlay (also known @ insert) is the component created via cleanroom

techniques in advance by other means. The inlay, supported by the backplate, fits inside the frame,

whichissubsequentlynserted into the main tooling of the mouldeParts are produced in accordance

with the dimensions defined oncéne tooling is enclosedn the current work, two different inlay

dimensions of 2% m

X 25mm (‘" smaml xt?261 min ahdl i7&e

tool ")

parts of 2 mm and 1 mm thioess, respectively. Photographs showing the different ohedilparts

are provided in Fig.-40.

(@)

Movable

platen

Figure4-9: Overview of hybrid tooling setup used for injection moulding of mgtractures: (a)

& —
Figure4-10: Photographs of moulded parts for thglide tool (top) and‘small tool (bottom).

Exploded view

Backplate Hybrid Frame

inlay

platen

it

)

Assembled tooling

exploded view and (b) the view during operation.
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There ae several key parameters related to the mould cycle that must be considered to ensure high

part quality. Theseare:

Injection velocity
Tooling temperature
Mould temperature

Holding pressure

=A =/ =2 =4 =

Cooling time

Thelnjection velocity largelgefines the injection time and pressure, controlling the rate at which the
polymer melt is injected. A common isswberebythe melt freeesprematurely can arise if this value

is set too low; leading to incomplete parts and ina@te geometries. If the injection velocity is too
high, there is potential for the polymer melt to infiltrate other regions of tooling in a process known
as flashing.The tool temperature dictates the cooling rate of the polymer melt once it has been
injected into the cavity. A value that is too low will result in poor filling due to an overly high
temperature gradient. Setting this value too low will lead to overly high cooling times as well as risking
incomplete cooling causing problems during the gmttphase.The melt temperature determines

the viscosity and flow properties of the polymer during injection. A value that is too low can lead to
mouldHfilling issues. A value that is too high can lead to excessive cooling Tieholding pressure
refers to the pressure at which the polymer is held following injectiditis pressure counteracts
shrinkage within the cavity to ensure proper filling is achieved. Too low a value can lead to improper
part geometriesCooling time refers to the period after ¢hinjection and holding phase where the

tool is effectively stagnant, waiting on the part to sufficiently cool. If this time is too short, part

deformation is likely. Assigning too highaue extends the time required

4.2.3 Micro-injection mouldingpveniew

Micro-injection moulding has proven to be a promising approach to produce rtcoctured parts

with a high degree of precision and excellent throughg66-74]. Injection mouldng is a well
established technique that has been used for decades within the manufacturing industry on account
of its efficient use of time and resources. The process can be used with a range of pelyimeesrts
produced based on the dimensions of thaoling used.Within the field of surface engineering,
injection moulding has been utilised with the successful replication of featumethe micro/nane

scale[75]. However, owing to the high number of variables that can influence processarid
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performance, significant optimisation work is usually requirdds outlined earlier, the main
parameters are thenould temperature, melt temperature, injection speed, holding ptess mould
inlay material and type of polymer used. To ensure comfiltieg of micrecavities during the mould

cycle, it is imperative that these parameters are carefully selectezl.

A wide range of different polymers have been used withi@ field of micreinjection moulding43,
[75-78]. Common thermoplastics used include polystge(PS)[79], polypropylene (PPJ}80],
polycarlbnate PC)[68, 81], cyclicolefin copolymer (COd32], poly mehyl methacylate (PMMA)
[79,72], polyoxymethylene (POM33], polyethylene (PHY9], polyether ether ketone (PEE[84,85],
acrylonitile butadiene styrene (ABEF)9]. The major differencavith conventional injection moulding,
is the need for altamative tooling materials to ensure the requirements of micsmale resolution,
durability and complete micrgavity filling are met. Micranoulding research has researched the
possibility to use silicon mould inserts, although the highly brittle natdrgliconresults in fracture

under the high pressureas injectionmoulding[70,86,87].

Metal-based moulding is more favourable due to higher associated strength. However, the increase

in cooling rate leads to more rapid solidification that can risk part fidelity. Rapid cooling tends to result

in incomplete filling of ricro/nanc-cavitiesanda frozen polymer layer precipitatirig often observed

prior to fully filling[88]. Metal inserts can be fabricated through techniques suatlexdrical discharge
machining (MWEDM), mi ¢ r o chmemicahraaohinioga(EQNBA91]. ITheseg and
approaches tend to result in high surface roughness as well as a marked reduction in minimum feature

size relative to silicon microfabrication strategies.

A popular insert prodetion method is LIGfGerman for: Lithography, Electroplating, and Moulding).
This approach produces a replica of the original substrate through the creatiomefaimaster via
electroplating; this master is then used as the moulding insert. Converiionaickelbased
electroplating is used; a schematic of the LIGA process is provided4rlHif92]. It should be noted

that this process is conceptually similar to the epoagting approach researched previously.

Finally, an emergingeplacement for the LIGA process caile the form of hybrid inserts. In this
configuration a polymebased layer is housed within conventional metallic too[@8]. Within this
setup, the lower thermal conductivitof the polymer facilitatesa longer period of time for filling to
occur, leading to enhanced replication. The metal tooling component provides greater cooling and
heat transfer after the filling phase providing a useful compromise between part fidelity a

throughput.
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4.2.4: Fabrication of mould insert: mixed etch master

A key consideration to address was thecessful separation of the mould inkEyd moulded part. To
achieve thisa smooth draft angle of approximately %8 imparted on the partthrough modifying
the etch process to continuously have passivation and etching occur at the sam@4ink should
be noted that the maximum ehdepths obtained via the mixed etch press are lower relative to the
Bosch process due to a reduced etch rate and photoresist selectivitg- Figompares the sidewalls

produced with each process.

10.0kV 11.8mm x2.00k SE(U)

Figure4-11: Cross sectional SEMs highlightfaythe nanometre scale scalloping associated with Bo
process etching and (b) temooth positively sloped sidewalls obtained from mixed process etchi

4.3: Mould insert production

43.1: SUB/TOPAS 5013 mould inlagp(ion 1)

4.3.1.1 Working principle
An initial micrefabrication strategyoute wasexplored using the transparent polymer TOPAS 5013 as

the substrate with S8 microfeatures as the mould inlay OPAS 5013 (otherwise known as cyclic
olefin copolymey) is an amorphous polymer produced from copolymerisation reactions, providing
markedly hi@per chemical resistance compared to comparable thermoplastibs manufacturing
approach relied heavily on the previous work using8Shiith one major difference in the form of
backside UV exposuré&SU8 is a negative resist that forms structuresdhgh the process of photo
polymerisation-i.e. areas of UV exposumre and fom the feature after resistlevelopment. With
conventiona) top-side exposure, light intensity decreases as a function of resist depth, producing an

undercut sidewall pfile as conveyed iRig.4-12. This avenue was inspired by the work of Steigert et
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al. [95], where they employed baeside exposure of SB on TOPAS 5013 to reverse the profile

orientation into a positiveangle to enable mould retraction.

Topside exposure Backside exposure

UV exposure through mask UV exposure through mask

ol s )

Negative draft w w | B Positive draft angle

angle, cant )
E'& enabling successful
retract polymer

mould retraction
successfully

Figure4-12: Schematic of photolithography results for a negative tone resist with topside exposure compared to bi
exposure through a UV transmitting substrate sashTOPAS.

The major advantages of this route are the overall simplicity of the inlay fabrication in tandem with
the large featureheightsizes that can be obtained when using&Wp to Imm heights). TOPAS was
identified as the material of choice owitgyits transparency, relatively robust thermal properties and

chiefly due to its chemical resistance to the-&developeECsolven).

4.3.1.2:Results and limitations

Additional modifications to the fabrication procedure were made to account forue of TOPAS
5013 as the substrate. These included lowering the dehydration bake temperaturéGa8®pposed

to 18C°C The early fabrication of the TOPAS was leading to-deeeloped profiles as shown ihe

stylus profile irFig.4-13. The individual features started merging together, indicating that the bottom
layers of StB were receiving too high an exposure dose. To combat this issue, exposure times were

drastically reduced congred to those used for silicon.
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A trial mould run wagperformed with the St8 samples with the patterns deminating from the
TOPAS after 5 cycles. Effotts improve the mechanical strength of the interface through the
deposition of nanometre metallic layers were studied. The metallic layer has good awliségingth

to the TOPAS as well as the-&Uwvhich may prove an avender mitigating the delamination.
Another issue to acknowledge with this approach is the feature size variation based on the diffraction
of light through the TOPAS substrate.

 — 1 —
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Figue 4-13: Overexposed S8 profile following an exposure of 60s. Feature heights were found to be significantly
than the intended 50 pm due t e8leadngtoalmsayerrng o f

The issue of surplus SJesist within the channels was mitigated through lowering theedposure
during the photolithography stage. The lower exposure time was deemed still sufficient to define the
micro-structuring as can be seen in the line profile in Big4. The diffraction of light will result in

greater lateral UV exposure: leading to feature enlargement. This problem can be largely diminished

1 f \ /

M

: =

-5
0o 0.5 10

Figured-14: SU8 profiles with a much lower exposure time of 20s. The ﬁgrging of features has ce
feature heights were less than the intended [5®; however, they were consistent across the deal area
of the sample at 42 m
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through tracking the actual size versus the desitjsize and using the data as a predittiool. The
SEM image in Figl-15 highlights the onset of damage within mouldgublystyrene parts with
delamination following shortly afterwards. Due to poor throughput in tandem with the relatively poor
resolution of the process, this approaetas not pursued, although an optimised approach may still

be viable for certain injection moulding applications.

£0| St 190/ 600 kv| 42 m|
Figure4-15. SEM of polystyrene pattern moulded from the-8lihlay. The linewidth ofthe S8 was 450
feature height of 42 pm. There is evident damage on the features, indicating deterioration of the mould inl;

4.3.2 Epoxy mould inlay approadbpfion 2)

4.3.2.1 Working principle

Another approachthat was identified was previouslgmployed by Steigert et a[95] and was
extensivelyexplored as the main route to achieving migtuctured polymers with a variety of

feature geometriesThe schematic in Fig-16 provides an overview for the process.

Sarting with amicro-patterned silicon master(Sep 1), patterns are casand transferredinto the
elastomeic polydimethlysiloxane (PDMS); this serves as an intermediate &ep @). The use of
PDMS within micrdabrication processes is wadbtablished with specific significance the
microfluidiccommunity[96,97]. An epoxy containing 10 wt% aluminium powder known commercially
as WEICON C is cast on the PDMS and thermally (Riepd3), the cast epoxy becomes the mould
insert(Sep 4).
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1.Silicon master 2.PDMS casting

3. Epoxy mould casting 4.Injection moulding inlay

Figure4-16: Schematic summarising the Epoxy casting procedure. The first stage invol
obtaining an etched silicon master via photolithography and dry etching (Step 1). The seco
entails pattern transfer to the PDMS yielding iaverse of the initial pattern (Step 2). The PDNV

then used in the epoxy casting phase (Step 3). Final step is injection moulding using the ep
(Qtan N

The trial fabrication was performadsing a silicon wafer with 458n linewidths and 46 um spacing.

The etched features were created using a mixed process etch to obtain the positively sloped sidewalls,
the feature heights werdound to be approximately 36.[im. The feature height for this stage was
arbitrary due to thepreliminary nature dthe work.Sylgard 184 Silicone elastomer kit was used to
form the casting PDMS. A ratio of 10:1 between the resin and curing agent was weighed on a digital
balance and mixed continuously for several minutes. The mixture was dessicated for 15 minutes to
remove air bubbles. The mixture wdeen poured on top of the silicon and subsequently dessicated
again for at least 15 minutes or until no bubbleere visible. The PDMS was cured &@Bfbr 4 hours

and peeled away from the silicon. Through optical imatgéen for the PDMS, it is apparent that
patterns of relatively small dimensions and complexity can be adequately transferred to the PDMS.

The photograph in Fig-17 illustrates the PDMS casting step.
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Figure4-17: Photograph of the PDMS pattern transfer stage with ti
silicon wafer underneath. The tinfoil is used to prevent PDMS over

4.3.2.2 Casting rig and curing insert processing
The next step of the procedure is casting the WEICON C epawp @i the PDMS to the correct

lateral dimensions and thickness to fit the moulder perfectly. To realise this, a simple casting rig was
made from PMMA. A schematic of the tag rig is given in Fig-18. The WEICON resin and hardener
were mixed in aveight ratio of 100:8 respectively in accordance with the datasheet. The epoxy is then
poured into the acrylic template and cured within an oven for 4 hours ramping the temperature to
80°C. A mould release spray was applied to the acrylic to enable theyapde removed from the

rig after curing. To nullify any risk of the PMMA softening, the highest temperature the rig was
subjected to during curing was set a$80At this point, the epoxy is removed from the rig and given

a further curing at elevatedeimperatures of 108 to confeithermal stability to the epoxyThe final

stage of mould processing is the filing of the bairle and edges of the mould to ensure a perfect fit

with the moulding tool and backplates.
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PMMA with slide tool
dimensions

Patterned PDMS

T T

Flat bottom plate

Channels for excess epoxy

Clamping at four
corners

Figure4-18: Exploded view of the components used in the epoxy casting rig.

4.3.2.3Epoxy casting results

Optical profiles (see Fig-19)were taken as well as stylus profiles to ascertain the surface quality of
the epoxy cast parts andtliere was any notable variation in dimensions in the mould relative to the
silicon master. The feature heights were found to be smaller for the epoxy mould compared to the
silicon, whilst the lateral dimensions exhibited a much narrower degree of variafiba key
dimensions for the silicon master and WEICE&idxy part are given in Table24 Mean surface
roughness for the epoxy was characterised byRaandRqvalues Fivesampling lengths were taken

from a planar part of the epoxy sampknd the resuling values wereB2.6 nm and 159nm,

respectively.

Figure4-19: (left) Lateral dimensions for the silicon master (the red sections correspond to the gratings; blue sec
correspond to therenches) and (right) Lateral dimensions for the epoxy mould.
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Table4-2: Dimensional variation from the silicon master to the WEICON mould

Parameter Silicon mater WEICON mould % Variation

Height(um) 36.9 335 9.2
Grating width(mm) 0.476 0.463 2.7
Trench width(mm) 0.425 0.43 1.2

At this stageit was evident that the epoxy casting approach was capable of feature replication with
low variation fromthe silicon. Additionally, the moulding results researched previously made this
process increasingly promisingy.useful concept was to analyse the capabilities of the epoxy casting
techniqueby attempting to mould anore convoluted pattern. A microfluidjgattern from another
branch of researclwas used.The lateral channel dimensions were 1® with a serpentindike

channel designThe measured height of #ga.channels were found to be 6 via stylus profilometry.

Photolithography and reactive ion etelg of silicon wafers was used to fabricate masters for the
micro-imprinting process. To facilitate deep etching for the mixed etch process, the positive tone resist
Megaposit SPR 220 7 was spun at 1500 rpm to obtain a eafficthick resist layer of 9u8n. The
channel depths were measured for the cast epoxy at three different locationstiétimean depth
found to be 9.8im. The epoxy has an exceptionally low viscosity of 25mPas, enabling effective micro
cavity penetration, the height variation could b#réuted to fractionallyincomplete filling with the
PDMS. Otherwise, there may be some mould shrinkage during the PDMS castin@ptegé profiles

for the epoxy mould inlay are given in BigO.
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Figure4-20: Optical microscope image of the serpentine microchannels on the epoxy mould inlay (left) and the optical p
the microchannels (right).

4.3.2.4:Epoxy insert moulding results

For the first mould runit was decided that a standard moulding recipe for polystyrene would be used.
Although the literature suggests using markedly lower holding pressure than was chosen, it was felt
that, for the simple rectangular nature of the mould, the inlay would be dblevithstand higher
pressures than the more intricate moulaserts used in théiterature. Despite the lack of parameter
optimisation, the initial results were encouragingen parts were created in polystyrene with

reasonably good replication. Imagestioé moulded parts in pgktyrene are given iRrig.4-21.

The moulding recipe that was used was based on previous research experience using 3D printed
plastic inlaysThe parameters used are summarisediable 43. The holding pressure is substantially
higher than recommended from previous papers (800 bar compared tdba60 Since the holding
pressure was relatively high, the holding time was comparably lower than values in the referenced
epoxy moulding research. A standard melt temperature of°@6@a chosen, with a retavely long

cooling tine of 35 secondased to accommodate the low thermal conductivity of the epoxy material
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Table4-3: Injection moulding paranters used for initial epoxy inlay run

Moulding parameters Units Value
Injection speed cmls 1
Holding pressure bar 800
Holding time S 5
Injection temperature °C 260
Cooling time S 35
Shot volume cm’ls 4

Tool temp °C no heat

Figure4-21: SEMs of the microfluidic serpentine pattern in polystyrene. Speck
artefacts are due to reise of the PDMS substrate at the casting stage.

Although the parts made from the polystyrene reptead the features relatively well, there was

evident curvature in the patterns that were moulded. This finding is illusttat the optical profile in

Fig.4-22. The quoted thermal resistance of the epoxy is in the rang@®fo 220°C. Since the melt

temperature is injected into the mould gate at 2&) it is likely there is some mould distortion.
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Figure4-22: Optical profiles of a polystyrene part with a tilt in the patterned face, possibly due
excessive injection temperatures, causing distortion of the epoxy inlay that is translated to the

Since the intention of the projecsto use polycarbonate as the testing material, trial mould runs were
also performed with polycarbonate. The joadifference from using polystyrene is the elevated melt
and mould temperatures of 28C and 8€C respectively. In response to concerns over the flatness of
the final parts, different temperatures, holding pressures, cooling timesigjadtion velocities were
trialled during mould runsAs previously seen with polystyrene, similar mould distortion was observed
for polycarbonate as seen in the ogdi profiles given ifig.4-22. As expected, the individual feature
heights varied significantly from theBum profile for the silicon master. Current moulding work will
focus on using lower temperatures as this has been pinpointed as the most likely cause for the

distortion.

Higher holding pressures could also be contributing to the mould warpage. Accorditige to
datasheet, the maximal pressure the epoxy can withstand isvI#8 (140(ar), well below the values
used in all mould rung-However,the holding pressures in previous works were around Bae

substantially lower than the 608ar used in this work.
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Based on these initial moulding results for polycarbondteappears somewhat unlikely that
successful replication can be achieved. Alternative moulding materials such as polypropylene have
been considered to enable a lower injection temperature tivatld beless likely to distort the mould.
Furthermore, polyethylene could potentially be used due to possessing a substantially lower melting
point to materials investigatedilthough this approach would have been potentially viable leading to
markedly lessnlay warpage, the lower strain to failure values for polyethylene (typically around 12%)
prevented this approach from being investigatéshoptical profile of the inlay after moulding is given

in Fig.2.23 the stitched optical profile over an ared ®mm? in Fig. 423 givesa clear illustration of

the warping that occurs during the polycarbonate moulding.
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.~ | det | mode mag HV tit| wD
5.00 mm “|ETD| SE |90x/10.0kV|0°|6.0 mm

Figure4-23: Stitched optical profile (5 mm x 5 mm) to illustrate warping (left) and SEMIgp€arbonate microfluidic sample at X¢
(right).

Since significant part warpage would lead to inconsistency as well as difficulties interlocking micro
structured joints, it was deemed that an alternative approach prioritising geometric fidelity would
need to befound. Ultimately, to achieve flat and repeatable mietyucturing the mould insert would

require thermal resistance during the mould cycle.
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4.4 Final nouldingsolution: Micreimprinting method

4.41:Process overview

Next, afinal approach was studied and identified as the optimal approach for production of -micro
structured interfaces, with high resolution from the initial silicon master to the moulded part as well
as boasting higbrocessdurability. Due to the promising rats obtained as well as implications for

the microfabrication/microfluidic device community, the process was fully characterised.

After master fabrication usigp the mixed etch process, the insert for injection moulding was
fabricated. This was done using an EVG6200 nanoimprint lithography Thw. process was
conventionallydesigned forthe production of nanoscale featuseTherefore madifications to the
processwere required in the form ofeducing spinning speed¥his enabled a sufficientligick layer
for the imprinting process Fig. 424 summarises the key phasisthe micreimprinting process.
Firstly, a silicon master possessthg desiredmicro-structuring is produced via dry etchipgotocols
outlined earlier(Fig. 424a). Secondlthe silicon master wasubsequently covered in an asdick
layer with EVG working stampaterial spun on top of the wafeAs thenanoimprint lithography(NID
processwas originally developed for nanoscale dimensions, it is necessary to adjust spin parameters
for a thicker layer. The wafer is then placed in the NIL tool where the working stampsayéar to
PDMS in propertiess backed by &ransparent layer of polyethylene terephthalate (PEAhereby
the PEIbacking provides the structural suppofthePETWorking stampsandwichis thenU\-cured

for 10 minutes (Fig.-24b), resulting in the inverse pattern from the silicon wafer beingried on the

new waking stampPET sheeThe newly imprinted micrstructures can then form the injection

UV exposure in NIL tool
(a) working stamp spun on (b)

Imprinting l H l l

(@—

Silicon Silicon

() Injection moulding of polymer
structures using the foil as the (d)
mould inlay

b

Polymer specimen with
micro-structure

Araldite rapid adhesive

Figured-24: Mould inlay fabrication overview: (a) spinning ofvarking stamp material (purple) on top of the structured silicon mastar
anti-stick layer (red) is spun initially to enable separation from the silicon substrate; (b) imprinting of thefesittnes from the silicon to

the working stamp material, falved by UV curing to solidify the mould insert; (c) injection moulding using the mould insert for tl
production of micrestructured polycarbonate specimens (blue) and (d) the final interlocking bonded lap joint with Araldite rapid ad
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moulding inlay (Fig. 240 enabling the production of moulded parts retaining the mistucture

defined in theinitial silicon master (Fig-24d).

To quantify the length scales possible to imprint using this approach, a spimwas created for the
workingstamp material from spin speeds of 56fn to 4000rpm. The spin curve is given Kig.4-25.
From the cuve it is evident that thicknesses of working stamp aboveni@an be obtained through
spin speeds lower than 200Pm, speeds of 508pm enable a thickness of gt to be obtained. If
possible, reducing spin speeds lower than B is not recommended ahé distribution of resist
across the sample will have reduced unifdyrat the spinning stage. However, since the layer is

subjected to the imprinting procesthis issue is largely nullified.
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Figure4-25: Working stamp thickness in micrometres versus spin speed (rpm).

4.42: Bosch process etching for moulding

Whilst pursuing a suitable micffabrication strategy to produce mechanical test specimens, a
secondary goal was to illustrate an innovative strategy to mould parts possessingceno
scallopingA novel aspect of the flexibdlinsert production is thegdential to injectionmould using
the initial silicon master produced via Bosch process etcHing.Bosch process used ubiquitously
as a dryetching methodologyvithin the microelectro mechanical systems (MEMS) indusiy.
mentioned previously, thiapproach entailshe ragd alternation between materialemoval via ion

bombardment and chemical passivation to f@ct the sidewalls from etchingThe alternating
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aspects lead to the progressive development of a serrated pradiseen in Fig-26. Thekey

advantage is the ability to facilitate newertical sidewalls.

In this work an inductively coupled plasma (ICR)ol is used for the dry etch process, with
octoflurocyclobutane (§&s) used for thepassivation phase and sulphur hexafluorides2B he
etchant gas The Bosch process boasts very high etch ratesvell as high selectivity between the
photoresist and the siliconWithin the context of injection moulding, the notable disadvantage
ascribed tathe Bosch procesis the alternating phasésadng to ascalloped profile as opposed to a
smooth surface. Ais scalloping leads to an etch profile that is easilyseparatedat the ejection

phase of the mould cycle on accountnoéchanical interlockingetween the insert and solidified part

The hypothesis ishat the flexible mechanical properties ¢iie nandmprinted mould inlay may
facilitate successful ejectioavenof samples possessing nanometre scalloped sidewaitspossible
that the additional compliance associated with this setup will prevaihtire of the serrated polymer
during ejection A comparison of the prospective moulding between srhpatixed etch profiles and

Bosch process produced masters is given bellow irtf26.

Bosch etch profile Mixed etch (optimised)
T Ejection phase T
Moulded part Moulded part
Inlay Inlay
Mouldability? Smooth profile and positive draft

Figure4-26: Schematic highlighting the interlocking scalloped profile (left) and the smo
sidewall profile from the mixed etch process (right).

This would be highly advantageowsthin the MEMS community as it would offer tipeospectof
fabricatingultra-high aspect ratio micréeatures witha fully vertical sidewglcompared to the slight

draft angle required using the mixed etch proceske fully vetical sidewall would enable greater
achievable lateral resolution, permitting greater flexibility anpportunities at the design phase.
Within this study, two different etch recipes were utilisavo different scallop siz€fine and coarse
—see Table 41) wereemployedthrough varying the relative etching apassivation stages of the dry
etch processMould insertswere fabricated and were subsequently utilisint injection moulding.

Two different etch profiles provide an opportunity to establish whether scallop size has a significant

impact on the fidelity of the final parts.
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Tabled-4: Key process metrics for the different dry etch recipes used for nfédydcation. Scallop depth and
scallop period are presented as the mean3D. Maximum etch depths were based on the results for the SPR

2207 photoresit used.

Scallop depth  Scallop period Maximum etch depths
(nm) (nm) Sidewall angle (um)
Fine scallop Bosch 284 9 875 32 9 Deep (> 300)
Coarse scallop Bosct 372 18 1238 70 9 Deep (> 300)
Mixed etch process n/a n/a 80 Moderate (~100)

4.43: Injection moulding parameters

As discussed earlier, the majeariablesthat dictate the success d@he moulding process are mould
temperature, polymer melt temperature, injection velocity, holding pressure and the cooling time for
each partOptimal mouldng parametergnsuressufficient filling of the micrecavities toreplicate the
geometryfrom silicon master to polymer parRolycarbonate was chosen as the polymer throughout
for final parts due to suitable mechanical properties for the mechanicalnigstvork. Injection
mouldingwas conductedusing an Engel Victory 28 fully hydraulic injection moulding machine. The
PET insert was laser cutttte appropriate dimensions to fit within thimjection moulding tool.Prior

to moulding, the polycarbonate watried for 2 hoursTo ensure high quality parts were produced,
the holding pressure was increased until the part did not exhibit shrinkage. Furthermore, the holding
time and cooling wereéncrementally increased to improve the quality of the moulded pafise

optimised parametersire providedn Table 45.

Table4-5: Key Injection moulding parameters used to produce the matroctured polycarbonate.

Melt temperature £C) 270
Tool temperatureqC) 60
Injection speed (cis) 18.3
Holding pressure (bar) 1412
Holding time (s) 8
Cooling time (s) 15
Shot volume (cr) 45
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4.4.4 Process characterisation

To effectively document the efficiency of the fabrication processnpleswere characterised to
analyse the dimensional variation starting from the initial silicon master, and moving to the imprinted
mould insert and final polycarbonate parts. Measurements were taken for the silicon masters, inlays
and moulded parts (Part Numbér 10 and 20 from each cycle) using optical profilomé@gntour

GT, Bruker, USThe key metrics taken were feature heights, feature widths and channel widths. Scans
at five distinct locations were taken, with each scan permitting several further measnts to take
critical dimensions. Measuremenigere gathered to compare all the component dimensions across
each stage of the fabrication process, enabling the capabilities of the fabrication process to be
assessed. Quuaification for the moulded componas was performedisingmoulded part numbers

1, 10 and 20dor the process characterisationtimisedmixed process produced master) as well as

the Bosch pocess study

4.4.41: Importance of aspect ratio

A study wasconducted to assesthe maximum achievable aspect ratios for the migrgorinting
process. The prospedf creating higher aspect ratio devicgsrovides the microfluidic community
with greater opportunities during the design phase. A key exemplificatibrhigh aspectratio
microfluidics can be seen in the reseaaftHung et al[98], where a device wasreatedfor culturing
cells within microchambers witcontinuous perfusion of medido researchihe spectrumof aspect
ratios that could be moulded custom acetate photomask was designed with linewidths6gf 80,

40 and 20um. Based on these widths, as well as an intended etch depth @ih8@or the silicon
master, aspect ratios of 0.5, 1, and 2 were produddte schematic in Fig-27 summarises the key
dimensions used for the aspect ratio studsive scans were taken for the silicon and working stamp

entries and five scans were taken for moulded Parts 1, 10 and 20.

80



Process characterisation: Aspect ratio study

El Silicon
Bl Working stamp
3 Polycarbonate

Measured height {pm)

AR=0.5 AR=1 AR=2
Designed aspect ratios (AR)

Figure4-27: Bar chart representing the meaneasured feature heights obtained at eac

successive phas# the micreimprinting process +/SD. Entries are categorisedo the

respective designed aspect ratios (AR) that applied to the siliconemd&ste scans were
taken for the silicon master, working stamp and moulgedt numbers 1, 10 and 20.

Lower aspect ratiosf 0.5 and 1.0 were achieved successfully with minimal variation from the initial
silicon master. As the aspect rati@svincrease to 2.0, the capability toeplicate the working stamp
height ceased, with a reduction in feature heightapproximately55% relative to the silicon master.
There was no evident variation in measured heights asiatiion of part number, tts is highligted

in Table 46 indicatingthat there was naliscernibledegradation as the mould cycle continudhese
resultsindicate that work on the micron scale should not exceadpect ratios ofl..0 to guarantee
complete replication using the current micimprinting protocol.Assessing the aspect ratiesults,it

can be concluded thahe micraimprinting/injection moulding process outlined is highly applicable
for microfluidic device design, provided higher aspect ratio replication is not requiithugh, 1 is
possible that further optimisation of the process parameters at the imprinting stage could yield higher

attainable aspect ratios.

4.4.42: Importance ofeature spacing

Feature spacing was studied to ascertain the capability to position channels close together. The ability
to successfully produce devices with migtouctures positioned closely is a vital requirement within

the microfluidic community as it provides a gteanumber of analysis features per unit space as well
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as enabling more complex microfluidic desighs.ascertairthe minimum feature spacing that could

be effectively moulded, photomasks were designed withu0linewidths spaced at intervats 20,

40,60 and 8Qum. An etch depth of 2imwas chosen to minimigeroblems relatedvith largefeature

depths impacting on the study of feature spacing. Optipadfilometry was used to characterishe
distance between adjacent ridges rela to the designed ze. Fig4-28 illustrates the variatiom
moulded part size relative to the silicon master and working stamp inlay. Five scans were taken for

the silicon and working stamp entries and five scans were taken for moulded Parts 1, 10 and 20.

Process characterisation: Feature spacing study

100+
mm Silicon

804 @ Working stamp

3 Polycarbonate
- g :
a s s
“a i i
= H H
@ s s
§ 401 : s
0 H H

80pum 60pum 40pm 20pm

Designed feature spacings

Figure4-28: Bar chart plotting the meameasured feature spacisdoreach stage of the micramprinting process +5D.
Entries are grouped into the respective designed feature spacing that applied to the silicon Ra&tescans were taken
for the silicon master, working stamp and moulded Parts 1, 10 and 20.
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From Fig4.28, it is apparenthat the replicated parts ave a reducedhannel width relative to the
initial slicon master. It is concluded that the reduceltiannel spacing is due to the elastomeric inlay
master flexing under the high moulding pressures leadingrtiargementof the moulded features.
The sameelationshipof decreased channel widttelative to the silicon mastewas present for all
feature wdths studied Minimalfeature variation was observed as a function of paumber,this is
highlighted in Table-6 with the featue spacing measurements remainiognsistent from Parl to
Part20.

Table4-6: Mean values (with standard deviations) for the measured feature height in the aspect ratio (AR) study and
measured feature spacing (FS) for moulded Parts 1, 10 and 20.

Measured height (um) Feature spacing (um)
Part 1 75.5 0.11 74.4 0.25 324 131 76.8 0.88 570 1.2 36.6 0.98 17.8 0.65
Part 10 76.6 0.47 74.7 0.26 326 1.16 76.7 1.17 57.8 0.70 36.8 0.70 17.8 0.73

part20 755 023 747 032 307 055 762 096 57.8 121 366 0.82 17.6 0.39

Mean 75.9 0.27 74.6 0.28 319 1.00 76.6 1.0 575 1.04 36.7 0.83 17.7 0.59

Results convethat narrow feature spacings can be cateitly replicated with spacings as low as
17.8um betweenfeatures successfully moulde&ince lateral resolution was limited due to the use

of acetate photomasks, it is hypothesised that significantly smaller feature spacing can be successfully
imprinted and moulded using a glass photomashnce the imprinting process is conventionally
implemented for nanescale applications, imprinting for lateral resolution appears to be more facile
than high aspect ratio fabricatioifhese findings indicate that theiono-imprinting process is highly
suitable for the development of narrowly positioneahicro-structures. For most microfluidic
applications, it is less essential to fabricdege aspect ratigswhereas the capability to produce

narrowly spaced features imperativefor microfluidic device fabrication.
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4.4.5Bosch process injection moulding

4.4.5.1 Process durability

Conventionally, injeadn moulding involving samples created through the dry etch prooeggire
the mixed etch profile because tinanometre scalloping &ls to an inability to separatbe moulded
part from thesilicon master due to interlocking of the mould/tool interfa@uiccessful mouldinfigom
silicon etched via the Bosch process would be highly valuable for the microfluidiowmity as it
would reduce the dependence on dry etch expertise due to the easier development of Bosch etch

recipescomparedto the more variablanixed process etch recipes.

It is hypothesized that, in the current study, it is conceivable for the mouldetkpdetach smoothly
at the gection phase owing to the greater compliance associated with PETSupported inlay.
Through having a higher compliance than stiff metattiould inserts, it was speculadethat, during
the ejection stagethe part would have a greater chance of separatiBamples were moulded using
an initial sicon master depth of 3fim with Part numbers 1, 10 and 20 characterissthg SEMs and
optical profilometry to determine the quality dhe parts as the process progressed. Cissdtional
SEMs were taken for Parts 1, 10 and 2@d$sesshe durability of theprocess as well as quantifying
the succes®f the mould ejedbn phase ©the process. Fig.-29 conveys the degradatioof the
moulded parts from Part 1 to Part 20 for the two Bosch etchagyé and smalkcale scallopingas

well as the mixed etch process serving as a coettperiment
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Figure4-29: Inlay deterioration study. Low magnification SEMs to examine aétgriorationas
moulding progresses. Arrows signify the progression of the mould cycle from Part 1 (P1) to pe¢
(P20): (a) and (b) skw top-down images of Parts 1 and 20 moulded from the Bosch process proc
master with coarse scalloping, respectively. (c) and (d) show Parts 1 and 20 moulded from the
process produced master with finer scalloping, regtpely and (e) and (f) aeis control experiments
showing topdown images for Parts 1 and 20 moulded from inserts produced using the mixed p#
these show minimal damage.

From the images in Fig-20a-d, it is apparent that there is progressive worsening tfog Bosch
proces produced component€omparing the images in Fig28b and Fig.-29d, the finer scalloping
(Fig. 428d) led to alesening of thedeterioration of the moulded parts relativéo the coarser
scalloped pagt. For boh etch methods, it was sedhat, as he moulding progressed, the overall part
quality declined specifically at the intersectiobetween the bottom portion of the sidewall and the

inlay substrate. This was credited to progressive damage occurring within the mould inlays with

85



scalloped sidewdd due to greater locaed stresses involved in the ejection of the interlocked
polymer/insert interface. This deterioration did neeem to have a major effect ahe measured

depths of the éatures, with the damage leading to surplpslymer becoming msent within the
channels of the parts. These results signify a partial success in moulding using the Bosch process since
parts could successfully be separated from the mould inlay, although the interlocking of moulded part

and inlay accelerates deterioiiah - hindering the manufacture of higguality parts.

4.4.52: Successful part ejection

All parts moulded employinthe Bosch process produced inlays were successfully sepawéttealit
notabledifficulty. In addition to observing general part qualtgtention of the nanascale scalloping

in the moulded part was considered a key baromefer successful Bosch process itii@e moulding

as the transfeof the nanometre scalloping in the moulded paittastrate successful ejection of the
part from the mould insert without any discernibldamage. SEM images in Fi¢04 and Fig.-80b
confirm that scalloping is indeed present in the tenth moulded part for both the finer and coarse

scalloping cases, respectively.

& mode| det | mag | tilt WD HV
BSE |ETD|1655x|-4 *|5.9 mm|10.0 kV

Figure4-30: Cross sectional SEMs (in tenth moulded part) to confirm scallop retention: (a) fir
scalloping and (b) coarser scalloping.

Referring to Fig.-80a and Fig.-80b, the presence of scallopingdicates that successful mould/inlay
separation using the Bosch is feasible. Although it has been proven that moulding can be achieved
utilising the Bosch process as the master, it remains substantially less optimal relative to the mixed

process results siwn earlier due to the more progssive damage indicated in Fig29. Thus, it is
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recognised that a substantial amount of optimisation would be required before this approach could

be considered as a prospective option for microfluidic design.

4.4.6 Microfluidic device fabrication: proof of concept

To showcase the suitability of the process for microfluishsed work a microfluidic deice was
designed and producedith acetate masks using theptimal mixed etch process. An image of the
photomask design is shown in Fig3%a and the image in Fig-3b represents a scanning electron
micrograph (SK) of the moutled serpentine channel. Table7 provides a smmary of the measured
channel lengths relate/to the initial designed lengths (channel measurements were taken at five

locations across the device).

Table4-7: Comparison between the designed and measured dimensions for the serpentine channel widthemncdius
size alongside the standard deviations.

Design Measured SD
Narrow wi 100 90.5 0.7
Il nner rad 50 43.7 0.78

(@)

Figure4-31: (a)Schematic omicrofluidic device design alongside (b) a-tigpgvn SEM image taken of the
moulded serpentine channels. The circled region in (a) signifies the region of interest shown in (k

The sample had measuredmean channel width of 90.8m and a mean inner chael radius size of
43.7um. The mearheight was measured as 9.4uh, although height was not of primary concern in
this case of low aspect ratio prodtion. The SEM image in Fig2%b validates that the imprinting

process was particularly successful atlieating the network of serpentine channelherefore, this
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proof-of-concept work highlights that complex microfluidic designs are readily produced using the

hybrid inlay process.

4.5:Conclusions

The first critical objective outlined at tHgeginning of this thesis has been the successful production
of micro-structured interfaces for use in mechanical testing applicatidrigs work has entailed the
investigation into various different resists and etching options to attain suitably high depths
(>5Qum) with the positive tone resist SPR 2207, identified as the most effective resist with appropriate
resist thicknessexposure times and resists developmeirhes optimised to ensure appropriate

resistance during the dry etaig phase of the wiks.

The dicon fabrication provided the foundations for later fabrication where it became apparent that
polymers would bethe optimum choicefor the remainder of the projectThrough a period of
comprehensive research, new approaches hbgen explored @ develop a mould inlay for micro
injection moulding, conferring sufficient geometrical replication and durability for several injection
moulding runs, ensuring that the elevated temperatures dmdding pressures could be reliably
withstood. Initial appraches utilisinghe backside exposure oBU8/TOPAS 5013 interfaces and
WEICON C epoxy/PDMS casting were promising although resulted in premature deterioration of the

interface and notable part curvatumduring mould cycles.

The final mould inlagbjective was satisfied usirgmicro-imprinting process in tandem with injection
moulding, where parameters have been sufficiently optimised to ensure complete filling of the micro
cavities. This process has been shown to retain feature fidelity from the silin master whilst
boastingthe durability that is necessary for the injection moulding of suitably high sample numbers.
Results have illustrated that feature spacing as low gs120ould be reliably replicated as well as
complex serpentine channels Wwimarkedfeature curvature. Apect ratio quantificatiorillustrated

that AR=1 could be feasibly obtained with higher aspect ratios proving challdrgimg mouldfilling
perspective Finally, the use of a flexible injection moulding inlay provided aungnigeans to injection
mould utilising BOSCH process produced mastpreyiding an alternative to using the less

standardised mixed etch recipes that have previously been required for fimjgtion moulding.
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Chapter SExperimental testing of micifabricated siglelap joints

Chapter overview

Moving on from the fabrication work, this chapter covers the mechanical test results obtained from
testing the micrefabricated interlocking joints. The testing is divided into separate sections
documenting the resultgitially using silicon wafers as the adherend mateaiadl then moving on to
results forpolycarbonatejoints produced via micrénjection moulding.The chapter begins with an
overview of the micreensile testing machine useadthe work as well as theespoketest rig designs

implemented to perform single lap joint testing.

5.1: Microtensile tester and test rig design considerations

To test structured lap jointsa suitable test ridnadto be designed to successfully integrate into the
Debenmicrotester shown in Figs-1. This test machine is intended for testing of small-doge
specimens with a maximum force of 5kN. Testing can be performed using tensile, compression or

cyclical loading. Additionally, the rate of applied displacement @andried from 0.1mm/min to 1

mm/min.

Figure5-1: Photographs of Deben mictester. Entire tester setup shown (left); cleap image of the tensile clamping jav
for dogbone specimens (right).
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Ascan be seen in Fig1, the clamping fixtures are specific to dbgne specimensThey havea
maximum relativeinter-jaw distance ofA0mm (20mm extension plus 20mm clearanoetween
clamping jaws To enable testing of lap joint specimens the loadcell gearbox fixtureshadto be
removed and replaced with a new system to successieditlap joint specimendjecause the fixtures
required needed to besubstantially larger than the intgaw distance Furthermore, a key point to
address is thability to image the bondine during tests to accurately obtain strain dates well as

aid inexplaining the underlying physics of the interlocking geometries. This would require the test rig
to be designed in such aidewann ne rwhtehraet tthhee hloarpi zjooni!
side face of theadherends can be directly imaged via optical microscépfmal key consideration

was to ensure that the vertical centre of loading within the joint did not deviate from the original
clamping staup; this would ensure that the force values measured via the loadcell were correct. The
value quoted for this distance was Zrin above the original jaws. The schematic in%@illustrates

this point.

Original fixtures SL] testing

Figure5-2: Schematic of the vertical position of the lee€ll centre line projected from the original tensile clampir
fixtures (left) and the extrapolation to ensure SLJ test is conducted at the same position (right) whilst enabling
of the bondline.

The micretest module interfaces with acquisition software that enables contraheftest-rig as well

as providing a means to display the foeeension data. These design consideragias well as limits
imposed through material choice were a@dsedin the test rig designs usdafiroughout the work

Details specific to each test rig design are given in the following sections separated into silicon and

polycarbonate testing respectively.
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5.2: Silicon adhesive joints

5.2.1Testing protocol

Asa starting point, it was deemed logical to use the silicon as an initial test material, owing to the
relatively straightforward fabrication proceéise.in the microfabrication world, surface patterning is
generally first achieved in Silicomjfter some preliminary experimentation with different pattern
geometries, it was apparent that feature clearance had a pronounced effect on the failure loads on
specimens. Therefore, the first full set of testing was performed with two very distinetlotking

setups shown in Fig:5.

The feature sizes chosen for the mechanical testing were separated into three categories:
(1): 150um features with 45Qum grooveqwider clearanceof 300um for interlocking)

(2): 270um features with 33@roovesum (narrower clearanceof 60um for interlocking)

(3): Planar unstructured silicon as a contrakeline

The etch depths chosen for the stiuted specimens ere arbitrarily chosen to be 7m. This was
deemed a suitably large depth to ensure features could be effectively interlocked. The profile heights
as well as lataal dimensionscan be seen from the summary schematic in. Bi§. The dicon

specimens were 52fm thick; the bonding area was 7n3m? and the specimen length was #@m.

Wide clearance study

150pm

e
70um I

450um

Narrow clearance study

270um

-
70um I

330um

Figure5-3: Schenatic indicating the two interlocking setups used for the mechanical testing with the de
geometries. Top image depicts the wider clearance setup; bottom image illustrates the narrower cle:
interlocking setup.
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The twopart epoxy, Araldite Instant was chosen as the adhesive, with curing time of 4 hours at room
temperature applied based on the datashebtaterial properties derived from tensile testing of the

adhesive are given in Tablel5

Table5-1: Material properties for the Araldite rapid adhesive obtained via tensile testing of standarbaiogsamples

E(GPa) UTS(MPa) ¢ (f ai

049 mM8&re 6.3 UL 029 TG 1T

5.2.2TestRg design for silicon

Although silicon is ideal for producing very accurate surface patterns, there is a major problem for
realising and testing silicon joinBased on the brittle nature of silicpas well as the low thickness of
samples (52fm from the silicon wafer thickr&s), it was hypothesised that obtaining meaningful data
would be problematic as it wakoughtthat the silicon would fail prematurely in the bulk prior to the
failure of the adhesive bond. The thickness issue was further compounded by the eccentrig loadin
profile of the single lap joint. During tensile loading, a bending moment is induced within the joint
leading to the adherends deforming to align to the loading path. In response to this, a setup was
devised tolargely preventadherend bending to promote an exclusively shear strain response.
Solidworks images of the rig design are giveRrim5-4. The rig was designed in which the silicon
would be bonded to much thicker aluminium components to alleviate the bending momeng¢icmic

The backside of the silicon was bonded across its entire length to the alumifse® Fig5-5), fixing

the lap joint within the micretester. Since the bonding area of the silie@lnminium interface is
substantially greater than the silicesilican interface, failure should always initiate at the baelirak
instead of within the bonded area to fix the joint in plade image of the silicon test rig-gitu is
shown inFig.5-6. Interlocking of the joints was achieved through manual assemblyedifiterlocking
profiles This entailed applying adhesive and aligning the square wave features together, with an
evident degree of interlocknanifestedthrough experience and the clear ability for the interface to
transmit load via the interlocking intragted via the micrdeatures. It should be noted that owing to

the varying clearances utilised across all tests there exists a degree of variation during the assembly
process, although this was mitigated as much as possible through repeated trialseresperience

during the assembly process.
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Structured interface

Aluminium
supports

Figure5-4: Test rig design with the Aluminium supporting components.

Aluminium support

Large bonding length
to secure silicon
adherend

Figure5-5: Solidworksmage of a structured silicon adherend bonded to the alumini
support (the other adherend is removed for clarity).
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Figure5-6: Test rig integrated into the Deben mietester. Original fixture is repteed with pirbased fixtures
to rotate the test setup for imaging as well as enabling horizontal movement when assembling the tes

5.2.3Mechanical test results

5.2.3.1:Planar samples
Four tests were conducted for each adherend setup with a mgpeed of 0.5mm/minute. The foree

extension graphs for the planar samplesirrow clearance samples and wider clearance sangkes
given inFigures 57, 58 and 59 respectively Additionally, photographs were taken to elucidate the
failure mode for thespecimens, these are shown kig.5-10. It should be noted that the large
extension readouts from all graphs include the extension of the test rig as localised strain data was
not collected for the silicon specimens. The higitiff andbrittle nature of the silicon joint in tandem
made taking loalise strain data difficult, therefore the focus of the testing was to determine the
strength properties conferred through the structured interfacélthough localised strain
measurements could have been measured via imaging technigues such as DI@gitarraged that

the silicon testing would largely be utilised as proof of concept tests, with more detailed-sasau

analyses implemented in future tests utilising alternative adherend materials.

For the planar tests, there were two modes of falwbserved. Firstly, there was a conventional
adhesivebased failure where the silicon adherends remained intact. The second failure mode
occurred with bulk adherend failure at the edge of the joint with the interface intact. This can be
attributed to the highly brittle nature of the joint agell as the high peak stresses leading to a high
susceptibility to bulk failuresThe large variability observed for the stresgension plots was
attributed to the highly brittle nature of silicorSince crystaltie siliconhas a catastrophic failure

properties, any deviation from perfect, collinear test rig alignment was highly susceptible to bulk
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failures with adhesive failures likely only occurring whereby no deviation from collinearity was present

during tensile loading.
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Figure5-7: Stressextension data for the unstructured planar samples, eac
entry represents a repeat test.

5.2.3.2: Narrow clearance structured joints

The forceextension graphs for the narrow fitting structures are giveRim5-8. During the course of

the test, progressive droffs in loadwere evident At these points in the tests, there was audible
cracking within the joint signifying that localised fracturing of the silicon had occurred. Due to the

implementation ofthe supporing structure, the load was able to persist up to a critical point where

crack propagation leads to failure. The failure mode observed for all narrowaclea samples was

bulk failure.
Narrow clearance
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Figure5-8: Forceextension graph for the narrow clearance adhesive joints. The extension is given as the absolute extension in mm
given as Newtons (N). Several dioif points in force indicate fracture within the silicon prior to tfeal failure of the interface.
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5.2.3.3: Wide clearance structured joints

The forceextension graphs for the wide fitting structures are giverFig.5-9. The same dropff
behaviour was observed as for the narrow clearance category with bulk failure occurring for all test

groups. The failure modes discussed for all test setmpgiven in Fig.8.0.

Wide clearance

15 4

10 1

Nominal shear stress (MPa)

0.0 05 1.0
Extension (mm)

Figure5-9: Forceextension graph for the wide clearance adhesive silicon joints. The extension is given as the at
extension in mm; force is given as Newtons (N).

Figure5-10: Photographs of the two failure modes observed during the planar testing. The image on the left illustrates thi
failure of the silicon with the bonded interface remaining intact. The image on the right indicates the shearing of theead|
layer, leadng to the more conventional adhesive failure typically observed.
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The average failure stresses of the three bonding setups were calculated along with the standard

error, these are given in the bar graph providedrig.5-11.

Mean joint strength
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Figure5-11: Chart of the average failure Ida (in MPa) observed fahe narrow clearance testsvhite), planar tests light grey
and the wider clearance testddrk grey alongside error bars ((-2D)

5.2.3.4: Discussion

From the graph ifrig5-11, a definite trend can be seen when ccamipg the average failure stresses

for each group. The lowest failure stresses were consistently observed for the narrow clearance
samples with a mean failure stress of 6MBa. The failure stresses for the unstructured, planar joint
exhibited an improvegerformance with a value of 10.9¥MPa. The wider clearance samples resulted

in the greatest mechanical response with an average failure stress of WBR&0

This resulillustrate that, within the context of an extremely brittle adherend material, tiditting,

stiffer bonded joints fail at substantially lower loads relative to unstructured; whereas less stiff, wider
fitting joints outperform the unstructured specimens. All specimens fracturethatedges of the
bondine; the region of the bonded intéace under the highest shear stress, as corroborated by
analytical solutions. The overriding observation from all interlocked testing is clear: the bonded

interface was never the point of failure. This point indicates that the bonded region has greater
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strength than the failure loads recorded, limijrihe use of silicon to obtaitest results that explain

the impact of the micrestructured interface.

A significant limitation to analysing the reasons behind these findings is the inability to image the
bonded interface. This becomes apparent when the transmission spectrum for silicon is considered in
Fig.5-12.
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Figure5-12: Graph showing the absorption coefficient (1/cm) and absorption depth (m) for s
plotted against wavelength (nm). Image from reference [75].

The absorption coefficient for silicon is considerably higher for shorter wavelengths wisibée
spectrum(400-700nm). This correlates to a very small absorption depth within the matewéth very

little light being transmitted for imaging purposess the wavelength increases, the absorption
coefficient decreases substantially as the inéich (700nm and greater) region is approached. The
inability to image the bondine during the tests severely restricts analysis of the silicon faagk
Additionally, modelling of the silicon failure in FEA software such as ABAQUS would prove difficult

based on the brittle nature of silicon.
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5.2.3.5:Conclusionor silicon testing

The silicon testing provided a useful initial platform for the experimental testing work within the
project. Although the average failure load results illustrated that the increaaetinebonding area

can lead to improved bond strength, thierittle nature of silicon combined with thestress
concentratiors imposel via microstructuring had the potential to hinder performance leading to
premature bulk failure. This stage in the research signifietlianing point,andthe remaining work
focussed on strategies to combine midabrication and injection moulding to enable the testing of
polymers.By testing usingluctile polymers, it was hypothesised that the tangible advantages of
micro-structuring woud be showcased more efficiently than in the present qasearticular, the idea

that strong tough joints could be made that wouldt suffer from brittle bulk failure)

5.3: Polycarbonate adhesive joints

5.3.1:Advantages of polymer testing

Reflecthg on the results for the silicon testing, it became apparent that a more ductile material would
be required to fully assess the implications of a mistrmictured interface Additionally, since silicon
could not be imaged effectively using microscdpeg,sole information available to analyfige results

was mechanical test resulend the failure modes. Hence, although this result is indicative of the
potential mechanical benefits ofraicro-structured interface, alternative materials will be proposed

for the work, ideally having the following attributes:

Transparent to visible light to image the baligde during testing
Ductile to illustrate that the structuring can confer strength as the adherends yield

Short fabricationitme to expedite the testing dafifferent geometries

=A =/ =4 =

High throughput to produce numerous sampéessopposed to the restrictions associated with

‘o é f’ silicon wafer fabricati on

As discussed in @pter 4, a micreimprinting/injection moulding protocol was developed to produce
polycabonate adherendsPolycarbonate is strong, tough and can be injection moulded. Tharasit

the material of choice for the remaining tests within this chapter.
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5.3.2:Preparation of joints

During the bonding of samples, an overlap length of 7.5 mm mpkmented to produce édonded
area of 7.5mm x 7.5mm. For thestructured interfaces, the entirbondng area is structured with
squarewave mico features. Bonding was performagsing a Zzomponent epoxy, Araldite Rapid with
a curing time of 4 hours at room temperature, in accordance with the manufacsugeideline$100].
Forthe structured joints, the interlocking of adhardsrequired a significant level of user expertise in
ensuring that the two structured parts were truly interlockjngith samples correctly aligned and
positioned at full interlockThe quality of the interlock was verifiéater using an optidamicroscee.
Fig. 513 shows thehree key geometriedeature depthD, feature widthk;, channel width\. and total

horizontal clearance.

c= a+b
D
Af
a <—:—:—» b
= e >

Figure5-13: Schematic showing single interlocking feature with polycarbone

(grey) bonded by adhesi v e;ddnatas fedure:

wi d t.denoted channel width, a and b denote clearance at each side of 1
feature and C denotes total clearea

Three distinctfeature clearances and two diffent feature depths were selected to enable an
investigation of the effect of clearance and feature depthmechanical properties of the joint$he

groups are summariseih Table5-2 with feature width, A remaining constant at 100m and three

different channel widthd of 150, 200 and 300m equating to clearances of 50, 100 and 200. To

evaluate the performance of the structured interfaces against a benchmark, joints with unstrdcture
adherends were also testederving as the control experiment. Plananabraded polycarbonate
(denoted as “pl anar untreated’) and fl at P8O0
roughened’ ) polycarbonat e | laselmeisstanees chowsent Mhe t wo
roughened surface is more representative of the properties achievable with radigiplanar

unstructured joints used within traditional engineering applications.
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5.3.3:Quantification of test structures

For the structured partghe feature quantification was conductagsing aBruker contour GT optical
profiler, to ascertain the variatioin size from the initial silicon master to the moulded part. For both
the 50pm and 10Qum depths, the feature éights were found to be marginallgwer from the initial
silicon master This resulis expected due to some partiahrinkage of polymeduring the holding
phase of theénjectionmoulding cycle. Similarly, the measurfshture widths were found to be lower
across all categories, attributed the polymer shrinkageffect, preventing the channels within the
mould inlay from filling completely; this finding was more pronounced with the (G0 deep

structures.

Despite some fraatinal dimensional variation, the structured parts were excellent candidates for the
interlockingexperiments. The progressive variation of the key feature lenfjtive the nominal
design values of thsilicon master tahe final polycarbonate specimens agéven in Tablé&-2. The
optical microscope imagim Fig.5-14 aidsin visualisinghe difference in part geometries from the
initial design to the final moulded speciméor a part with a intendedfeature depth of 10Qum and

a clearance of 50m. Due tathe partial shrinkage associated with injection moulding during the filling
phase, the feature corners had a more rounded geometry compared tcdu@arewave profiles
originally createdrom dry-etching and the micrémprinting process. Although na delberate goal

in the fabrication processhis will be advantageous iowering stress concentrations arounihe

corners of features.

Figure5-14: Schematic representing the typical variation in geometfiem the initial silicon maste

(red lines)}o the final moulded polycarbonatepanti t h di mensi ons f =100

pm, channp=e1l5W®WiWmhdAd10606pTime average measwys
77.3 ¢cgml70ApP798.8und
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Table5-2: Test categories table: Designed feature dimensions and mean measured values for the silicon master and
polycabonate (PC) samples alongside standard deviations (in brackets). Parameters are: Clgdeataoee depthD,
feat ur eanwd dd¢ iha iR edrrespondihg th thehdescriptions in Fig. 3.13.

Clearance@ Feature depth{o {0 0

Design Design Silicon PC Design Silicon PC Design Silicon PC
(Hm) (Hm) (Hm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
100 50 51.7 (0.03) 48.0 (0.09)| 100 93.9(0.94) 82.8(5.35)| 200 202 (3.18) 227 (2.83)
200 50 51.7 (0.03) 48.0 (0.17)| 100 94.4 (0.75) 78.6(2.57) | 300 304 (1.44) 325(3.91)
50 100 101 (0.19) 98.9 (0.05) [ 100 94.8 (2.45) 77.3(5.33)| 150 153 (1.79) 170 (3.85)
100 100 103 (0.13) 94.3(0.66) | 100 93.5(2.21) 74.2(2.29)| 200 206 (2.16) 226 (2.26)
200 100 102(0.49) 94.4(0.90) | 100 93.0 (4.70) 69.4(1.01)| 300 307 (2.25) 331 (1.10)

5.3.4:Surface roughness measurements

To characterise the surface roughness ofuhstructured polycarbonate and P80 roughersaanples,
optical profilometry was usedrhe untreated surfaces wemdatedwith gold palladium (transparent
surfaces may lead to image artefacturing optical profilometry) and imagedsing a contour GT
profiler dueto the nanometre scale roughnes®n the other handthe roughened surfaces were
imaged using an Alicora4 profiler (a system more suitéor imaging rougtsurfaces). Three samples
were analysed for both the untreated and roughened groups, with three scans taken in the
longitudinal and pgoendicular directions. The common surface roughness parametsiage
roughnessRa), root mean square roughnegBg) and maximum heightRz) were measured: these
are providedn Table 53. The results illustrate that the untreated planar samples psss very low
roughness in the nanometreange while the P80 roughened samples haenarkedly higher
roughness in the -3 micrometre range. The roughened samples were tested to proaisheore

representative benchmark, in line with common geecessingreatments for adhesive joining.
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Table5-3: Surface roughness data for the untreated planar samples and planar P80 roughened samples alongside standard
deviations. Measurements were taken in the perpendicalad longitudinal directions.

Untreated Planar Planar P80 roughened
Parameter Longitudinal ~ Perpendicular  Longitudinal Perpendicular
Ra (nm) 32 21 35 27 2380 647 2777 685
Rq (nm) 41 20 48 32 3060 811 3983 402
Rz (nm) 403 112 320 130 12963 2945 16023 4920

5.3.5:Test rig design for injection moulded joints

5.3.5.1:Unsupported testing rig results

In contrast to thebrittleness of silicon, the greater ductility associated with polycarbonate provided

an opportunity to conduct Ctestmgwhédresthedherdandsargnou si ng
fixed to supporting structurgand are solely clamped at the distalds of the specimen. The test rig

design for this setup is shown kig.5-15. Based on the design, samples can be fixed via mechanical

fastening using bolts or via adhesive at the points of contact.

Figure5-15: CAD design image of the unsupported test rig design where the polycarbonate lap |
(white) is permitted to bend during testing. Image taken from Solidworks CAD software.
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Moulded part thickness was limited tordm dueto the dimensions of the injection moulding tooling.
Due to this limitation, test results using the unsupported approach were limited due to bulk failure
within the adherendsHowever,from these initial tests it was apparent that the structuring was
providing a substantial increase in joint strengifhusjt was worth addressing thbulk failureissue

to enable he mechanical properties of the interface itself to be test€te bulk failure mechanism is
shown inHg. 5-16, with the interface remaining baled. The two possible solutions available to

improve testing were outlined:

1. Redesign of mould tooling to produce a mould cavity enabling part greater part thickness e.g.
5mm
2. Utilise support structures of a comparable stiffness to polycarbonate to redecelibg

effects

Figure5-16: Image of the polycarbonate failure within the bulk of the adheren

5.3.5.2: Supported test rig design

To facilitate the testing of single lap joints comprigédhe moulded parts, custom test fixtures were
required. An image of thiest setup is given in Fi§-17. As outlined, the most notable issue hindering
successful testingvas the 1 mm thickness of the moulded parts. To prevent bulk failure of the
polycarbonate, specimens were bonded muchthicker supporting fixtees. This setup provides an
avenueto resist the beding moment that would typicalliead to premature bulk failure of the joint

prior to the interfacial failure. The support fixturegere 3Dprinted using a ForR2 3D printer using

clear resin and bonded to the back of the specimens via adhesive. The speoifindare bond
extended from the outer interface edge to the inner fixture edge close to the loading pins. Since this

bonding length o#0 mm for the support fixture was significantly longer than the interface length of

104



7.5 mm,this generally requirechn interfacialfailure exclusively within the lap joint, instead of -de
bonding of the specimen backing fraime holding fixture. Th&D-printed test setup was integrated
into a Deben micrdensile tester using custom made stainless steel connecting fixtures with loading

pins.

Interface width=7.5mm/

Polycarbonate lap joint

Thickness = 10mm

Thickness=1mm \ Interface length= 7.5mm

# MURAURLMLT

Specimen length= 40mm

3D printed suppports

Figure5-17: Schematic diagram and dimensions for a structurgdrlocking joint. Samples (grey) were «
to a length of 40 mm and bonded to thicker custom supports (orange) designed to prevent bulk fail
the polycarbonate. The dimensions of the structured bonded interface are 7.5 mm x 7.5 mm.

The extensiomate chosen for testing wa@.5 mm per minute with a sampling sabf 2 Hz to record
the force.Locaisedmeasuement of the strain during the test was record#édtough tracking marke
points at the peripheral edgef the bondline. This enabled moreaccurate strain data to be obtained,
through mitigating machine compliance. Images were obtamgidg a pixelink camera imaginthe
bondine at asampling ratecoinciding withthe microtester (0.5s). Strain data wasbtainedusing
Imetrum digital im@e correlation software téind the relative displacement between the oamarker
points. Load was recorded directly from th&¥ Deben micrdester load cellFor each category, the
tests were performed five times to obtain a suitable number of teststatistical analysis. An image

of the integrated test setup with the markers flacalisal DICtrackingincludedis shown in Figh-18.
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Figure5-18: Deben micretester with integrated 3D printed tedixtures to prevent bulk failure of the polycarbonate

bonded joint during testing. The blue outline denotes the 3D printed support structures, with the red lines denotir

polycarbonate lap joint. The green circles located at the edges of the intedttawate the locations used for tracking
relative displacement.

5.3.6Digital image correlation for strain analysis

Due to the ideal optical properties assdeid with polycarbonate localisedstrain data could be
obtained using Digital Image correlation (DIC) softw@reetrum, UK).This enabled a substantially
more accurate measurement of strain as the overall caamgle of the test rig could bexcluded
Digital image correlation is a namontact,2D or3D fulHield method for measuring strairDeveloped

in the early 1980st is a highly versatile measurement technique enabling measurements to be taken
from the mcronscale to largescale measurements, with results comparing well to finite eletmen
simulation and strain gaugeld01]. It has been used within fields includirexperimental solid
mechanics, materialsciencemechanical engineering.02, 103], civil engineering antiomechanics

applicationg104].

The purely optical nature of the measurement technique enables measurements to be taken with no
alteration to the test setup. In this work 2Zilhage aquisition was performegL05,106]. Theoperating
principle of DIC is via the tracking of unique points of data grdup® subsets within the image as

a function of time The relative displacement of these subsets of unique data points can be tracked to

form a displacement fieldthe fundamental principles of DIC areogin in Figh-19.
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An area of interest (AOI) is defid and separated into a distinct arraysafb-sets as shown in Fi§-
19a. The individual displacement values are calculated for poiinthe discrete suksections to find
the overall sample deformation Fig5-19b, the red square encircling the group of pixels represents
the reference image (before loading) for a discrete-seh with the centre point denote&x, y). The
image belav in Fig.5-19c illustrates the deformed image, with the shifted centre polAtx( y ) .
Tracking of the relative positions of subsets is achieveselected correlation functions to match the
similarity between the deformed and wsheformed subsets. The tracking procedure enables the
displacement fields to be obtained for each ssét, with the strain fields obtained via differentiation.
Within the present work, DIC software was adopted for a simplified, extensometer function whereby
the software tracled localised marking at either side of the belitte to provide localised strain
information for the bondline instead of futfield strain data. Within the software, the extensometer
was selected with the window size corresponding to the markings crestéte edges of the bond
line; the step size corresponded to the centre of each n@fee window with a length of 7.5mm

implemented; measurement lengths were corroborated with ImageJ softwhlised

Upper grips y
P(x.y)
e Subset Reference —_—
: imege ' ] ‘ Subset |
M
X
Area of
” |
AD interest l Correlation
(AOI) {
v\
Deformed B . P (xy)
2lormec / |
image
| 9 - Subset
> X
(a) Lower grips (b)

Figure5-19: Schematic illustrating the principles of DIC particle tracking software.

5.3.7Mechanical test results

The stressstrain data for all tested categories is provided in %80. The nominal shear stress versus
strain grapls for the planar untreated and planar rough@heamples are given in Fig2Ba. The
nominal shear stress values weralculated as theverage stress by dividing tmeeasuredtensile
forcedataby the nominal area of the interface (#fimx 7.5 mm)Plana untreated samples exhibited
an adhesive failurayith the roughened samples typically failing \vdanixed adhesive/cohesive failure.

Asanticipated the shear strength values obtained for theughened samples were typically larger
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than the untreated tets. The mean maximum shear stress for the untreated samples was 3.96 +/
0.73MPa compared to 5.75 +/0.77MPa for the roughened specimens. Strain to failiand hence

work to failure) was also manifestly greatier the roughened specimeng&nhanced sength and
toughness properties for the abraded specimens are to be expected since the marked increase in
surface roughness willaturallyincreaseactivebonding surface area ylan average of 1.3 times here).
Furthermore, the presence of the randomisedcnoistructure permits a degree of interlocking with

the adhesive and increasé he ‘ef fective compliance’ of the int

The stressstrain graphs for the structured interfacest feature depths of 50 and 1@0nhare provided

in Fig. 520b and Fig. 20c, respectively, for each of the three clearancestéd. The mean joint

strength values for all joint ypes are given in Fig-ZA with error bars indicatingariability. All

structured cases resulted imarkedly highemmean strength relativeo the planar untreated and

planar raughened interfaces. As Fig23 highlights, for5¢¢ m f eat ur e dept h, me an
were nearly constant over the three cleararz®ses withincreases in the range of 57.2 to 60.8% over

the plarar roughened joint. Forth#0OOupm dept h, strength increased wit
from an increase of 23.3% e@vplanar roughened for the 200m clearance to 95.8% for the %0m

clearance.

Throughout the course of testintherewas a degree ofariation n the failure males observedvith
some samples exhibiting a gradiyahore ductile load response and others failing in a more brittle
fashion at lower strain values the reason for this is not entirely clear, but is likely to be due to

positionalvariationsin the assemly phase of the joird
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Figure5-21: Normalised nominal shear strengthlative to the planar untreated sample for each test category (
SD). Dark grey bars: planar untreated and planar roughened. Light grey bars: structured interfacegwrith 5@ «
f d@ha structueed tests,Fhe clearande@is
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The work to failure for each test group was calculated asttt@ area under the forcextension

graphs. The resulting mean values amdiability are shown in Fig-%2. The workto-failure values

were calculated using a script in Matlab softwaengthe trapezoidal integral function.

In general, the structured joints absorbed more energy than thenglaroughened case. The

narrowestclearance instance (i.€= 50y m)

and 100

g a v e greaterwhrle td failure br both the 50

M m Theese ped thncréases in work to failure of 161 and 162 %, respectively, over

the planar roughened case. Thiss explained since tighter clearance case, in general, permitted

both greater maximum load and greatersglacement to failure (Fig. 3.2Xonsideringll the cases

studied, Figs. 21 and 522 indicate theC=

50D3 mi 00

g m

case

S

opti mum

best combination of both strength and work to failure (95.8% increase in strength and 162% increase

in work to failureover the planar roughezd case).
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Figure5-22: Normalised work to failure relative to the planar untreated sample for each test categor

SD). Dark grey bars: planar untreated and planar roughened. Light grey bars: structeredes with 50

pm deep features. White bamsdesetpr detmueaedsint
the clearanceCis labelled above each bar.

Doubling the feature depth from 50 to 100 um does not seem to have had a conclfigut the

mean strengths for the 50 and 100 tearance increased by 21.7 and 14.5 %, but reduced by 21.5
% for thewider 200 um case, while thenean work to failure (Fig. 3.22vas similar for the 50 um
clearance, reduced by 23.2% for the 100 um cleegaand increased by 24% for the 200 pm clearance.

A definitive trend with a parameter like feature depth may be difficult to observe owing to variability
in the results. There are numerous sources of variabdigytified including the location the feates

take up within the channels during bonding, the adhesive coverage of the interface surface area, and

the true interpenetration depth of one set of features with another.

5.3.8:In-situbondline imaging

In-situ tests were considered invaluable, throughllowing concurrent microscope imaging dfet
bond-line during testing to be conductdd visually mvestigate the mechanisms defining the loading

behaviourof the interlockingjoints. Two tests were conducted: oneomé i nter face wi
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deep features with 50 pm clearance and one on th
clearance (i.e. the minimum and maximum clearance casesfatthed pYm deep featur es
of the joint was polished to enablaiccessful imaging of the micfeatures within the bondine.

Polishing was performedsing a Struers LaboSystem mechanical polisher with silicon carbide paper
starting with P280 grade andcremental refinementwith P800 and P1200 grade paper. All tegt

conditions remained constant frorthe previous testingorogrammeto ensurethe results were

comparable. Imaging of the polished side of the joint was performed during testing using a Alicona G4
profiler with a x10 objective lens. As testing progressed ahé features became excessively

deformed the magnification waincreased to x20 to suitabtypture the interface.

Thein-situ test results are given in FigZB fort he 50 pum c¢ | ezfoathec2®0 gmd Fi ¢
clearance case. Figs28(ad) and Fig. 524(a-d) show images of part of the interface at key stages

of joint deformation while Figh-23e and k. 524e give the associated stresgtension curves with

markers denoting the location on the curve corresponding to the images-d. (Bhe imagig was

conducted near the edges of the botide, corresponding to the purple square denoted on the
accompaning inset schematic in Fig-Z3 and Fig £4. Note that the bending direa@n of the features

in Figs5-23 and 524 are opposite from one anothefThis was due to the two different positions

possible when loading the lap joint; this is clarified in the inset schematic.
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Figure5-23: Narrow clearance hsitu results, (a) to (d): Sieten microscope images of a portion of the interface at ki

stages of lagoint deformation for the structured surface with features havingdepth 100 pm a €=d50 ¢

um. (e) Nomi vesus exdehsomshowmd theestages on the loading path corresponding to the image
to (d).
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Figure5-24: Wide clearance hsitu results, (a) to (d): Sie@n microscope images of a portiontb interface at key stage
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Image (a) in Figs-Z3 and 524 shows the unloaded interface. Image (b) shows the interface at a load
sufficient to fail the planar roughened samples. From imdjewards, there appears to be darker
regions around the featuresthis iscaused by movement of the adhesive such that it appears out of
focus. After Image (b), the joint is achieving strength and work to failure above that achieved by the
planar roughened joint: the reason for this is the mechanical interlocking. Imagesl(¢J)atustrate

the mechanism: the resistance afforded by the interlocking features is evident in the progressive
bending of the features up to the very severe bending apparent in Image (d) which is taken just before
failure of the joint. Referring to theimple example of deflection of a cantilevered beam, we note that

the force required increases as deflection proceeds. The features in the structured interfaces are
analogous to an array of deflecting cantilevered beams each sharing a portion of thasingre
resistive load. Thus, the strength of the joint is increased. The mechanism also increases work to failure
due to the higher forces achieved. Additionally, the severe feature bending permits further joint
displacement prior to failure. At a certaimint between (c) and (d), the joint yields and the feature
bending is so severe that it can no longer sustain increases in load. There is some further extension
before catastrophic failure of the joint and the features then slide over each other. Intthedtages

of joint deformation (after the max load is reached), localised ductile ruptures of the adhesive were
apparent between the features. These then coalesce to produce complete failure of theHigng

25 shows a sid@n microscope image of one half of the passt interface forthe 5um ¢l ear ance
case (i.e. corresponding to @htest results given in FigZ8). Despite the severe feature bending
evident during the test, the features remain intact aftee test and no adherend failure is apparent.

The features in Fig-%6 have recovered somewhat from the degmfebending evident in FigsZ3

(d) and 524 (d), but, some plastic deformation is apparefhe residual gesence of adhesive in Fig.

5-25 sugyests a cohesive failure of the adhesive.
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Figure5-25: Optical sideon microscope image of one half of a failed structurec
interface. The image was taken at the edge of the joint. The sample had 1degm
features with a 50 um clearance and corresponds to the test in 8. 3

We can also rexamine the effect of clearance in light of the bending mechanism discussed above.
Recall that tighter clearance resulted iregter work to failure(Fig. 522). If we imagine a periodic
repeating bending unit at the interface consisting of featand adhesive shown in Fig26, then the
bending stiffness of that unit will be decreased as the adhesive filled clearance between the features
reduces-this is explained by recourse to sandwich beam bending th&wmgluced bending stiffness
means more displacement is permitted, and thus, more work can be done. Forghatest on the
largest clearance cas€£ 200 um) in Fig.-84a, the features hapgned to be positioned close to each
other resulting in rather similar stresxtension graphs for th€= 50 um andC= 200 pm case$.¢.

Figs 523e and 524e). However, other attempts at assembling the joint will likely have seen the higher
clearance feamres bonded at a greater separation distance. Indeed, the variation in work to failure
with clearance for théD = 50 pum case in Fig22 must be due to greater joint displacement as the

loads to failure for this case are almost constant with clearance.

The increase in work to failure with reducing clearance can be explained using engineering sandwich
beam theory. Selecting one periodic portion on the adhesive interface, we may use a sandwich beam
to approximate this composite periodic structurebending see Fig. 26. The core and the two face
sheets of the sandwich beam are adhesive (thickni&gs) and polycarbonate (thickness 1¢),

respectively. The flexural stiffness of this sandwich beam is then:
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For a fixed feature depti®, the squarewave width is also constant. Therefore, as cleararice
reduces, the flexural stiffness also reduces. Thus, we can expect greater displacement (and hence
work to failure) for joints having tighter clearances. This is borne out in the experimental results of
Fig. 523. Note that, in Fig.-82, the failure load is roughly constant with cleatarfor theD = 50 um
case and hence displacement must be responsible for the variation of work to faillrelearance
apparent in Fig. 3. For theD = 100 pum case, failure load also increased with decreasing clearance

and hence, in this case, failuiead, as well as max displacement, will contribute to the variation with

clearance. NoteO andO are t he Young’'s modul i of polycarbon

C/2

Adhesive layer
mm Polycarbonate

Ar/2 Agp/2

Figure5-26: Sandwich beam theory analysis of periodic featadhesive repeating unit.

From a lineaffracture mechanics perspective, the implications of a mgtractured interface
vindicate its usage within the context of localisedak arrestment. The Griffith based fracture
criterion specifies that crack growth is stable at small values of crack length, requiring further loading

to persist to drive the crack front. It is reasonable to conclude that the localised interlocking gnable
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the period of crack stability to last for a greater duration, with crack length countered via the presence

of the microfeatures acting as a barrier to catastrophic failure at lower loads.

It should be noted that the lajpint in these tests was constrad by the backing fixtures such that
out-of-plane movement (driven by the single lap joint bending neaith was restricted (see Fig:1®)

and it is likely that a free lajpint would behave somewhat differently. For example, it is not certain
that interlocking features on more typical slender (and unconstrained) lap joints would produce as
much of an effect as joint rotation may tend to promote a Mddgening and perhaps less feature
bending, but this remains to be investigated further. The fabricatimeess outlined has applicability

for use with typical injection moulding polymers including polystyrene, polypropylene and poly ether
ether ketone (PEEK). At present, the process is limited to use with polymers owing to the utilisation of
injection mouldng to create the final parts. However, miestructured joints from metal adherends

are possible e.g. nickel electroplating from an etched silicon master. It is anticipated that the feature
bending mechanism observed for the polycarbonate adherendsdwalabbe present to some degree

in an equivalent metallic joint. However, since metallic substrates typically have lower ductility than
polycarbonate, it is reasonable to expect less pronounced improvement particularly in work to failure.
Another point rejuiring further investigation is the extent to which the structured interface can

redistribute the stress peaks present at the ends of the classical lap joint.

5.3.9Conclusions

The potential of mechanically interlocking miesuctured adherends to increase the strength and
toughness of single lap joints is investigatddabrication protocol has been established to enable the
manufacture of interlocking (square wave) migtuctured joints in thermoplastic polymer
(polycarbonate) adherends. The micrecale structuring is achieved through microfabrication
techniques in tandem with injection moulding to produce replicas in polycarbonate. The parts were
then bonded as single Igpints in an interlocked configuration and tensile tested using an adapted
micro-tensile tester. Planar untreated and planar roughened joints were also tested to provide a
benchmark. Compared to the planar roughened joints (R&8=2u m) r e siudstrusturddor t he
joints revealed an increase of up to 95.9% for strength and up to 162% for work to failure. The increase
in mechanical properties above that of the planar roughened joint is due to the mechanical
interlocking. As applied displacement on tfwnt is increased, each pair of interlocking features
contributes to an increasing resistive load via progressive bending of the feature pair. This proceeds

to a severe level of bending until the features are no longer able to sustain increases it head.
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adhesive then fails cohesively, and the features slide past each other. The mechanism facilitates
increases (over the planar roughened case) in macroscopic load and displacement owing to the local
feature bending mechanics resulting in correspondirgéases in both strength and work to failure.
Work to failure in the latter stages of joint deformation is also likely to be enhanced by the tortuous
crack path required for cohesive failure in the structured interfaces. The effect of feature clearance
was examined by testing three clearance options. The tightest clearance gave the optimum
mechanical properties, probably because feature pairs separated by smaller distances have lower
bending stiffness (thereby increasing displacement and work to failuegjatibn and oscillation in
strength and work to failure values as the clearance was varied was attributed to variations in the joint
assembly such as feature positioning, adhesive coverage and degree of feature interpenetration. The
effect of feature deph was also studied using two feature depth options: 50 and 100 um, but this had
little effect on mechanical properties. The mechanical response of the structured joint (with the
bending mechanism observed)lilely to notably alter the stresstaterelative tothe planar lap joint

case wherby the presence of thenicro-features can potentially nullify the peak stress effects and
provide a means to combat premature peel strbssed fractures Structured interlocking may
facilitate a somewhat more evendfribution of loading over the joint. In summary, the method has
shown significant promise for increasing strength and toughness. Further investigation of the
interlocking mechanism will be required to improve understanding and facilitate optimisatiog asi

computational approach.

5.4: Futuremechanicatesting concepts

This chapter has vindicated the use of mistructured interlocking within the scope of the single lap
joint. This work serves to highlight the applicability of this approach forrgat configurations.
Through suitable modification of the mictest rig setup, the double cantilever beam testing has been
outlined as an area of future studyVithin the context this thesis, this testing approach was not
pursued because of the mim part thickness available from the current injection moulding tooling
dimensions. Based on this, it was hypothesised that bulk failure within the adherend was likely under
Mode | separation. For this approach to be viable, a shift in manufacturing woutddodred to

produce thicker parts to mitigate this risk.

It is hypothesised that the micsstructuring would enable an improvement in fracture toughness
through producing a longer crack path per unit length. This would manifest itself as regions of

acceleat ed crack growth at the *‘top’ and bottom’
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localised tension, countered via slower crack growth at the sidewalls experiencingdsimarant
loading. In this scenario, a staggered latisblacement curvevould be expected DCB testing would

be a useful avenue to develop a constitutive cohesive fandor the micrestructured adhesive joint.
Under Mode | loading, the cohesive zone can be developed through various experimental
measurements known as thertegral method; the concept of cohesilmased modelling of bonded

joints will be covered in the next chapter.

The starting point for the-ihtegral method is the measurement of traction. The constitutive cohesive

law can be obtained via the elastic calculatfonthe energy release ratdas a function of the crack

tip opening displacement &. Within this calcul at
occurring prior to failure of the elastomeric adhesive. Therefore, it is necessary to indiaede t
contribution of rotation of the substrates within the vicinity of the cragk within the expression.

Conducting the crack opening test (under Mode | loading), the crack displacebnantl opening

angle,@ are obtained from sampling images over thaucse of the tests. This data is subsequently

used in the expression:
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L]
13

O=| CA

00

This is the same expression as the critical energy release rate equation outlined in Chapter 1 with an
additional term to account for the additional rotation of ductile adherends. The energy release rate
can then be plotted as a function of crack openimpthcement. This value increases and plateaus at

a stable value denoted as the steashate energy release ratels This curve can then be
differentiated with respectt®d t o o0 bt a i -sepatatior law fordhe DCBospecimen. From
literature, it has been shown that this method has good agreement with experimentally determined

cohesive laws.
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Chapter 6 Modelling strategies and optimisation of mistouctured
interlocking joints

6.1 Chapter outline

To help explore the fundamental loadsistance mechanisms of the interlocking joints and to aid in
optimising the joints, a finite element model was developed in the present chapieree main

objectives were identified from the modelling work, these were:

1. To explain the obtained experimaitresults and give insight into the bofide stress
distribution and the mechanism of load resistance

2. To provide a means of trialling different joint setups to elucidate the optimal Rsitrectured
geometry for transmitting loads

3. To enable the testingf different joint configurations without redlfe testing based on the

constitutive material parameters used for the single lap joint

6.2 Finite element modelling: Introduction

6.2.1Principles of FEM

The finite element method (FEM) is useful for imegring problems Wwere analytical techniques
become too complex for analysis. This technique enables approximate solutions to be generated
through discretising a structa into smaller sulglivisions otlements connected via noddgach node

has translatinal and rotational movement governed by the degrees of freedom (Did#€.most
commonly utilised solver method within FEM is known as \thdationalmethod. This approach
entails the solving othe keypartial differential equation. For instance, elssticity-based analyses,

the functional used is the total potential energy of the problem. The best values for the field quantity
lead to the minimisation of the potential energy of the system, satisfying internal compatibility and

essential boundary conddns.

FEM is used across a wide range of engineering sectors with usage for stress analysis, fluid flow and
thermal analyses. FEM is useful for determining field variable values (such as strésses)atic
analyses, his is achieved through calculating thecdl displacements within each node. From this

information, the force vector for each node can be calculated through the equation given below:
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Where Fis the nodal force vectol is the stiffness matrix andj is the displacement vector. The
number of values within the matrix corresponds to the number of degrees of freedom for the
elements utilised within the problem. Through calculating the nodal displacemané&polation
between nodes can determine the uals of field variables across the whole structufer dynamic
analyses, such as impact problems FEM can be utilised through solving via integration of the equations
describing the motion of the system, whereby acceleration, velocity and overall displatemie
elements can be obtained; this approach is particularly useful forlime@ar problems whereby

convergence of the solution can be challenging.

6.3 Modelling strategies for structured adhesive joints

6.3.1Linear elastic analysis

An initial starting point for characterising the single lap joint using FEM was the implementation of a
simple elastic analyses of the miestructured joint relative to the planar joint. The rationale behind
this decision was to determine whether the pezge of the squarevave geometry leads to any clear
differences in the values and distribution of stress within the bbne. Using elastic properties for

the polycarbonate and adhesive, a thepart model consisting of the two adherendsdan adhesive

layer was developed.

Using the same largscale dimensions a& the exeriments presented in Chapter, & micro
structured interface consisting @ffeature widthof 50um, spacingdf 100 um and heightof 50 um

was compared with an unstructured joiin adhesive layer of 25im was used and seeded at a value

of 5um; this was deemed suitably refined to capture the stress distribution within the adhesive layer.
The adhesive layer was tied to the adherends using ‘tie option within Abaqus. Reduced
integration, linear plane strairelements were used in simulations. A pressure load was applied
corresponding to a stress level that was elastic fohlgoint setups, equating to 1.38Pa(100N) at

the distal end of the adherend’ he results shown in F§1 shav the closeup view at one end of the
joint for both setups with the Von Mises stress distribution plottédom Fig €L, the stress values
obtained for both configurations are relativelyrslar with peak stresses a10.9MPa and 75.531Pa

for the planar and structured respectively. This is a logical result as the adhesive layer is still the route
of load transmission with the micreatures serving only to constrain the joint via compressive
interlocking.This suggests that in many casé strudured joint will act analogously to the planar

joint at extremely low load, with further loading distinguishing performance.
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The scenario where the micffeatures are articulating within closeroximity (assuming almost
intimate contact), the stiffnesand stress distribution will be higher although a high proportion of the
load will be exerted compressively as opposed to the conventional mechanisms responsible for joint
failure. This initial result raffirms the concept that the notinear stress disibution is still present,

with the incorporation of bulk properties leading to performance enhancemerithe presenceof

elevated peak stress.
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Figure6-1: Von Mises stress contour plot for the planaraed(top) and the micrestructured case (bottom); both image
were taken at the lefhand edge of the joint to visualise the peak stresses.

6.4 Cchesive zone modelling approach

The most representative methodology to model an adhesive layer usingimies the use of
cohesive zone modelling (CZM) to represent the bonded interface. Through employing either cohesive
elements representing a finite thickness of adhesive or cohesive stfs®Ed contact between two

bulk components. Cohesive zone modglirelies on a traction separation response, where the
separation is defined as the relative displacement between elements/surfaces; traction is defined as

the load divided by the projected surface normal to the loading direction. Through the defined
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traction/separation response, the mechanical response of an adhesive layer can be modelled through

the three key staged typical bilinear traction separation law is summarised in. Big.
Stage 1 : Initial elastic response up to a critical traction value

Sage 2: Damage initiation, where the stiffness of the elements begins to degrade with increasing

separation, this stage represents the crack initiation within the adhesive.layer

Stage 3: Damage evolution, stiffnésprogressively decreased until the neaial fails

A 1= elastic region

Tulk [Pemmmmesseas 2=damage evolution

Traction, T
(nominal stress)

© ©

60 61‘
Separation, &

Y

Figure6-2: Typical biinear traction separation response for cohesive elements. The elastic response is den
to the critdaddallimate gaptianiuaKerireprasens the effective stiffness of the elements duril
the elastic phasez signifies the energy dissipated through the bond.

In addition to the biinear behaviour shown in Fig-2, several other constitutive laws are used within
adhesive bonding to simulate the damage initiation and propagation of adhesives. These include

trapezoidal and exponential laws.

6.5: Material properties

6.5.1 Adhesive parameters

To obtain a representative modef the experimental test, it was important to determine the material
properties of the adhesive used during the tests. Using the cohesive based approach, the mechanical
loading behaviour of the joint is determined via theéh&sive properties, ensuring suitable material

data was defined would enable a representative cohesive model to be built. Previous experimental
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data for the Araldite Rapid was used to define the cohesive law. Conventionally, the normal and shear
loading reggime properties are determined via double cantilever beam testing and either the-three
point bend test or thick adherends shear tgstspectively. However, due to limitations in relation to
testing capabilities, the tensile properties werecaunted for Va the adhesive dpbone tests and the

shear propertiegshat were based on the SLJ results within Chapter 2. These simulations were largely
seen as preliminary in nature to determine the viability to model using cohesive elemEémgs.
parameters used forhe modelling of the adhesive as a cohesive zone are giv&abie 6-1. The
Young' s modul dferthe siiffness in theanermal directioils, with the shear stiffness
value estimated from SLJ testing. All modelling was performed in 2D asdsa@sed that the effect

of sample thickness was negligiblBifferent displacement at failure values were estimated
accounting for the adhesive failure observed in experimental tests. The displacement at failure value
was calculateds the characteristiehgth of each element at the borthe multiplied by the stri

at failure for the adhesive.

Table6-1: Key cohesive parameters for the ABAQUS simulations. Element stiffness valygEgfindE; are given, as
well as traction values for normal and shear loading directions

E. (GPa) 0.5
E (GPa) 0.3
tn (MPa) 6.3
ts (MPa) 35
4+ (mm) 0.01

A quadratic damage initiation criterion was employed in the analysis, where the current values for
traction tn, ts and t; are divided by the maximum traction values for pure normal or shear loading
respectively. Damage initiation occurs once the squamedipct of each term irEq.37 summates to

a value ofunity. With regards to the damage evolution modelling, ditear softening was chosen
whereby the propagation of damage is governed via the use of the separation at failure point relative

to the critical separation value (see F&2).
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6.5.2Polycarbonate material properties

Characteristion ofthe material behaviour of the adherends walso required Therefore, speniens
of polycarbonate were testedo determine the elastic propertieSThree tests were performed for
each sample; an average Yolmgodulus of B GPa was calculated. Measuring the lateral strain

proved difficult. Based on studying the relevant literature, aBos o n ' s 2mwastused forohé 0 .

modelling. The insitu imaging of the bondine illustrates that the polycarbonate undergoes
substantial amount of plastic deformation. In response to this, it was considered imperative to
adequately represent thelastic deformation that occurs during testing. Difficulties associated with
cutting the moulded polycarbonate into a suitably shaped -loge led to reviewing literature to

obtain comparable data to model polycarbonate.

A report publishedy the US Departent of Ehergyincluded data referencing a polycarbonate known
as Lexanwith a Youn& modulus value of 2.&Pa, which was considered sufficiently close to the
measured value for the polycarbonate in the present stlidy7]. The plastic behaviowvasmodelled
using the Johnsefbok hardening constitutive equation. The stress equation and associated material

parametersare given in the equation below af@ble 6-2 respectively.

i 0 6- (Ed6.3

WhereparametersAandBare theinitial yield stress of the material and the strain hardening
stress coefficienbf the material respectivelythe termsP! represents the equivalent plastic
strain and he parametem is the strain hardening coefficienThe Johson-Cook model can
account for temperaturesffects however, since the simulations weraimed atmodeling
loading at room temperature (well below the transition temperature for polycarbonahes

term was omitted from the equation. Likewise, strain rate dependence was not factored into

the model.
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Table6-2: JohnsorCook equation parameters used for the polycarbonate adherends

A(MPa) 758

B(MPa) 68.9

n 1.004

6.6: Whesive modelling results

A model was created for the conventionally unstructured lap joint through the utilisation of a layer of
cohesive elements transmitting load between the bulk polycarbonate components. The cohesive
elements were held in place between the upper and lower adhds using aTIE constraint, with
'surfaceto-surface contactimplemented to model the interaction between the polycarbonate. The
polycarbonate was modelled using the material properties outlined in the previous section with plane
stress elementand amesh seeding of 2.5x¥0 For the adhesive layer, a thickness of| 20 was
selected to model the thickness of the joint. This was deemed an acceptable value based on literature
indicating a thickness of 120 um is optimal for joint strengtkin tandem with the observed thickness

from the insitu testing performed previousiy the projec). A mesh seeding of 2x2@vas used, the

finer mesh density of the adhesive layer relative to the adherends has been shown to increase overall
accuracy of the resultf86]. Ore end of the joint was fixed with a displacement ofmin applied at

the opposite end.This was deemed a suitably large displacement value that was larger than the
theorised maimum displacementf the test.An image of the meshedond-line is shown irFig.6-3.

An image of the Von Mises stress distribution just prior totjtaiure is given ifrig. 6-4.

Figure6-3: Closeup image of the meshepart in ABAQUS, a significantly finer mesh was used for the adhesive lay
capture the stresses at the edges of the bdim with greater accuracy.
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The reaction forces at the fixed end were summed together and plotted againdidplacement; this

is shown Fig.6-5. Reflecting on the measured forces and displacements for the planar tests, there
is good agreement with the experimental results, with the peak stress value oVER23comparing

to 3.96 MPa. Since no measureagtaken to account for microiscale roughness and the associated
mechanical interlockingith the adhesive, it is more appropriate to compare the simulations with the

untreated samples. In this case, it appears that the modelling underestimates the jointtbtreng

Planar CZM

Nominal shear stress (MPa)
[ )

Strain (%)

Figure6-4: Stressstrain data for the planar lap joint using the cohesive zone model

This initial study using cohesive elements highlights the vialofitysingthis approach for planar

adhesive jints witha welldefined fracture pathway propagating across the béime.
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Figure6-5: Image of the Von Mises stress distribution at the peak stress within the joint, the process of catasigat
deletion is present
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6.6.1:Issus and limitations of the cohesive elemdrasedapproach

Although cohesive elemefitased modelling is considered the most effective approach for modelling
adhesive joints, the specific scenaridrterlocking micrefeatured posed an issue to usage within the
present work. As outlined, cohesive elements are utilised to simulate an initial elastic point up to
critical damage with damage initiation and evolution simulating joint fractlihe failurepathway of
cohesive elements is governed via normal and shear loading, however the points of contact within the
joint (for the interlockingsquare waveoint) are primarily loaded in compression, effectively posing a
barrier to the use of cohesive elementSeveral modelling strategies were undertaken to realise the
cohesive based approachowever, it was evident that the mechanics of the miestructured joint
posed a limit on usagdt is anticipated that the cohesive based approach would be more apjdica

for the DCB testing outlined as future work at the end of the previous chapter. Since the localised
compression within the SLJ setup is not present, it is anticipated that coHesdeel modelling of this

joint type would be more representative of tilmechanism underpinning the experimental results.

Owing to these difficulties angls a means dadssesig how much of the load carrying capacity of the
joints is due to mechanical interlocking betweadherendsalone an adhesivéess model was

constructedrelying on frictional contact between treguare waves

6.7: Frictional modellindpased approach

6.7.1:Experimental validation

The first step in the modelling procedure was to develop models that supported the experimental
findings previously studied h€& finite element modelling (FEM) software, Abaqus 2017 Implicit was
used for all modelling workTwo separate modelling approaches were developed to simulate the
interlocking joint A 2Dmodel was constructed as it was assumed that throtigbkness effets were
negligible Linear, plane strairelements were used for the adherends with a surfaceface
interaction between the micrdeatures defining the contact relationship. The part mesh was seeded
to be coarser at regions distal to the bohde for computational timeefficiency with the mesh
becoming suitably refined at the articulating mideatures to retain accuracy in the results. Part
geometries were kept the same as in the experimental study with the adherends designed with
dimensions of 40nm x 10mm and a bondine length of 7.5nm. Boundary conditions implemented
replicate the testing conditions with one end of the lap joint fixed and displacement applied at the

opposite end A boundary condition was applied to the top surfaces of the adherends to prevent
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vertical displacement to rdjgate the Mode Il loading applied experimelyaFig6-6 summariseshe

boundary conditions and loading applied in the modelling.

. 7.5mm

Ux

i’
::::::::::
Tt

ImEE
TITTTT
TITTITT

Figure6-6: Schematic of the FE model indicating the geometry and bagyndonditions. The leftand side was fixed
whilst displacement was applied at the righéind end of the joint. Boundary conditions were applied to constrain ver
displacement on the top and bottom surfaces (as shown) to simulate the experimentalgtesinditions irChapter 5 A
closeup image of the refined mesh at the miefeatures is provided in the bottom left.

The polycarbonate was modelled asanelagtc ast i ¢ materi al ®BH2i66Paa Youn
and Poisson mtio, v = 0.32. The plastic behaviour was modelled usidghrsonCook plastic data

obtained inthe literature [107]. Since no failure of the polycarbonate was observed experimentally

no failure ciiteria wasincluded.Table 62 provides a summary of the mechanical properties defining

the polycarbonate adherends.

The first model developed was a purely frictional model betweenititerlocking polycarbonate
adherends This was dongo ascertan the load carring contribution from mechanical interlocking

alone (as opposed to adhesive strengti8ince the joint is loaded in localised compresgaireach
feature) with feature bending permitting eventual delamination, it is likely that the adhekiyer

plays a substantially lessened role (in a scenario where the adhesive has significantly lower stiffness
and strength than the adherends) with regard to joint strengfResults were then compared with
experimental results toverify the applicabilityof the proposed approach. Suitable values for the
coefficient of friction and maximum shear stress for polycarbonate waken from the literature

(values of 0.31 and 30 MPa were selected, respeciively

To enable direct comparison with the model, experiments were conducted to study the effect of

feature width on joint performance, with feature widths of 50 pm and 100 pm used for testing. The
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micro-structured interfaces were produced using the miabrication and injection moulding
protocol utilised in the previous study and polycarbonate was retained as the adherend material.
During the micrefabrication process, anisotropic reactive ion etching was utilised to define the
feature height in the silicon nster. Through careful selection of the etch time, a height of 50 um was
produced enabling aspect ratios of 1 and 0.5 to be realised for each of the designed feature widths.
Channel width was chosen as 1.5 times the feature width for all test samples.eSangk bonded

using the 2p ar t epoxy (Araldite Rapid) and cured for
guidelines. For each feature width, a total of five repeat tests was performed. Testing was conducted
using a Deben micrtester with a modified tst rig (ceveloped inChapter $ and designed to prevent
wholescale bending and fceure of the thin polycarbonate Testing was performed under an
extension rate of 0.5 mm/min with localised strain for the joints calculated between the outer edges
of the band-line using digital image correlation (DIC) software (Imetrum, UK). The mean failure loads,

strainto-failure and workto-failure for each group are given the bar graph plots in Fig-7.

Overall, there is reasonable agreement between model and exyaat. For the 0.5 aspect ratio
group, the simulations ovepredict relative to the experiments by 6.9%, 11.9% and 43.5% for load
capacity, strairto-failure and workto-failure, respectively. For the 1.0 aspect ratio group, the
simulations typically undepredict by 12.7%, 29.8% and 45%, respectively. The frictional model (i.e.
no adhesive present) is largedygood predictor of load capacity (results are within +6.9118.7 % of

the mean experimental test results). This is an important finding as itataidhe concept that the
adherends primarily resist the majority of the elevated loading via mechanical interlocking. Hence, in
the case of load capacity, we can conclude that the adhesive plays rather a secondary role. In theory,
this opens up the posdilty of adhesivdess joints as long as sufficient lateral constraint is maintained

to hold the joint together (such as by clamping the joitt)the present study, adhesidess tests

were notconducteddue to challenges in designing a feasible testaignsure that normal loading

could be applied to prevent separation underloading, although this approacktd be explored in

future studies to further validate the model result&reater discrepancies between model and
experiment are apparent for staito-failure and workto-failure. This variability was attributed to the
failure modes occurring in the experiments possessing an element of variability on account of the
geometric vaiation during the assembly of the joint. For exale, forthe AR = 0.5 group (Fig-/®-c),

the simulated strairto-failure and workto-failure are ovespredicted by 11.9% and 43.5%. This finding

can largely be attributed to the experimental AR = 0.5 desmeuring at slightly lower displacements

via an adhesive dominant failure because effective interlocking was less facile to achieve in practice.
On the other had, for the AR = 1.0 case (Fig{&f), the model under predicted straito-failure and

work-to-failure by 29.8% and 45%, respectively. Here, the rstmactured joints are interlocked to a
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greater degree. Under this circumstance, the presence of the adhesive (in the experiments) can act
alongside the greater interlocking to offer additionalistance to failure at the later stages of joint

elongation, facilitating a more prolonged failure.

Load capacity (AR=0.5) (b) Strain to failure (AR=0.5) (C) Work-to-failure (AR=0.5)
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Figure6-7: Comparison of finite element model (white) with experiments (grey) accordihggib capacity (left), straio-
failure (middle) and worko-failure (right) for (ac) Aspect ratio (AR) = 0.5 andf{dAspect ratio (AR) = 1.0, for each
experiment the samp size was =5.

Based on the resultsve can conclude that the model is a good predictor of joint load capacity,
whereas there is more disagreement associated with the sti@ifailure and workto-failure values
relative to the experiments. Howevet, is reasonable to conclude that the model will still be an
effective predictor of overall trends when geomietparameterf the micretopography are varied.
More accurately modelling staito-failure and workto-failure for the interlocking squareavesetup
would not be straightforward with the incorporation of interfacial cohesive elements and remains a
prospective challenge for future work. It should be noted that higher aspect ratios (>1.0) were not
tested due to complications associated with the roi€abrication process (i.e. difficulty in creating

high fidelity features).

6.7.2:Optimisation of joint design using Desigieqferiments approach (DoE)

Experimental results have highlighted the improvements in mechanical strength for-stiaciured

joints. The main drawback from experimental testing is the relatively low throughput leading to
difficulties in testing a wide range of prospective designs. The key advantage of finite element
modelling is the ability to perform simulations for a high rhemof tests, with economical use of time

and resources. Therefore, the frictional model outlined in the previous sectioakans forwardin a
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design of experiments protocol to ascertain the relationships between the key geometrical

parameters as well agetermining the geometries yielding the greatest mechanical strength.

In this study, the Taguchi analysis method was employed to expedite the optimisation process. The
Taguchi method is primarily used within the manufacturing sector to optimise proctsgasease

yield as well as minimise variation in fipabducts[108, 109]. Fundamentally, the process of concern

is broken down into the main contributing factors with levels assigned to each factor accordingly.
Experiments can be subsequently conducted with a range of factor values tested in an orthogonal
arrayformat [110,111]. Theresponse of the dependent variables is assessed for each experiment and
the importance of each factor can be iddied. Within the context of optimising the structured joint
performancethree geometrical variables were assigned as the control factors for the testing: feature
width (), relative channel widthA¢) and aspect ratio (AR). Two pesmse factors were olihed as
maximum load and strain at maximum load. Three feature widths were selestéd, 75 and 100

pum; widths were chosen as multiples of 1.25, 1.5 and 2.0 relative to the feature ardtlaspect

ratios of 0.5, 1.0 and 2.0 were tested. A table detgilihe fullscheduleof tests igprovided in &ble 6

3. A total of 27 models were generated and run to fulfé testing outlined in Table-8. Reaction

forces were calculated at the fixed end of the single lap joint. The siimnlplots are given in Fig-

8 with the nineseparate plotsseparated into three rows for each distinct feature width. Each plot

contains one set of aspect ratio results containing the thddéerent channel spacings.

Table6-3: Orthogonal array of testing for the Taguchi analysis method.

Test no. Feature width _Channel Aspect ratio Test no. Feature width (_Zhannel Aspect ratio
(pm) width (um) (AR) (pm) width (um) (AR)
1 50 63 0.5 15 75 113 2
2 50 63 1 16 75 150 0.5
3 50 63 2 17 75 150 1
4 50 75 0.5 18 75 150 2
5 50 75 1 19 100 125 0.5
6 50 75 2 20 100 125 1
7 50 100 0.5 21 100 125 2
8 50 100 1 22 100 150 0.5
9 50 100 2 23 100 150 1
10 75 94 0.5 24 100 150 2
11 75 94 1 25 100 200 0.5
12 75 94 2 26 100 200 1
13 75 113 0.5 27 100 200 2
14 75 113 1
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Figure6-8: Forcestrain data for all simulations; {@) represents results forthe 30m f e a

width group; (df) represents the 75 um feature width group andiYgepresents the 100 m
feature width group. The values in the legends are channel widths (bracketeds being the

multiple of the feature width).

Looking ollectively at the data in Fi®-8, it is evident that there are key relationships that exist
between parameters, although the importance of each cannot be easily determined through
observations alone. The Taguchi analysis enables the response variables (maximum load and strain at

maximum load to be measured for each factor using the signal iserexjuation
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Wherey is the responses for the given factor level combination amdnumber of responses in the
factor level combination. In this case thres 1 was used. The statistical analysis was performed using
Minitab software.9nce the objectie is to maximiséad capacity strain to failure and work to failure
values higher valuesobtained for Equation 39 indicate a more optimally performing joint
configuration(see Eq39)Within the analyses the S/N ratios are calculated through grouping all tests
based on he specific variable of interest and the specific level with riean signal to noise ratio
value calculated for each sufroup, providing a clear indication of the overall effect on the final
mechanical responseHence, the larger values obtained catgie the optimal combination of

independent variablesThe main effects plots for each indemkmt variable are given in Figs-9.

Main effects plots for load capacity
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Figure6-9: Main effects plots for the average loads for each factor levet) @rresponds to the maximum load andf]c
corresponds to the straito-failure and (g) corresponds to the worko-failure results.
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These plots represent the maximum load (Ei@a), maximum strain (Fig-9b) and work to failure
(Fig.6-9c). It should b noted that within the main effects plots, the channel width values were

grouped plotted as a multiple of feature width i.e. 1.25, 1.5 and 2 times the feature widths value.

The main effects plots provide some definitive trends betwgeametrical parameters. For example,

load capacity increases roughly proportional to feature width. This result is intuitive since increases in
feature width will lead to a larger bending stiffness associated with each +fgatare - thus allowing
greaterloads to be transmitted for a given joint displacement. On the other hand, load capacity
decreased roughly proportionally to channel width. Again, this result is expected since an increase in
channel width leads to a reduction in feature density. Lowatfee density leads to less featuwper

unit area, leading to a higher proportion of loading being transmitted through each interlocking unit
resulting in premature failure. For aspect ratio (AR), load capacity has amatite peak at AR =

1.0 (Fig. €c). At AR = 0.5, the result was lower due to difficulties in achieving effective interlocking,
whereby even under vertically constrained boundary conditions, a small element of adherend rotation
will have a dramatic effect on how effectively lower defghtures can transmit load via compression.
This was identified as the primary reason that limited the ability for the lower aspect ratio features to
effectively resist higher loads. When aspect ratio is increased to 2.0, load capacity also drops off again
and this is likely due to the reduced stiffness of the higher aspect ratio features (i.e. longer thinner
features). On the other hand, both strain-failure and workto-failure increase witlincreasing aspect

ratio (Fig. €9f and 6-9i). This is becauses the stiffness of the features reduces, they permit more
bending deformation. Thus, the optimum result in terms of optimising total load capacity and work
to-failure was found to be the 1.0 aspect ratio case. In summary, the optimal results occurtireg at
intermediate aspect ratio (AR = 1) can be explained through two conflicting phenomena. Lower aspect
ratios will have a greater resistance to bending associated with each feathilst the higher aspect

ratio features enable greater bending prior twrt separation (so greater strain and work done).

6.7.3:Analysis of variance (ANOVA)

To supplement the optimisation analysis, a thigay ANOVA analysis was performed to successfully
guantify the percentage contribution of the control factors as well as determining if there are any
significant interaction betweeparameters[108, 112,113]. The ANOV# a powerful statistical tool

with many applications within various sectors although it is typically a tool employed by the
manufacturirg industry. ANOVA analysis requires the variance to be calculated within each group as
well as in between each groupsing this informatioran Fratio was calcdted at 95% confiderec
interval. Additionallythe relative percentage contribution of eaclctar was calculated as the sum of

squares (SS) for the factor divided by the total sum of squares for each measured material property.

136



Prior to conducting the ANOVA analysis, certain data requirements were to be assessed to ensure that

the datasets were dtable to use within this context. The requirements to be satisfied are:

1. The dependent variable must be a continuous value

2. Independent variables are separated into discrete groups

3. No significant outliers within the dataset

4. The dependent variable shoulde normally distributed across all combinations of the
independent variables

5. No interaction between independent variables

The first assumption is satisfied since the meadwesponse factors are forcaad extension values
respectively. The second assumption is satisfied using three different values assigned for the
independent variables. The third assumption was assessed using the outlier function within Minitab
using a 95% confidence interytilere were no outliers within eithethe stress or strain datasetshe

data was plotted to assess the normality of the datse plots showing the distribution for the stress
strain and work to faure data are given in Fig-10. It was observed that the datapresents a normal
distribution for both response factors. Taetermine whether there were no interactions between
groups, interaction plots were created in Minitab. The interactplots are given in Figs-11.
Interaction plots signify whether varialdéhave a direct effect upon one another. Plots in which the
linesintersect illustrate an interaction effecivhereas separate lines indicate variable independence.

It was observed that all combination of variables did not lead to any significant intensgatdicating

that this assumption can be considered satisfied.

Summary Report for Load capacity Summary Report for Strain to failure
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Figure6-10: AnderssorDarling normality test plots for the maximum load, tr
maximum strain, and the work to failure.
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Interaction Plot for Load capacity Interaction Plot for Strain to failure
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Figure6-11: Interaction plots for the maximum load measure
(top left), strain to failure (top right) and work to failure (bottor

Since all the data assumptions were satisfied, a tiwag ANOVA analysis was conducted to assess
the relative weightings attributed to the independent variables. The results for maxihoach

capacity maximum extension and work to failuresponses are gén in Table &l.
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Table6-4: Table with the ANOVA analysis parameters for jloiatl capacityanalysis (top datasetinaximum strain (middle
dataset) and work to failure (bottom dataset)

Load
Capacity
Source DF SS FVvalue P-Value %
Feature
width 2 18370 12.7 3e4 13.7
Channel
width 2 47617 32.8 5e-7 354
Aspect ratio 2 53981 37.2 2e-7 40.1
Error 20 14524 10.8
Strainto-
failure
Source DF SS FVvalue P-Value %
Feature
width 2 8.1 164.9 3e13 44.8
Channel
width 2 2.4 48.1 2e-8 13.1
Aspect ratio 2 7.1 144.9 le12 394
Error 20 0.5 2.7
Work-to-
failure
Source DF SS FValue P-Value %
Feature
width 2 16341 114.43 1E11 447
Channel
width 2 8823 61.78 2.75E09 241
Aspect ratio 2 9968 69.8 9.5E10 27.3
Error 20 1428 3.9

Reviewing the gvalues associated with each independent variable, it is clear that the very low values
close to zero indicate that we can reject the null hypothesis and conclude that each geometrical factor
is crucial to the final result. The key variabfgercentage contribution is obtained for each geometric

parameter by dividing each discrete sum of squares (SS) by the total sum of squares for the dataset.

139



Considering the contribution of each parameter to load capacity individually, the aspect rdi® is
major effecting factor with approximately 40.1% contribution. The channel width is the second most
effecting factor with 35.4% contribution with feature width resulting in a smaller relative contribution
of 13.7%. These results illustrate that the iop&l joint design prioritises an aspect ratio of 1.0 whilst,

tighter-fitting, wider features are a secondary design consideration.

The ANOVA analysis results for straiffailure are notably different. Again, the lowvalues indicate

that the null hypotleses can be rejected. Logically, the aspect ratio was a major effecting geometric
factor, with 39.4% contribution. This time, feature width was the most prominent factor with a 44.8%
contribution and channel width had a 12.4% contribution to the resiilé train results demonstrate

that a compromise between load capacity (AR = 1) and stoafailure (AR = 2) has to be considered.
ANOVA analysis results for the wadkfailure values reaffirm that feature width is the primary factor

with approximately44.7% contribution. Channel spacing and aspect ratio resulted in contributions of
24.1% and 27.3%, respectively. Wiokfailure is influenced by a combination of the load level and
the max strain. The improvements in joint load capacity through the ogétitin protocol are
considerable. Based on the lap joint dimensions and the quoted maximum joint stress for a
polycarbonate lap joint using Araldite rapid adhesive, a maximum load of approximately 225 was
calculated. In this study, a maximum load capaefty73.9 N was obtained equating essentially to a

244% irrease in load capacity

It should be emphasised that the substantial improvements in load capacity and toughness exhibited
through the presence of the micsstructured interface is likely to be depdent on the mechanical
properties of the bulk adherends. In the current analysis, polycarbonate was modelled without a
damage criterion as no adherend failure was observed in our previous experimental work. Although
not explored here, the elastic modulud the structured adherend is likely to have an important
influence also. Again, higher stiffness features would tend to increase load capacity, but reduce
displacement and theby probably reduce toughnesd/hen considering the wider viability for this
micro-structuring approach, it is also important to consider costs, speed of manufacture and
versatility. The creation of the tooling required for the midabrication approach is certainly
somewhat complex. In addition, using the current mould insert makg, the micrestructured
components can only be manufactured in thermoplastic polymers such as polycarbonate, poly ether
ether ketone (PEEK) and polypropylene. To overcome this limitation, it is possible to modify the mould
insert fabrication process toreate a nickebased insert via LIGA process, to enable migjakttion
moulding to be realised, but this is beyond the scope of this study. We will now explore another and

potentially more coseffective approachk-that of 3D printing the micretructured joints.
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Chapter 73D printing of structured joints and spatial tailoring

Motivation: 3D printing a more practical manufacturing approach

The previous sections have studied the ability to fabricate and test structured joints through utilising
complex and expesive micrefabrication and injection mouldingachinery. Iireality, this would limit

the utilisation of the proposed technique to highly developed, wesliablished companies within
industries such as the automotive and aerospace sector. A potentially oosteffective avenue to
achieve micrestructured joints is via 3rinting techniques. This approach would enable facile joint
production requiring relatively simple machinery as opposed to the expensive and complex micro
fabrication and injection moding tools and processes used in the previous stBByprinting can be
considered as an emerging technology with the potential to revolutionise engineering in the 21
century with the ability to produce complex structures in a manner than can nulliévem remove

the requirement of wholescale assembly of components.

7.1: Background of B printing

7.1.1: Additive manufacturing

3D-printing can be considered a swlivision of the branch of engineering commonly termed as
additive manufacturing (AM). AM is an emerging technology with profound benefits and applications
within engineering. Additive manufacturing can be broadly defined anethod of constructing 3D
structures through adding material layby-layer to obtain desired geometries. The current materials
that have been used predominantly within the field of AM are mainly metals and polymers, with the
majority of work focussingn the latter. However, as research expands, applications extending as far

as tissue engineering ar@gsibilities for the futurg114,115].

There are several advantages of using additive manufacturing that consolidate its relevance as a
design tool. A clear benefit of additive manufacturing is the ability to fabricate compégestwith
relative ease. The main arguments supportirghdt in manufacturing processes towar8B-printing

based technologiemstead ofconventional methods is attributed to multiple advantages including
production of complex parts with greatecision, economical use of materiafexbility at thedesign

phase and high customisabilif$16]. A key benefit is the flexibility factor associated with additive
manufacturing. If changes to a part are required, this can be rectified entirely through changing the

input CAD file. Moreover, providing the CAD fiés lheen produced, immediate production of the 3D
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part enables testing of designs to begin on a drastically shorter timescale compared to traditional
manufacturing approachesdnce only the material required for the design is used during the
fabricating pocesses, concerns over material comgion are largely nullifiedThis contrasts to
subtractive manufacturing methodologies where material waste is a pertinent issue. For example, the
waste associated with milling can be as high as 95% with waste assbei#t additive manufaaring

equating to around 5%

7.1.2:Fused deposition modelling

Fused deposition modelling (FDM) is a promin&-printing technique, where filaments of
thermoplastic polymer are heated and ejected from a nozzle, whereby-taylyer deposition can

be achievedThe thermoplastic behaviour of the polymer enables dispensing in alapnd state

with solidification upon cooling providing the form for the paithe main factors controlling the
quality of printed parts are the layer thickness, width and orientation of the filaments, Hsasthe
presence of air gapsh&se air gaps can be present within the sanyetar between deposited layers.

The key advantages attributed to FDM include its relatively low cost, high production speeds and
simple operating mechanism making it a viable option for early phase prototyping. The most prevalent
drawbacks associated imcle relatively poor mechanicalrgperties, reduced surface quality in
finished partsand a limited number of available printimgaterials[117,118112] The image in Fig:7

1 highlights the key principles of the FDM procéssolutionto improve the mechanical properties of
FDM parts has come in the form of fibreinforced printing (although ensuring propefibre
orientation, bonding between fibre and matmphasesand nullifying void formation remain issues to

addresq119],[120]).

Spool of filament

s

Mozzle and heating element

Part with support
structures for overhangs

Build platform
Figure7-1: Schematic highlighting the FDM process
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7.1.3 Powder bed fusion printing

The powder bed fusion process entails the formation of structuia the thermal fusion of tii layers

of very fine powders, which are distributed across a build platform. The powder within each discrete
layer is joined together using an ino@ht laser beam or via a bindefhe layer buildup process
progresseshrough layers continuouslyeingrolled on top of the previous on@he proces®f powder

bed fusion is summarised in Fig2. Once thefull part has solidified, surplus powder deposited is
removed via vacuum; pogtrocessing such as coating and sintering typically follow. The main variable
dictating part quality are the size of powdand thedistribution and packing of powddi21]. The

two main subdivisions otthe powder bed fusion process icde categorsedas either selective laser
sintering (SLS)r selective laser melting (SLM). Selective laser sintering has wide applicability across
both polymers and metals whereas selective laser melting is restricted to specific metals like steel and
aluminium. The key difference between the processes is thatd&snot fully melt the powder with
fusion of layers occurring between molecu[@22]. Contrastingly, the powder isilfy melted in the

SLM proces8Vhen compared to FDMhe powder bed fusion pcess results in increased part quality

as well as providing greater resolution. The process boasts great versatility across engineering sectors
with usage within higkend applications such as tissue engineered scaffolds and aerospace
components. No suppbstructures are required during the design phase as the powder bed itself acts
as the support for ovehanging structures. The drawbacks include high cost as well as being

considered a slow proce§s23].

Laser system

Roller  meees [ |

Mew material
Part

Build platform

Figure7-2: Schematic of the powder bed fusion process with a sesed system used tc
thermally fuse layers of powder based on part geometry. Additional layers can be act
through the introductionof new material via the roller system.
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7.1.4:Stereolithography (SLA) Printing

The final main branch of 3printing is known as stereolithography (SLA) printing. Develapd 986,
this was one of thepreliminary printing methods of additivenanufacturing[124]. The operating
principle relies on the use of ultraviolet (UV) light to irttidhe process of Ipotopolymeristion
amongst a photosensitive resin. The resin consists of monomers, typically acrylic orbegexy
whereby UMight leads to these monomers forming polymers chdt®5]. The resin available for
building the part resides within a tank with parts built though the polymerisation process on a layer
by-layer basis. The schematic in .Fig3 highlightsthe SLA proces$0stprocess treatments are
typically used to clean parts (such as IPA rinses) as well as heating or additiaairig\to enhance
mechanical propertiesThe two overriding advantages of Shinting are the excellent resolution
capabiities and the excellent homogeneity in printed parts. Sophisticateghi@ming setups boast
resolutions as low as 1Am. These attributes have led to usage within nammgineering and
biomedical application§l26]. However, the SLA process is commonly consideredvaahdcostly
printing processThroughconsideratiorof the main techniques outlinedbove, it was concluded that
SLAbased printing was the most viable option for printing of interlocking m#traoctured joints. The
key benefits of high resolution and strg homogeneity within the printed parts are of paramount
importance. A perceived disadvantage of ®la&ed printing is the lack of material options, although

this issue is becoming increasingly mitigated by developments within th@i8bng sector.

Laser- scanning system

Cured layers

Resin tank

Movable build platform

Figure7-3: Schematic highlighting the key components of the-Btiking process
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7.2: Form 2 printer verview

Thestudyin the present workwas performed using the Form 2 primfgoroduced by Formlabs. This
printer is a higkend commercial printer for producing high fidelity parts with highly isotropic material
properties. Although the printer is expensive relative to FDM printers, cost is typically around £2000
illustrating that this approach is economically viable as a @df#ctive manufacturing route. A

photograph of theéForm 2 3D-printer used is given in Fig-4.

Figure7-4Ph ot ogr ap h @bprnting anit. The rotectiv@ ¢overing (in orang
has been raised to show the interior components.

The 3Dprinting is achieved through sterdithography (SLA) based curing of layers. Due to the SLA
based operating mechanism, the feature sizes producaul reliably be on the micron scal€he
printing process is followed by washing of parts in isopropanol fet8.tninutes followed by UV
curing of the printed parts to erdnce the mechanical propertieS’he operating mechanism
underpinning 3Bprinting wsing SLA technique @epictedin Fig.7-5. The designed part is typically
created using computer aided design (CAD) software and subsequently uploaded to the printer in the
form of aStereolithography(STL) file. In this approach, a laser source istduleda galvanometers,

hitting mirrors to position the laser perpendicularly to the build platfof®ans are determined in a

145



pre-defined manner, according to the dimension within the STL dedigm The laser
photopolymerises the resin (stored within thiesin tank), with the part created in a layby-layer
manner attached to the build platforrsmentionedpreviously, when compared to other 3inting
technologies such as fused deposition modelling (FDM) and selective laser si(&8)y the SEA

process offergreater resolution.

Upside-Down (Inverted) SLA

Printed Part
Supports

Resin

Build Platform
Laser
Galvanometers

XY Scanning Mirror

Laser Beam

)
00000000

Resin Tank

Figure7-5: Schematic highlighting the key parts involved in-Baged 3D printing (image takérom [128)

In this work, a mechdaally suitable engineering resin was sourced from Formap8]. This resin

was considered tough’ r es i greewfldetiitg is @reseniidhdareads Wwere pdnéed

and bondel together using theame protocols used previously.

7.2.1:Optimising print resolution

The STL design files are uploaded onto thepBbX software, PreForm. This software enables separate
design files to be uploaded into a single assembly to printiplelparts in a single printing job. Within
the software the print resolution can be controlled through defining the print layer thickness, from
low resolution (0.Imm) to high resolution (0.0%nm). Lowresolution settings were typically used for
structural test fixtures whereas the higlsolution settings were used for ¢hmicrostructured

interfaces A less obvious consideratioegarding optimising resolutiomas the orientation of printed
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parts on he build platform. 3Bprinting conventionally utilises printing supports to enable the
successful printing of overhanging structures. These supports are effectively a form of scaffolding to
ensure parts do not collapse at an intermediate state when thénréss not sufficiently cured.
However, it became apparent that printing in the absence of supports improvedidbéty and
maximum resolution of the micrieatures substantially. Parts were printed with no overhanging

structures. Fig7-6 illustrates tke two differing print setups.

Figure7-6: Images for the different printing orientations with the PreForm software, top image shows p
with no supports printed directly onto the surface of the buildtfiorm (checked white surface), bottom ima
shows the use of scaffolds to prevent failed prints occurring due to overhanging structures.

7.3 3D printing quantification

A key question to address prior to manufacturing parts was the minimum feature thiaecould be
repeatedly produced using the 3Winting process. The quoted laser spot size waspalthough

this figure does not accurately represent the genuine attainable resolUfieature quantification was
conducted for the Grey pro resin toeasure the resolution for feature width, channel width and
feature height. Based on this data, empirical equations were generated to enable an extrapolation

between the designed size and the actual produced size.
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7.3.1:Aspect ratio and featureeight study

A range of aspect ratios were studied to enable more accurate production oftéreled dimensions
at the point of testing. A series of 4Q0n wide lines were printed with deigned heights equating to
aspect ratios of 0.5, 1,8, 2 and 3. Each aspect ratio was repeated three times, with -sexonal
measurements taken using the tgal microscopy function within the Alicona ProfileA
represntative imageor the micrastructures is given in Fig-7. It can be seen that the squasgave
features are well defined with periodicity retaineldlots showing the trend between the measdr
aspect ratios and feature heights are given in F§. The linear best fit equation is alprovided

alongside the data.

Figure7-7: Crosssectional microscope image of glbinted microstructure using
the Grey pro resin.

@) 3D print: Height relationship (b) Aspect ratio relationship
1500 34
y=097%-55. y=0 8e-0.14
— -]
1000 E |
£ g
-g %
— -]
= -
e e
= -
& 500 2 14
@ %]
= =
0 : : . 0 . . . .
0 500 1000 1500 0 1 2 3 4

Designed height (um) Designed aspect ratio

Figure7-8: Plots showing the trend between: (a) measured featueghts and designed feature heights and (b) measui
aspect ratio versus designed aspect ratio. Error bars represefbD+/
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The data is reasonably linear, with the measured value heights consistently lower than the designed
values. This tred was accounted for in the design phase of the mitractured joints fabrication

process.

7.3.2:Feature width study

A series of feature widths of 2@0n, 300pm, and 40Qum were printed with relative channel widths

of 1.5, 2 and 2.5 multiples of thedture width. The lowest value of 2@@n was selected to be a small
amount above the quoted laser spot size (340) to ascertain whether the minimum spot size was a
true measure of resolution400 ym was deemed a suitably large maximum feature size. Again,
guantification was done using the Alicona profiler, with measurements performed using ImageJ
software. Three measurements were taken at discrete lines on the safipéeplot illustrating the
trend between designed and measured feature width is shown irn7Fgwith the mean feature width
plotted alongside error bars (+2D). The data illustrates that there is a substantial difference between
designed width and measured value. The empirical equnatias ay-offset value of 39.95ndicating

that there is effectively an offset value to account for at the design phase. This is a logical finding as
the laser spot size of 140m imposes a clear limitation on printing at this length scRleflecting on

the results for the empirical equation, it was observed that a measured width ofi800ould be

achieved through designing a feature size of P89

Feature width relationship

800 5 y=1.09x + 40
600

400

200 4

Measured feature width (um)

0 200 400 600

Designed feature width (um)

Figure7-9: Feature width plot for measured feature widversus designed feature width (error bars
SD).
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7.3.3:Feature spacing study

Feature spacig is of critical importance teealise the goal of positioning featuelosely to enhance
interlocking and increase density. The discrete plots in Fit) represent the measured versus
designed results for each individual featuvith tested. As mentioned previously, each plot contains

three data points corresponding to relative spacing of 1.5, 2 andh2lfiples of the feature width.
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Figure7-10: Plots showing measured channel spacing versus the designed sy
for each respective feature widttudied.

As can be seen from the plots, the 20 category had an inherent variability with a markedly
different empiricalrelationship relative to the other groups; this indicates that the resolution limit
between features is around thes8 um to 400pum value. As the feature width value was increased,
there was a strong correlation between the remainigups The measured channel widths were
consistently lower than the feature width. This indicates that there is a degree of feature enlargement
that occurs during the photpolymerisation process. This information was used in the design process
to ensure that designs were appropriate to ensure interlocking of joints was feasible whilst ensuring

that relative clearance was noverly high.
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7.4: Material testing and test setup

7.4.1:Dogbone tensile tests

The Formlabsrey pro resin was selected for testing due to its ideally suited mechanical strength
properties with aquoted ultimate tensile strength of (6Pa) and reasonable extension to failure
(13%). It was hypothesised that the combination of strength and naideoughness would enable

the bending phenomena observed in polycarbonate testing to be repeated to provide a mechanism
for substantial improvements in joint performancAlthough the grey pro resin has mechanical
properties provided via the company, ita& recognised that there can be some variability in these
values based on the part geometry, print orientation and curing protocols usedppiosging. A dog

bone specimen was printed and tested using the Deben master. Postprocessing for the dog
bone was conducted in accordanadth the manufacturets guidelines with a rinse in IPA bath for 15
minutes followed by UMuring at 80C for 30 minutes. An extension rate of 0.5mm/min was used
during testing with the local strain recorded using the ImetrunC Boftware used previously in
Chapter 3. A table summarising the mechanical properties for the gne resin is given in Tablel7
These valuesvere used in elastiplastic simulation in Abaqus to accurately compare expental

and simulation results.

Table7-1: Material properties for the tough Grey Pro resin from Formlabs obtained viddog tests

Y o u nMpdulsis (GPa) UTS (MPa) Failure strain (%)

2.6 65 19.4

7.4.2:3D printing test riglesign

The mechanical testing was performed using the Deben ntéster used previously in Chapter 3.
The steel fixtures used during the previgosind of tests were used again enabling the single lap joint
to be connectedo the microtestervia pins To mitigate outof-plane bending of the lap jointixtures

were bonded to the lap joint to provide additional support. These were bonded to the adherends. To
ensure the interface fails prior to the suppagréssubstantially longer bonding area was employed. The

CAD design image in Figll illustrates the test ¢ design used.
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SLJ Interface

SLJ is fixed via pins

Figure7-11: CAD image of the 3printed single lap joint setup. Additional fixtures are bondec
the lap joint to mitigate eccentric bending that could lead to premature bulk failure.

7.4.3Mechanical teshg setup

Prior to testing, the samples were bonded using a similarppoeessingprotocol to the one
documented in Chapter.5Supporting fixtures were roughened using P80 sandpaper, washed and

dried within an oven at 8. This ensured that the supporting fixtures would confer enough adhesive
strength to mitigate premature failure agell as ensuring the interface was perfectly dry. Supporting
fixtures were assembled for each *‘half’ of the |
intimate bonding was achieved between each interlocking feattaeeful alignment of the joirwas

performed with downward pressure from a weight used to ensure festuwere bonded close

together. From gquantification worloutlined in the previous sectigrit was deemed that printing

resolution was limited to around 2Q@m. A mechanical testing study on the effect of aspect ratio was

perf or mé=B00wimt berAOOAM used throughout wini,h Bhelat ur e
and600um used to produce a,seppectively. A eontriol@perimdntthdno 5, 1 a
structuring was included with the adherend surfaces roughened (P80 sandpaper) prior to assembly to
provide a fair benchmark for comparison. A novel investigation was performed with feature widths

varied as a function of the bodihe with narrower, nore compliant features (AR 2) at the edges

and stiffer, more mechanically strong features (AR positioned centrally. It was hypothesised that

the greater compliance introduckat the edges of the joint could lead to a-destribution of stress

within the joint, forcing a higher proportion of load to be carried at the centre of the pmat holding

potential for higher strength performance. A schematic illustrating the structure of the interface is

givenin Fig 7-12. Simulations were also conductear ftomparison with the experimental results. The
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same FE modelling approach (i.e. interlocking joint with frictionatact) as outlined in Chapter 6

was used again here with the elasfilastic properties for the Grey Pro resin obtained from the tensile

test data

Top adherend

Bottom adherend

Figure7-12: Schematic of the 3D printed joint offering variable hybrid feature optior
this case, two feature types) along the bond line. Here, the more comphapiect Rati
2'is placed near the edges and the stiffAspect Ratio lis used in the central region

7.4.4:Mechanical test results

The experimental force versus strain results for the 3D printed joints are plotted ir7-ERy. As
expecteal, the structured joints (Fig.-I3b-e) perform better than the planaroughened joint(Fig. 7
13a) in terms of load capacity (up to three times better). The mean expetaheesults are shown in
Fig. 714 together with the corresponding simulation resylthe force strain plot shown in Fig7.15

also illustrates the varying dal responses for the AR=1, AR=2 and hybrid joint configurations.
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Figure7-13: Force versus strain for all 3D printed joints: (a) unstructured, planar roughened, (b) all features at AR :
all features at AR =1, (d) all features at AR = 2, and (e) hybrid with AR = 2 at edges and AR =1 in the centrén®i
colours rgresent repeat tests under identical conditions.
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Figure7-14: Bar plots comparing mean experimental results (grey) with simulation (white) for the 3D printed joint:
load capacity, (b) straito-failure and (c) worko-failure. Error bars represent (-8D).
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Simulation results: 3D printing for optimised performance
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Figure7-15: Force strain data for the AR1, AR=2 and AR=Hybrid joint designs

The experimental results for the structured joints Fig. 713 and Fig.-14) again illustrate that aspect

ratio hasa clear effect on load capacity, as well as, sttaifailure and workto-failure. The AR = 0.5

test group results in lower values of load capacity and sti@ifailure. This is again likely due to
reduced interlocking associated with the lower featulepth and issues upon joint assembly. Load
capacity then increases as we move to the AR = 1.0 group as the feature depth is now sufficient to
facilitate effective interlocking and compressive loading as well as enabling effective bending
interaction of feaures. Increasing the aspect ratio further to AR = 2.0 causes the load capacity to drop
off as these longer, thinner features are significantly less stiff. Famdt-failure (Fig. 714b) and
work-to-failure (Fig. 714c), a progressive increase was robteith increasing aspect ratio. This is likely

to be simply because higher aspect ratios are less stiff (in bending) and lead to more joint displacement
resulting in greater strain and greater work done. Recall that the hybrid feature case (with AR =2.0 a
the edges and AR = 1.0 in the central region), was designed to tailor the joint to have a desirable
compromise between load capacity and energy absorption (toughness). Indeed, we can see clearly
from the results in Fig/-14 that the experimental resultdor the hybrid aspect ratio case (with AR =

1.0 & AR = 2.0) has load capacity, sttaifiailure and workto-failure that are intermediate between

the AR =1.0 and AR = 2.0 results. Thus, the hybrid asggiegtields an improvement in the toughness
properties (workto-failure) relative to the AR = 1.0 group, whilst retaining greater load cypdein

the AR = 2.0 categgryhis in reaffirmed when observing the loastrain curves given in Fig.b.1
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whereby the hybrid joint configuration provides intermath strength and strain to failure results

relative to the AR=1 and AR=2 tests.

Broadly speaking, the FE results in Fi@4 exhibit the same key trends as the experiments although
there are some discrepancies in the magnitudes predictadsource of iference between
experiment and model in this particular case might be attributed to the inherent variation in 3D
printed feature geometry relative to the more precise midatorication strategies used earlier, with

the printed features having a propengito be printed slightly wider than designed. Reflecting on the
strainto-failure simulation data, it appears that the simulations generally @redict joint extension

(Fig. #14b), apart from the variable feature width group. A corresponding guredidion is present

for work-to-failure in Fig.7-14c. The oveprediction here can be accounted for due to the contact
definitions within the model assuming perfect contact for each interlocking site. Under these idealised
conditions, full feature bending igealised leading to elevated strain values. A further limitation
associated with the model was the lack of fracture data implemented for the grey pro resin. This would
explain the disparity for the AR = 1.0 group where failure was primarily driven thibglk failure

(as we shall see later in Figl5c) at comparably lower strain values (~4%ee Fig. 43c). On the

other hand, greater bending and extension were permitted in the simulatiddgring real
experimental tests the presence of adhesive ahghs$ variation indepth of interlocking profilesas

well as horizontal clearandikely provided greater extension for the hybrid model than the frictional

contact model utilised in the present study.

In summary, the straito-failure and workto-failure values were consistently lower in experiments
compared to the simulation data and this is attributed to the rapid failure/facture typically observed
during the tests (with bulk fracture observed especially for AR = 1.0). This contrasts with the
experimentd findings for the more ductile polycarbonate testing presented earliegffieming the
requirement of ductile adherends for optimal loading respon$arough the course of testing,
different failure mechanisms were observed (Fd6), with adhesive fidure observed commonly for

the samples failing at lower loads such as the AR = 0.5 group/{E8g), indicating that reduced
interlocking suppressed the constraining effect that yields the mechanical improvement. For samples
that failed at higher loadshe predominant failure mechanism was via mixed adhesive/bulk adherend
failure (Fig.7-16b) and bulk failure (Figr-16c), emanating at the edges of the botide and
propagating across the entirety of the bonded joint. This (bulk) failueehanism was not observed

for the lower aspect ratio results. For AR = 1.0, failure typically occurred through fracture aflkhe b
grey pro resin first (Fig.-¥6c) indicating that the mechanical properties at the interface exceed the
mechanical properés of the grey pro resin used. The hybrid joint type, on the other hand, tended to

exhibit a consistent cohesiMgased failure pathway (without bulk failure). This is likely due to the
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more compliant AR = 2.0 features near the edges permitting more depkat and reducing peak

stresses.

Figure7-16 :Typical observed joint failures: (a) Conventional adhelsaged failure typical of the weaker joints with AR =
0.5, (b) mixedailure with partial bulk failure observed for intermediate strength jsimtith AR = 2, and (c) complete bulk
failure was exhibited for the stronger, better performing joints with AR = 1.

Therefore, we have demonstrated that the hybrid joint can give a compromise of propertigsdmet

the high load capacity of AR = 1.0 and the high energy absorption of AR = 2.0 while also avoiding the
detrimental bulk fracture observed for the AR = 1.0 case. This suggests that the 3D printing approach
has good potential to be used in spatially aaiihg joints for optimum mechanical properties (as well

as being more rapid and cost effective). This is a preliminary study and further improvement is
possible. For instance, the main drawback of the-Baged 3D printing route used here is the
minimum feature size being limited to 26800 um. It is likely that reducing the feature size further
would increase the capability of the method by increasing the accuracy with which specific features
could be deployed in particular regiorsuch asat the nearedge parts of the bondine where the

peak stresses occur and through introducing a substantially greater number of high density, high

aspect ratio features at the very edges of the joint.

7.4.5 Conclusions

The viability of micrestructured interlocking jmts has been highlighted through both experimental
testing and numerical modellidgased analyses. A frictioh@adhesiveless modelling approach,
simulating contact between adherends has been shown to represent the interlocking joint effectively
and localsed feature bendingvas shown to bgrincipally responsible for mechanical performance.
The majority of the load carrying capacity of the joints was shown to arise from the mechanical
interlocking of theadherends— an idea that opens up the possibilitf adhesiveless joints An
optimisation protocol was established to determine the trends associated with different ffeatare

geometries, with Taguchi analysis used to visualise performance. Increasing feature width led to
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increase in strength and toughss whereas it was found that channel width was inversely
proportionalto both strength andoughness. Itvas observed that micreatures with an aspect ratio

of 1 were optimal. Lower aspect ratios did not possess sufficient compliance to girablessive
bending. Contrastinglyigher aspect ratios did not provide sufficient resistance to bending leading to
reduced strength. A threvay ANOVA analysis confirmed that aspect ratio was the primary factor
contributing 39.5% to the strength of theint. A costefficient route to produce micrstructured
adhesive joints was showcased through the use-l&is&d 3D printing. A study was performed to
investigate the ability to increase joint strength through varying feature width across the-lbend
leading to a reduction in peak stress. Experimental results illustrate that varying feature width led to
improvements in joint extension whilst retaining joint strength as well as mitigating bulk failure within

the microstructured lap joint.

7.5 Butt jointtesting

7.5.1: Hypothesis

Throughout tle thesisso far,the single lap joint setup hdamweenthe focus of the mechanical testing
owing to its simple configuratiomal ubiquitous presence within engineering structures. Following on
from this work, it wasdleemed worthwhile to investigate the implication of miestructuring ona
rather different type of jointscenario the tensile loading obutt joints. The schematic in Fig-17

summarises the key loading mechanisms that are hypothesised prior to testing.
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Figure7-17: Schematic highlighting the predicted mixetbde response
within the structured butt joint.

As mentioned in the introduction chapter, work by Maloney and Fldek45] highlighted that
repeatable squarevave geometries can lead to enhancement in joint strength through introducing a
mixedmode loading within butt jointsEssentially, the shear mode is stronger than that of normal
separation and the sidewalls of the squavave featuwes serve to introduce shear resistanéée key
feature of this work was the millimetre lengdtales employed. In the current study, the intention is
to enhance the contribution of Mode Il shearing at the sidewalls of the features which will in turn
increase the peak load within the joint whilst delaying crack propagation within the joint as Mode |
failure is more likely to emanate atahhorizontal section of the bortine compared to the areas
subjected to shear force¥he idea being that, smaller feaes lead to greater density of features and

hence, more shear resistance.

7.5.2:Butt joint test rig

A custom rig was designed and created through using Formlaipsiling equipment. This rig was
designed to integrate directly into the mechanical tagtijaws within the Deben Micrester. The
butt joint was fixedvia adhesive to the test fixtures. To ensure that interfacial failure occurs prior to

failure ofthe area used to fix the jointhe fixture contact area was substantially larger (3®n x 20
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mm) than the interface contact area used for the tests (@5 x 7 mm). A photograph of the butt

joint test rig integrated within the Deben mictester is given in Fig-18.

Figure7-18: Photograph of butt joint test rig integrated within the Deben micro tensile teste
Support fixtures are fixed via screws into the main clamping jaws with theriBBed specimens
fixed via adhesive.

7.5.3:Mechanical test redts

The same adhesive bonding protocols were utilised as in previous experimental work. Two
experiments were conducted with 3frinted joints withAR=2 microfeatures (30qum feature wdth,

600 um height and 60Qum spacing) compared to roughened planar specimens. It was hypothesised
that the greater aspect ratio will yield a larger active bonding area as well as providing a greater
proportion of Mode Il loading per unit length. Nomirséiless was calculated from the contact area of

the interface; the extension data was tracked using Imetrum digital image correlation software. The
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Figure7-19: Stressextension data foplanar roughened butt joints (left) and structured butt joints (right).
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stressextension data is given in Fi§19. The maximum strain at failure and maximum stress data are

summaised within the bar graph plots given in Fieg0 and Fig7-21 respectively.

Butt joint strain at failure

0.20 -
1 Planar

—_ E Structured
E 0.15 1
E
c PR
2  0.101
7]
[
2
5 0.054

0.00 T T

Figure7-20: Mean strain at failure plat for planar (white) and structured (grey) specimens
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Figure7-21: Mean maximum stress plots for the planar (white) and structured (grey
specimens +5SD.

The resultsreinforce the potential to improe strength and toughness within butt joints utilising
interlocked micrestructuring. Average joint strength was increased by approximately 199% and
extension at failure was increased by around 140.4%. Imag#eedéiled interfaces for the planar
and structured specimerere given in Fig7-22. It can be seen from the stregxtension graphs that
some tests failed in a gradual mannkwas determined that a small section of adhesive at the edges
of the interface remained intact, providing a small degree of leadrying capacity (around2MPa).

This was observed most predominantly for the lower strength cases, where debonding occurred less
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rapidly. This finding is exemplified in the high degree of varialbi$ityibed to strain at failure for the
planar joint setup, where some samples had a small-tsdying ability at elevated extension values,
whilst others exhibited a rapid failure at much lower extensions. Although, it was concluded that this
limitation did not significantly impact on the validity of the results. As can be seen from the
photographs, both samples had a cohedbased failure. This indicates that the role performed via

the microstructuring does not change the state of the eventual intedhfailure.

Figure7-22: Failed interfaces for planar butt joints (top) and mistouctured
tests (bottom). Both exhibited a cohesibased interfacial failure.

The substantial improvements in joistrength can be attributed to a higher active bonding aaea

the shear resistance introduced on the sides of the featuFes each 30Qm wide feature, there is
600pum of sidewall length available for bonding. The presence of sidewalls for bondingescsan
additional 6mm of bonding length available, resulting in an active bonding area increase of 120% in
the longitudinal direction. This value compares positively with the increase in strength of 178%,
suggesting that favourable geometric designhe principal factor in strength improvement. The
incorporation of sheabased loading was identified as the secondary mechanism behind greater
strength and joint extension. The mixedode loading enables a high proportion of loading to occur
via shear stres emanating at the interlocked sidewalls as depicted in7Fig. The marked

improvement in strength can be accounted for due to the mirsade loading response. Since

162



adhesives are more susceptible to failure under Mode | loading, the introduction of Mode Il response
within the joint provides a source of partial craaitestment. This work serves as a pradfconcept
within the area of butt joint testin@nd reinforces the results of Ntaney and Fleckd4,45]. Further

work is needed tceexplore this andather test geometriesusing mechanical interlocking

7.5.4: Insitu testing
To gain further insight into the mechanisms underpinning the butt joint rasppinsitu testing was

utilised to image the micrdéeaturesin realtime). The process used for-situ lap joint imaging was
repeated, with the imaging fageolished to enable imaging of the boitide. Polishing was conducted
using a Struers LaboSystenechanical polisher with silicon carbide papers starting with P280 grade
and further refiningto P600. On account of the larger feature size used, a less refined polished was
required than used previously. The images below in#&3 represent the interlce prior to loading
(Fig.7-23a) and at the onset of failure where the stress within the jgias begun reducinffig.7

23Db).

In-situ: Stress-extension

Stress (MPa)

0.00 0.05 0.10 0.15 0.20
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Figure7-23: In-situ test images andatresponding points on stressxtension
curve for structured butt joint test
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From the insitu imagesit should be noted that the interlocking depth was not at an ideal depth to
maximise strength properties, with the test failing at approximatelyMPa (at the lower end of the
strength values recorded for the butt join tests). Other test results usiegsame test configuration
resulted in substantially greater failure stresses on the orderPa (ge Figr-19) It appearshighly
probable that a greater degree of interlocking is the predominant driving factor, leading to a greater
surface area subjeet to Mode Il loadin@nd, thusleading to higher peak stress values. Although,
even for the current testing, the inherent increase in active bonding surface area leads to a substantial

increase in strength.

7.6: Future improvements and design concepts

This thesis has illustrated the feasibility and advantages of adhesivengpassistedy mechanical
interlocking ofmicro-structured interface. Results have illustrated that the fundamental loading
mechanics of the singlap joint can be altered leadinto joint strength being conferred via the
adherends withthe microfeatures resisting load by bendind\s was the case with single lap joints,
micro-structuringof butt joints alsoyielded substantial improvements in joint strength and toughness
throughincorporaion ofa large proportion of shear loading into the interface. The logical next steps
to pursue within this field would be to expand within the field of butt jotasting with several
different feature geometries. It is hypothesised that thdligation of higher aspect ratios will lead to
the greatest improvements although further experimentatianneeded Additional insitu testing
would also provide greater insight into the mechanisms underpinning the improvements in strength
and toughnessAs dscussed previously in Chapter there is further scope to study the miero
structured double cantilever beafDCB) testThe test results obtained for the butt joint, subjected
to tensile forces indicate the DCB setup would also benefit fionicro-structured interface with the
micro-structuring providing a greater barrier to crack propagation across the 4ioed Another
avenue to explorésthe fatigue properties of micrstructured joints. This woulldelp explorevhether

the micro-structuringapproach would be viable for safetyiticalapplications such as the automotive
and aerospace industry. It is hypothesised that the matractured interface fatigue strength will be
intrinsically linked to the adherend material. As seen experimentallys ABnd AR=2 were the key

results with optimal strength and toughness respectively.
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Chapter 8 Conclusionand Future Work

8.1: Concluding remarks

Quccessful fabricatiorof micro-structured interfaceshas been demonstratedising conventional
cleanroom technigues using silicon as the indidiherandmaterialand moving testructured polymer
interfaces aghe more viable optionlinitial testing results for silicon highlighted the need to pursue
an alternative testing materiabhilst retaining silicon as the starting point of the process. After trialling
several promising avenues, this project was successful in developing a novel- micro
imprinting/injection moulding strategy perfectly suited for the medium/lasgale productionof
micro-structured polymersurfaces Geometric fidelity was retained for all samples with results
illustratingthat the process has excellent lateral resolution (belowp2@). A keyoutcomewas the
ability to injection mould from sampkepossessing a nametre scalloped sidewall providing greater
flexibility for prospective designs. Although the midabrication work was focussed on obtaining
micro-structured adherends, the process that was developed has substantial applications within
microfluidics andhe MEMS field in generalhe viability of the micrdabrication processelsas been
demonstratedfor a range of engineering materials through employing additional manufacturing
processes e.g. injection moulding based productinjection moulding was catucted primarily using
polycarbonate (owing to the excellent mechanical properties), although other polymers such as
polystyrene and polypropylene weralso moulded illustrating a high degree of flexibility when
selecting materialsThe work then moved téabricatinglap joints using the structured surfacéhe
project has onfirmed that interlocking of specimenwith micro-scale structurings possible and
consistently achievable at the point of joint assemiflyucially, the ability to effectively intextk
adherends wasfine-tuned by experienceduring the bonding stagend confirmed via optical
microscopy. When interlocking the samples, there was a noticeable ability for the features to provide
a loadcarrying ability even in the absence of adhesiveerocking was confirmed through polishing
the bondline using silicon carbide papand imaging using optical microscopihe work has also
ascertaired the implications and potential mechanical benefits associated with rstmecturing of
adherends for adesive bonding relative to ustructured, planar jointsSignificanimprovements in

the strength and work to failure of micrstructured jointshave been achievedith experimental
results indicating that optimal setups lead to an enhancemen®®B% and 162% in mechanical
strength and work to failure respectively compared to unstructured, roughened joints. Although it was
expected that the increase in active bonding areauld have a significant positive impact, the

mechanical interaction of théeatures (via bendingyas the dominant factor driving improvement.
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Through varyingeygeometrical parameters and-situ imagingthe experimental workhasexplaired

the underlying mechanisms that underpin the resulissitu testing was performed tdetermine the
loading mechanics within the bodihe. Results for this confirmed the hypothesis that the interlocking
features providemostof the resistance, with progressive feature bending responsible for the elevated
loadssustainedwithin the structued joint configuratios. These results indicate that the mechanical
properties of the adherends largely define the mechanical response as opposed to the adhesive
properties for conventional, planar jointModelling of the structured joints througfinite element
analysis techniquelBas been employed texpedite the testing of various microscale geometries.
effectively represent the loading behaviour within the structured joint, a fricticedthesiveless
model was implementedior the polycarbonatepolycarbonateinterlockinginterface. This approach

was utilised to capture the feature bending efficiently during the simulations as the typical cohesive
zone modelling approach does not account for this mechanism. Results compared well with the
experimental esults indicatinghat the frictional model captures the key behaviour of the jdiing.
mechanical interlocking alone was responsible for the majority of load carrying capabityppens

up the possibility of adhesiviess joints as long as normal segtion can be prevented (perhaps by
clamping of the joint)Statistical analyses was conducted using Taguchi analysis and ANOVA analysis
to find the relationships for key micti@ature geometry. Results indicate thfaature aspect ratios of

1 lead to opimal strength with higher aspect ratios proportional to maximum extensidre work

has also tidied the viability of using 3D-printing based manufacturing as a route for adherend
production to enable théabricationof structured interfaces as more costeffective option for real

world engineering applicationsChe final chapter highlights the viability of PEinting structured
joints, providing a more economical alternative to there expensive micrdabrication/injection
moulding route established pw#ously. A novel test varying feature width was conducted to modify
the stress distribution within the joint, with AR2 (more compliant) features at the edges andAR
features positioned centrally. Experimental results confirmédt this approach ulmately led to &
optimumcompromise in strength and toughness between the two aspect ratio results, encouraging a

more gradual failure mechanism than the AR tests.

In summary, a new route to the fabrication of miestsuctured surfaces using injection moulding has
been developed bpioneeringa flexiblemould insert produced by adopting a hanoimprint process.
The approach is rapid and more versatile. For examplectBpsocess produced masters having
sidewall scalloping can even be used as the flexibility of the mould insert permits ejection of the part.
Theapproach was then used to successfully fabricate microstructured mechanically interlocking joints
in polycarbomte. Mechanical interlocking of adherands was found to produce significant increases in

single lap jointstrength andwork-to-failure. Improvements were also briefly demonstrated for the
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tensile loading of butt jointsThe load carrying mechanism was fouadbe predominantlyvia bending
of the interlocked features. 3D printing was then demonstrated as a more rapid aneffestive
approach to fabricating the interlocking joints and includes the possibility of altering feature geometry

along the bondine.

8.2: Future Work
Reflecting on the work, there is scope to extend the research presented to additional areas that

were not explored during the research period. Key examples areas that could be explored include:

1 Microfabrication for injection moulding:A potential area to explore could be the alteration
etch and passivation phases of the dry etch process to test various different nhanometre
scalloping profiles and the overall durability and replication quality obtained during the
injection moulding proces Initial results presented in Chapter 4 illustrated a proof of concept
with different scalloping profiles leading to an increase in mould insert durability. It is
hypothesised that different scallop profiles could yield a smoother separation of the
inset/moulded part. Further the incorporation of additional mould release agents could be
implemented within the process to further improve the injection moulding from BOSCH
process produced silicon masters.

1 Double cantilever beam and double lap joint testinghe testing work presented in this thesis
was limited to 1mm thick polycarbonate specimens on account of the limited tooling depths
available for injection moulding. A potential research route could focus on increasing part
thicknesses to enable Mode lamk opening tests for micrstructured joints to ascertain the
potential improvements in crack resistance conferred by the mixed mode loading imparted
by the square wave features. A further testing avenue could utilised double lap joints whereby
the eccentic loading profile of the single lap joint would be nullified leading to a substantially
greater Mode Il driven loading response to fully understand the load transmission capabilities
of the squarewave interface.

91 3D printed joints in different materialsand spatial tailoring of stiffnessWithin the present
work, injection moulded samples in polycarbonate were utilised alongside-besiad 3D
printed adherends. Further work extending the material options through the use of LIGA
based manufacturing and rned-based 3D printing would be prospective options to test
additional materials useful for bonded interfaces in engineering applications. Furthermore,
the prospect of tailoring the stiffness of parts as a function of the feature height as well as
horizontd distribution across the bontine would be a promising area &xplore, leadindo
the potential reduction of peak stresses and the alteration of load transmission within the
joint.
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