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ABSTRACT

Nuts and bolts used in aeemgines are manufacturediin heatresistant supealloys.
These materials have a higloF, and frequently seizure occurs. In order to prevent
this, a silver coating is applied to the nut threads, providing a low friction boundary
at the interface. Additionally, a radial crimp is applied to the nut, in order to provide
a selflocking feature peventing vibration selfoosening.

In this study, th&€oFof the thread contact will be investigated both during initial joint
assembly, and after thermal ageing. Additionally, a finite element model will be
employed to investigate the contact mecharsca eonsequence of the crimp.

The lowCoFobserved during initial assembly was found to be a consequence of shear
flow of the silver coating, with an approximate doubling of this value once the coating
aged. Areas of silver removal were found to be cosmidvith areas of high contact
pressure in the joint, attributable to the crimp feature.

Additionally, rew alternatives coatingiere tested in order to identify a replacement
for the electroplated silvefhrough a series of analysesimilarly done for té silver
coating, fom a list of 19 different thin films and paints, @Hist is reduced to three
possiblefilms, Chromium, Titanium and Nickélitanium.

Finally, through thé-EA approacha new seHlocking design was developedith an

axial deformationnstead of the radial crimp typically used. Thereafter, few nuts were
manufactured, tested and compared to the elliptilsahonstrating it is promising

designwith respect to the contact pressure distribution and silver removal
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INTRODUCTION

CHAPTER

INTRODUCTION

1.1 MOTIVATION

Threaded fasteners play an important role in connecting parts that are subjected to
static or dynamic loading. In addition they are reliable, and quickly assembled and
dissssembled. Aer@ngine manufacture use fasteners made from heat resistant
superalloys, as they must withstand temperatures abQO8C0X in the turbine
section of an engind hesetypes of joints arewidely used, withmore than 15,000

boltsthroughoutergine (Figure1.1).

SR\ S TURBINE
FAN | NN > W Y 2SN

Figure 1.1: Trent900(Pattinson & Reade 2012)

In this study, Inconel 718 and Waspaloy fasteners are inviestigahich are used in
aeroeengines over a range of temperatures fi& to 760°C. They also operate in

the presence of fuel contaminants, for example Sulphur and Chlorine, and are
subjected to relatively high loads and vibration. When used in a likdeceuper

alloys have high coefficients of friction, for example 0.8 for Inconel on Inqéioed

& Liang 2010) and seizure frequently occurs. To prevent thisuichapplications,

silver coatings are norally applied tothe nut hreads whichreduces the coefficient
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of friction (CoF) and acts as a barrier between the surfaces in contact, preventing
galling and seizure.

Generally, during engine build the joimust be disassembled and reassembled
several times, whereas during re@d overhaul every fastener is changed. Prior to
thermal cycling, silver coated fasteners can based up to 5 times, fulfilling this
requirement. Conversely tooated nuts can be used only once.

To prevent vibration loosening, a radial crim@ymplied to the end of the nut, prior to
the silver coating procesbhis type of locking method, known agrevailing locking
device, generates a resistance torque while screwing.crimp pattern can be
elliptical or triangular depending on the joiffitigure 1.2), both of which acting to
localisethe stresses in two or three small aréfassproviding a locking feature but

at the same timencreasing the risk of removing the silver from the nut threads.

Lo
({ 3 / \
< ’,' l_ \

Figure 1.2: Crimp Pattes: (a) Elliptical and (b) Triangular

Recentlyhowever,a problem with silver has bedtentified in aereengines, where

silver transfer can occur from coated nuts to other parts of the engine. Silver transfer

to titanium parts in the engine (such tasbine discs), combined with the high
temperature and loads present can cause stress corrosion cracking which may induce
compaent failure. This problem is accentuated when the exhaust gases enter the
engine, for example when the aeroplane is in a queue on the runway, as they act as a
further catalyst to this procesStress corrosion cracking was explainedairecent

study bySaunders et a(Saunders et al. 201,6yhich analysethecharacteristi® b | u e
spotd6 seen i n titR&Egureldnwhiahlchndendstgthedagureoth o wn
the componenOverall, this problem has been found to add significantly to inspection

and maintenance costs.
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Figure 1.3: Stress Corrosion Cracking in Titanium Pa(&aunders etla2016)

Until recently there has been a lack of knowledge with respect to how silver works as
an antiseizure coatingRobinson 2009; Zhu 2012)ith a recent study seeking t
investigate its functional propertid$.the behaviouof the silver is knownsuch as

the CoF over the reuses or the ageing capabilities, it could be replaced with another
coating material, reducing the issues concerning the stress corrosion and the
maintenance cosfurthermore,a Health and Safety issue hatso been recently
discoveedin the electroplating process used to apply the silver coatitggthe nut
(Robinson P09). On a separate nqtthe elliptical crimp typically used was foutal

be magnifying the silver removal problemas it increased contact stresggemoting

the removalThus, in recent years néocking designs are being investigated, in order

to dstribute the stresses along the nwhilst still providing an antioosening
capability for aerospace applicatiofdeally, a new lockinggeometrymust generate

the requiredprevailing torqueand must be as simple astandardhut, such as the
currentelliptical design.

All of the above factors provide a motivation for this study, be it in the long term to
replace silver, or in the short term todesign the crimp feature to reduce silver

removal.

1.2 PROJECT SCOPE

The principal aim of this study is to iestigatehe mechanical behaviour of the silver
coating both experimentally and through Finite Elerferdlysis (FEA) An original
experimental test platform is developed to investigateCibie of crimped fasteners
during tightening.The CoF is one of the ms&t important parameters for joint

designers, aan under opverestimation of the clamping load can lead to a loosening
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or a failure of the jointThe performance of the silver coating is investigated over
multiple tightening cycles, andsidurability assessed. Removal of silver in the joint,
and the associated contact press required for this to occare then further analysed
through aFEA approachas a novelty in this area

Following on from this, sampleare aged at 760°C for 500durs in order tobe
representative of aemengine operating condition§he CoF posttestis examinedo
identify the effects oftemperature on the silver propertiésotherkey outcome will

be to identify important material regqgaments for the coatingvith the aim of
determining an alternative coating to replace silVéms, a selection procedure is
developed in order to tgsbssible alternativsand compare them the currently used
silverfilm.

A further objective of this study is to devel@n innovativeselflocking design to
reducethe silver removalrom the threadand tus alleviategproblems related tde
transferof materialto nearby parts. This new design mussbgable for aer@ngine
apdications, assimple as the current desigimndbe capable okurvivingmultiple re-
uses.Compared to theurrentelliptical design, dower stress field is requiretut

which still providesthe resistance torque atite antiloosening capabilities.

1.3 LAYOUT OF THE THESIS

In Chapter2 an overview of the previous studiedatedto this work are smmarigd,
such ashose relating tthe fastener mechanism andration loosening. FEAtudies
are also discussed and the various locking methods analysed. ,Rihallgilver
coating literature and the issspecific toaerospace applications are presented.
In Chapter3 the mechanismby which silver functions as a low friction coatirgy
analysed through a ngndevelopedest platform Firstly, the test rig and samplase
describé, along with theexperimental tests, abom temeratureand after a thermal
cycle at76(C. TheCoF in the threads analysedas well aghe nanehardnessof
the silver filmpre and post ageind\dditional discussions considéhne selflocking
torquepattern and thepeed dependenoyf the tighteningrocess.

In Chapted aFEA approach is used to analyse the contact mechanismaefigtieal
selflocking nut focussing particularly othe contact pressueadthe stresseguring
the whole tightening procesgirstly, the model and thelynamicsimulationwill be
carefullyexplainedand the material propertidefined. Apin on disdestfor thesilver
coatingis performedo find the relationship between tl®Fand the pressuras to

4
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provide aninput tothe FEA model. Additionally.the tribological mechanisnof the
silver is analysedandused along witha discussion of thetripping of thesilver, to
define apressure threshol cause ta silver to strip.

In Chapter5 multiple alternative coatingsare tested, in order tbhnd a suitable
replacenent forthe silver coating typically appliezhthe tireads of the nut. Different
tess are performecind compared tsilver at room temperature and after a thermal
cycle Additionally, a shortlist of optimumoatingsareidentified through use afano
hardness and pin on disc test

In Chapter6 a new sk-locking design is introduced, usirg axial deformation in
the threads in the chimney of the nut to produce a resistant tdtiysity, a FEA
approachs used tanalsethe stresses and the skl€king torqueat different axial
deformations Afterwards, a CNC program is developed in order to machine the
selected candidates. After machining, the nuts are tested in the platform eesiittse
compared to theadially crimped nuts.

Finally, in Chaper 8 the findingsand the conclusionsf the previous chaptere

summarisd.
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CHAPTZER

LITERATURE REVI EW

2.1 INTRODUCTION

In this Chaptean overview of th@reviousstudiesrelated to this worlarepresengd.
Firstly, the tightening mechanism of the josmexamired,analysinghe forces acting
on the joint and thanalytical relationship betwedime key parameters, suchtasque
load andCoF. Vibration looseningstudiesperformed ovethe past centurgre also
summaried and themore recent technique ofEA explainedas an ongoing
developng method Additionally, the different categories of loelg devicesare
introducedfollowed by thér related studies, aimintp analyse the antbosening
capabilities As the low frictionsilver coating isapplied in the locking nutsnalysed
in the currentwork, thebenefits and the issues relatedthe useof the coating in
aerospace applicatiomse presenteclong withstudies relating tthe differentself
lubricantcoatingsusedfor high temperature applicatiartanally the gaps in previous

research areighlightedand the motivation of this thessplained

2.2 BOLTS
2.2.1 Overview

When a bolt igotatedclockwiseinto anut (assuming aight-hand screwhread, and
torque is applied to tighten the jointforces are generated into tlieree main
components of the jointhe bolt or the male threaded palte thut orthe female
threaded part and the clampaasimponentwhich iscompressé in between thérst
two. Tightening of a bolted joint produces a compressive force in the clamped

component, along with a tsie load in the bolt as shown Figure2.1.
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Figure 2.1: Forces in the Bolted Joint

As shown irFigure2.1, reaction forceéN) due to theelamping loadF) and the thread

hal f a argdereratédooh the thread during tightef@)g as the bolt becomes
elongated. Due to the nature of the héliith angleU), these reaction forces also
generate a moment that tries to unscrew the joint, with threabrriptoviding a
resisting force. From a geometrical perspectavégrger pitch(P), defined as the
distance betweeadjacenthreadsproduce ahigher moment. When a bolted joint is
tightened, approximately 10% of the applied torque is used to clamp the components
together. The rest is absorbed by friction under the bolt head and at the thread contacts.
The under head friction is defined as thetion between the clamping plate and the
bearing material of the bolt or the nut, depending on which member is being rotated.
The thread friction is defined as the friction between the mating threads
(Bickford 1998; Budynas & Nisbett 2010)

2.2.2 Analytical Relationships

Bolted joints have been the subject of multiple studies, with the aim in many cases of
formulating equations to predict the relationship between applied toagde
generated prpads (Juvinall & Marshek 2006;Shoberg 2000; Budynas &
Nisbett2010)

During tightenng and urtightening of a joint the total torque required is made up of
different factors. The loading torque is the torque applied to induce a compressive
load under the bolt head and createslaanping loadthat tensions the bolt. The
breakaway torque ihe torque required to unscrew a locking device (if present) with

v
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no clamping loadn the fastener and is a parameter used to measure the performance
of a selflocking device. Finally, the bredkose torque is the torque applied to start

disassembling thloaded joint.

Ttotal

=,

Tthreads+TseIf-lock
50%

Tpitch
10%

——'__ \ Tunder head

40%

Figure 2.2: Torques Diagranfadapted fronShoberg 2000)

On a basic level, theotque required to tighten a joint can be approximated. For a
given clamp forceF, nominal diameterD, and the tablealued nut factoK, the

torgque is the result of the multiplication of these parameters.
"Y 000 (2.1)

The adimensional nut factor depends on the mating materials and can be found in
look-up tablegShoberg 2000; Rolls Royce 2011; Budynas & Nisbett 2010)

The loading torque can be broken down, enthe sum ofour componentsKigure

2.2): the clamp or pitch torque, defined as the amount of torque that is used to stretch
the bolt, the thread friction torque, describing the torque to overcome the friction in
the engaged threads, the under head friction, defined as the torque required to
overcome the friction in the bearing surface, and finally thelseking torque, the
torgue necessary to screw a locking device. It should be noted that therlsielf
torqueis the same as brealvay torque, and is frequently included as a component

of the loadhg torque.

Te 5tTpi ttclh hr dddsdert ket dck (2.2)
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Provided the thread pitch and the other geometpaameters are known, along with
the coefficients of friction both on the threads and under the head, the total torque

required to tighten a joint becomes:

P rg;
TegiF oo+ =5 8028, +Tsengex (2.3)
Where
. -El TAEI O Ai] O AEA - Agp
@ c 3 (2.4)

+i 279 4
[ ET?Y Ao (2.5)

whereF is the clampg load, P is the thread pitcHj is the half thread angle (30,

is the mean thread engagement radius,rargithe mean radius tfie abutment face
(Rolls Royce 2011)This equationwithout the seHocking term was published for

t he first ti rdetroduction tb the BesignkahdoBeldios of Bolted
J oi mi9®® and attributed to N. Motogklotosh 1976)

In practice the equation used in many standards in the-sgage industry is an

approximation of this equation, and is as follows:

Tooe Foo(alghf+ (2.6)

As shown, the seliocking torque is independent of load in both Equai®!3 and

2.6. In Equation2.6, a andb are geometrical factors calculated for fastenersgaad

the coefficient of friction, assumed beapproximately the same for both the threads
and under the bolt head. However, if the coefficients of thread and-hederfriction

are known, Equatin 2.3can beused(Rolls Royce 2011)

In order to calculaté&iction, torque and clamping load should be measured. Different
methods are employed to calculate the load, sakload cells, ultrasound or
measuring the elongatiasf the bolt. The torque is usually measured with resistant
torque sensar rotating torque sensors or torque wrenc{iesstenal: Industrial &
ConstructionSupplies 2005)
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2.2.3 Experimental Studies othe Loosening of Bolted Joints

Thevibrationloosening procedsy which bols tend to unscrew has bestudied for
over acentury, with Bickford(Bickford 1998) Eccles(Eccles 2010)and more
recently Temitope (Temitope 2015)analysing all the studies done in this area.
Researchers this field have focused their wotk identify the causes of loosening,
considering factors such asial and transverse dynamic loadisly at the interface,
bending moment and impadn. this section the most influential studies related to the
aeroengineapplication will be presented.

Joint loosening was known from the industrial revolution, in particular in the rail
industry, with most of the effonnade to improve the design, insteacgoélysing the
process. For example the documented patent of Ibbotson and Ta(lidtotson &
Talbot 1877) a newself-locking methodwas introducegdwhere the nut was forced
into the bolt threads. Thus, they claimex have improved the joint design by
prevening loosening by vibrations. Anothexxamplewas seen in the patent of
Lawrence andlVhite (Lawrence & White 1861)whoinvented a locking device/hich
securé the nut to the clampambmponentgprevening rotation andooseningnduced

by thevibrations of thdrains.

Although the loosening of fasteners was known in the dghtury, the first study
analysing the mrcesswas seenin 1945, when Goodier and Sween@oodier &
Sweeney 1945nvestigatel loosening due talamping loathg andaxial vibration
through a fatigue testhey statethatthe loosening was due tise dynamiclamping
load, which radially contras the bolt and dilates the niy a processermedthe
of rmalt i mat c h ederdifiedtheHaetgrs whithsiflmenced the loosening,
such adolt length boltdiameter pitch and threatbleranceof the joint

A few yeas later Sauer et alSauer et al. 1950performedsimilar fatigue tests
applying axial dynamic loadsind discoveed that loosening rate is large at the
beginning,and decreass with the number of cycles. They also fourithtt clean
surfaces improve the lockiregpabilities, reducing the rate of loosenimgerestingly
they also found thatoosening ratedecrease with the preload,increasd with
increasingdynamicforce, anddecreasein used nuts compared to unused.

The treory ofloosening due talynamic transverse loading was first introduced by
Junker(Junker 1969)He stated that the principal cause of the-w&i$ening failure

is caused by vibraih due to dynamic loads$de stated that when threédkction is
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overcome, the loosening can occur, arttew loosening starts, a smaller force can
cause further loosenin@his was explained considering an inclined plane, as shown
in Figure2.3a, wherete nut is the block and bolt is the plame Hock remairs in
equilibrium until an external forcs significant enough tovercome the frictionlf
transversal vibrations are applied and the inertial force isrldihga the frictional

force, the block slips down the plane.

D !
. Bolt _._._rT-i
Dynamic :

Equilibrium

shear load (7 ; Clamped
> ! i component
@ v | %
Fixed

¥ component
—
Transverse
vibration

Figure 2.3: Junker Findings: (a) Block on incline plane and (b) Bolted joint
subjected to dynamic shear load

The same principle can be appli® the preloaded joint, as shownFigure 2.3b.

Junker affirmed that when shear forces are higher than the friction force in the
transverse direction, the jaiwill be free in any directiorHence, because of thelix,

a torsional force provides a loosening moment, which can initiate the loosening and
eventually the joint can completely turn loose. He also stated that the transverse
vibration is he most severe condition flwosening.

These studies were condedtusing a nely developed machinenow popularly
known aghe6 J u Mla e h i speegented afrigure2.4.

Test fastener

Movement

Figure 2.4: Junker Test Machinglemitope 2015)
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As shown irFigure2.4, cyclic loading is applied bgn electric motor to the preloaded
test sample. This plarm was used to investigatératioral effecsin the transverse
direction, pldting the preload decay ovemamber of cycles. He also concludeditth
loosening is dependent dhe amplitude of displacement, bist independent of
frequency.This test platform is still widely used to measure the looggeresistance

of locking fastenersandis precisely detailedh a DIN standardDeutsches Institut
fur Normung 2004)

A few years later, Finkelsto(Finkelston 1972)used the Junker test machine to
investigate the effect of initial preload on the loosgrprocess. He stated that a high
preload increasghe loosening resistance in the joint éogivenvibratioral scenario.
He also found that fine threagerformbetterthan coarse threadnd thatiocking
devices reduced the loosening rate. Furthermereonfirmed the Junker finding that
transverse vibrations are the most sevargse ofoosening.

Latterly, Haviland(Haviland 1983)nore specifically affirmed that in order to avoid
selflooseningof the joint, movement in any directiomust be avoided, such as
rotational, transverse and axial movements.

The Junker theory was algxplored considering the micro and macro movements
during loosening, in particular in three sections of the bolted jointsenfnietional
forces sustain the load, such as the interface between the clamped parts, the contact
area in the threadandthe contacsurface betweethe bolt head and the clamped
componentgTemitope 2015)

Pai and HesgPai & Hess 2002b; Pai & Hess 2002a)their study analysethe
localised slips causing loosening of jointdwihthe bolt head and thread interfaces,
further validating the resultasing athreedimensional 8D) FEA model (urther
explained in Sectio.3). They statedhatloosening happens when the resultant of

the tangential forces in the threads overcethe frictional force thuscausing slip

12
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Figure 2.5: Loosening Procesd’ai & Hess 2002a)

As shown inFigure 2.5, if the resultantreaction forceR, opposed to the applied
preloadFp is overcome in the tangential direction by a shear loading, then loosening
starts. Furthermore, when the friction force is overcome, because of the helix of the
threadsthe preload generatedangential force, which can turn loose the joint. The
torsioral torque applied during the tightening can also cause the loosening to start, as
presented by Yamamoto and Kaféamamoto & Kasei 1984)

In fact, Yamamoto and Kasstatedthe loosening is caused by a restoring of the
tightening taosion, which leadto a movenentin the threads, also aggravated by the
bending moment generated by the transverse vibrafidrey also confirmed that
localised slips accumulate, earlier presente@Chesson & Munse 1965; Groper &
Hemmye 1983)which can completely turn loose the joffinally they also supported

the findings of Junker, showing thabosenng is dependent athe amplitide but not

the frequency ofibration.

Theloosening of the joints was divided into Aostational and rotational stages by
some researcherdiang et al(Jiang et al. 2003)lefined theearly stage as a nen
rotational stage, with theeduction of the clamping forosithout relative rotation
between the nut and the bolt. Afterwarttee clamping forcdurther reduces as the

joint rotates, as explained lexperimetal andFEA by the same autho(fsiang et al.

2004; Zhang et al. 2007Jhey stated that the cause of the early stageasening

was die tolocalised cycliplastic deformation,calledlc y c 1 i ¢ st r achn r at c
caused loss of preload as a redistributiosti#sses occurs. As previously stated, they

13
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also confirmed the importance of thransversealisplacement amplitude during s$hi
stage.

Additionally, Zhang et al(Zhang et al. 2006analysed the rotational stage of the
loosening of joints subjected to transverse vibrations, identifying the causes to be
repeated mio-slips betweerthe surfaces in contaend the bending moment exerted

on the joint. Similar results werpreviously obtained byPai and HesgPai &
Hess2002a; Pai & Hess 2002bhd Groper and Hemmy&roper & Hemmye 1983)
Yamamoto and KasejYamamoto & Kasei 1984hs previously explainednalysed

the rotational stage of thedsening, stating that it caused by the restoring of the
torsional moment at the threambntact during vibrationThey also introduced a
numerical model to determine thequiredtransversé or ce t o cause t he
at the bearing interfacdé-uthermore,Kasei et al.(Kasei et al. 1988and Kasei
(Kasei2007)also found that loosening usually starts witidetectablysmall slips,

with small or even irebsence bmacroscopic sliding at the bearing interface. The
loosening reduces the clamping lotlis facilitating further loosening. Thesteidies

were further investigated hjjang et al(Jiang et al. 2004and Zhang et alZhang

et al. 2006) findingthattheYamamotoand Kaseie f i ne d 0 c lodséningc al s |
to occur depends on the preload and the clamped lefgtly also stated thatvasher

and normal n& havebetter antloosening performance tham flange nut An
additionalanalysis ofawashercapabilityhas been seen in the workMérshall & al.
(Marshall et al. 2011in their testassessing the capabilities of different washer
distributing contact pressurdhey showed thaan improvementin the pressure
distribution under transverse vibration loading can be achieved with the use of plain
washers, spring washers and in partictlardlock wakers, compared to tlease of
awashemot being used

lzumi at al.(Izumi et al. 2005)analysed the tighteningnd the looseningprocesses

of the bolted jointsiot only with experimental studies but ateoough a3D FEA, as
further explored in Sectio2.2.4 Similarly to Pai andHess, they found thahe
loosening processstarts at thethread interface, due to transverse vibrations.
Comparing their results with Yamamoto & Kastiey found a smaller value of

ocriltip@!f or the | oosening to start.

2.2.4 Finite Element Studies
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In order to further understand the different hmaisns behind the tightening and
loosening ofbolted joints,FEA techniqus have been widely useaith Mackerle
(Mackerle 2003summarigg the studies performed in thesea from 1990 to 2002.
However, due to thengoinginnovation of theechnique, this area is in continuing
developmentAs explainedin his work the FEA results are affected by different
factors such as the element type ugkdgconstitutive equationghe time step size,
thekinematic description, etc.

FEA studieshave beeremployed toinvestigate multiple mechanigmsuch as the
stress concentratidiactor in the thread rootghe load andthe pressuralistribution
along the threadgduring tighteningthe selflooseningprocess caused by vibratigns
the helical effectsinfluencingjoint behaviour,the fractureand crack propagation
aong withthe interaction between th&amped parts and the joint.

FEA modelscan be classified to three categories3D nonthreaded joints2D
threaded models arD threaded modelsAs explained by Mackerle, the fasteners
should be modelled in 3D, in order to take into account the helix of the threads, the
sliding surfaces and the joint interactions. However,tBi@aded modslare time
consumingin terns of modelling and solving, witBD and 3D northreaded modsl
normally preferredas a compromise between solving time aocuracyof the results
However 3D nonthreaded modeldo not take into account the #ads andhe load
transfer into them, anare mainly focused on the pressure in the bearing swafate
in the clamped par@im et al. 2007; Yang et al. 2011; Nassar et al. 2010; Oskouei
et al. 2009)Furthermore?2D axisymmetricstudies do not take into account tiedical
effect of the threadgndare generallyfocused on thdéoad distributionalong then
(Chen et al. 2010; Liao et al. 2009; Fukuoka 2005; Maruyama F#djoka et
al. 1985; Dragoni 1994; Englund & Johnson 1997; Lehnhoff & Bunyard 2000; Tanaka
& Yamada 1986)Therefore, he most influentiaBD threaded modeksre analysed in
this section, whiclareusedprincipally to take into account the helical efteon the
joint.

Zadoks and Kokatam in their work (Zadoks & Kokatam 1999; Zadoks &
Kokatam2001)were the first to use eealistic 3D model to study joint behaviour.
They analysed the axial stiffness of the bolt during &égimg, as a critical parameter
of the loosening &ilure of joints, validating the previous experimenks.order to
reduce the number of elements in the mpthe joint was split itwo different parts,
as shown in as shown Kigure 2.6, using finer meshes in the areas of intefElsey
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compared the results withAD FEA and analytical results,which showed good

agreement.

Figure 2.6: Zadoks and KokatafREA Model(Zadoks & Kokatam 2001)

Pai & Hess(Pai & Hess 2002k their3D FEA work analysedn detailthe failure of
the fasteners by vibration induced loosenthge to dynamic shear load$Shey
identified the different loosening steps observed in the experiments, and they
concludel that the loosening caused by localised slips, faarmkcritical in the joint

design, can occur at lower shear forttem loosening by complete slip.

Screw head Screwbody Screwthread
contact region ~ contact region contact region

/

: My

Figure 2.7: Pai & HessFEA Model (Pai & Hess 2002b)

lzumiet al.(lzumi et al. 2005%tudiedightening and looseningehaviourusingFEA,
and compared the results widxperimentalstudies It was found that the load
distribution in the joints slightly differed. Howevas latterly highlighted by Yang
(Yang et al. 2013)he mesh used, shown iRigure2.8, was not accurately refined.
lzumi et al. also highlightetthe capability oFEA to contribute to the selection thfe
appropriateself-locking device, and fither compared theresults with 2D results and

those obtained byamamoto andKasei result§Yamamoto & Kasei 1984)
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Side surface of nut

Thread contact region

Nut bearing surface
__’Jr Bolt body
1 L/ Bolt head bearing surface
Eadl
Side surface of bolt head

Figure 2.8: Izumi FEA Mesh(lzumi et al. 2005)

Fukuoka (Fukuoka et al. 2006)after their 2D studiegFukuoka et al. 1985;

Fukuoka 2005) analysed the effects of the thread helix on the root stresses along a

fastener through a 3D modéh this work, a parametric mesh of the joint was seen for
the first time, as shown iRigure2.9. It was demastrated that the maximum stress
occurs at half a thread pitch frattme nut loaded surfacgnd which thergradually
decreasstowards the topdce of the nut. They also found that tbad distribution
experienced in the8D simulation vared from the axisymmetric2D analysis

simulation, due tdnelical effects.
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Figure 2.9: FukuokaFEA Model(Fukuoka et al. 2006)

Yanget al.(Yang et al. 2013 their study used a 3D parametric mesh to anahgse
contact pressure at the interfdoefine and coarse threaded fasteneosisidering the
helical effects Accurate hexahedral elements were employed, as shoWwigune
2.10, to analyse the tightening mechanism andetffiects of theclearance between
the mating threadsThey found that a better clamping load distribatican be
achievedvith a slight release aftéghteningand hey also highlighted the advantages
of using 3D simulations to take into accoutite helical effectsn the tightening

mechanism
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Figure 2.10: YangFEA Model (Yang et al. 2013)
2.2.5 The Role of Friction in Loosening

As seen in SectioB.2.2 both through analytical arf€EA studies preserihe torque
required to tighten the joint is a function of ek, Whilst low friction is required to
maximise the ratio of the clamping lotmlapplied torque, high static friction helps to
maintain and support the end load by preventing looseninghe aereengine
industry, a particular challenge exists, as due to the tempesatperiencd, heat
resistansuperalloys are typically usedn a like on like couple these materials have
high CoF, as therefore is not feasible to simply apply a higher torque to achieve a
given clamping load and overcome the high frictidwlditionally, high friction
fasteners can alsrauseo further issues, sh as damage to threads due to seizure and
galling, which may lead to the failure of the joint.

Galling, often referred to as a celeklding process, is surface damage due to adhesive
wear and material transfer between sliding solids at high presgbassenal:
Industrial & Construction Supplies 2009n threaded fasteners, damage typically
occurs on the tapped threads of the nut, as theHrehds are usually rolleeesulting

in a rougher surfac&enerally in aer@nginesdue tolimited accessseized fasteners
maydamageneighbouring critical components. Therefore aengine manufacturers
found a compromisgpplying a low friction cating to the nut prenting assembly
damage, and locking feature to avoid loosening.

As further explained in Sectidh3, among the different loakg methods, elliptical
deformed nudare currently useh aereengines in order tgenerate resistantorque

in the deformed threads. Thiségplainedfurtherin the following chapters of this

study.
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2.3 SELF-LOCKING METHODS

In order to prevent selbosening ofoints, designprecautionsare usually required
(Bickford 1998; Kulak et al. 198&uch as
increasinghe friction forces between the bearing surfaces of the joints,

reducingthe hole atarance to reduce misalignments,

increasinghe preload,

increasingthe ratio between length and diameterctampensateor eventual

misaignment

reorientatiorto haveclamping loathg instead of transverseading

Despite the abovedwever, looseninganstill occurand locking devicesare often
employed to prevent itln an aereengine, working space is limited and the
environments aggressive, therefore more complex locking devices are not suitable.
Typically, crimped nuts are used, which are dasyssemble and disassemble,aze

small as a normal nut, and if the preload is ¢ashpletebacking offis still prevented

In this Sedion an overview of the categorie$ locking methods available arad
critical view with respect to the aerospace applicatavegiven.

2.3.1 FastenerLocking Methods

In order to counteragbint loosening, a variety of seldbcking devices have been
developed and investigated in the literature. H@$sss 1998)in a chapter of
MHandbook of Bolts and Bolted Joiftdassified the locking methods in four groups
(Figure2.11):

I.  Free spinning preload independent locking meth8dsilar tostandad nuts
but with an external locking featurewhich acts only wherightening is
completeand isindependent from the clamping bhae.g.jam nuts and lock
wire. One of théenefisis the prevention of loosening even witholamping
load. However they are natost, time and weight effective for aero
applications.

II.  Free spinning preload dependent locking methods. Similar to theopsevi
category, lhey are free to rotate untdlamping stag At this point an

additional lo&ing feature acts to prevetdosening, such as lock washers
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which deflect with the load, and spring nuts. Howeusscauselocking

functionality depensl on clamping load, if the joint is not sufficiently

tightenedcomplete loosening can easdgcur.

lll.  Prevailing torque locking methods. Generally, an additional torque, the

prevailing torque, is required to overcome the resistamposed by an

additional material or thread deformation feature, during tightenieg.

elliptical nuts, as used in this worklowever, the locking properties can

decrease with reses of the joints. Additionallycomplete loosening has been

found to still occur occasionally withis method

IV. Adhesive locking methods: In this category of locking fasteners, adhesive
fluids are applied to the threads, locking them in position. However, lubricants
and contaminants can affébteadadhesionthus degrading the performance

of the bond Additionally, being a more permanent solution, lower strength

adhesives can be used if requiregpéomit multiple disassembligg/hich can

causepartial loosening.

| - Free Spinning Preload Independent | Il - Free Spinning Preload Dependent
- / |
. . ' Serrated Washer
Cotter Bn and Wire Locking Double Nuts
CastleNut and Nord Lock
[l - Prevailing Torque IV T Adhesive
f'\ g L
S
- :
o Precote Loctite
Nylon Insert Nut Elliptical Nut Adhesive Lock Threadlocker

Figure 2.11: Selt Locking Jointadapted fronTemitope 2015)
2.3.2 Testing ofLocking Features

Innumerable studies have bedone in this subject, analysing the various $y/pe

locking methodsandhighlighting theirassociatedgtrengths and weaknesses. In this

section differenstudiesrelated to aer@ngineapplicatiors are summarisd.
The Junker Test Machin&igure 2.4), aspreviously described in Sectid?2.3 or
similar, are widely used to assess taettHlooseningperformanceof selflocking
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devices J u nhkeaeyhavieg been widelacceptedOne of the mossignificant
Junker 0s swas thasélloesenm@g ofa joint can be preventeby using a
selflocking featurealone and this has been tested in various studisong the
various studies related to the Junker theory Arddosening processs @reviously
introduced, Finkelston (Finkelston 1972)performed a comparison between free
spinningand prevailing devicesHe foundthat prevailing devicesduce theate of
loosening, and prevembmplete loosening when transverse vibrations are applied.
Meanwhile,Peace (Pearce 1973fesed a broad range of locking fasteners using a
Junker machine and introdeata shockmovement througluse ofan air hammer.
Comparing different types of washers, he concluded that helical spring washer
improvedantiloosening capabilitiesvhenconpared to a plain washer.

Furthermorethe experimental studies Barrett (Barrett 1990)tated that jam nuts
and double nuts are too unpredictable for aerospace applications. In fact, the torque
required to tighten each nut is not well understeimjlarly the load distributionat

the clamped interface is also varialA@other implication of the use gdm nus and
double nutss theincreasef the joint weightwhich becomes particularfyroblematic
whenthousand®f bolts are utilised in an aircraft engi@@vinall & Marshek 2006;
Budynas & Nisbett 2010)

Different platformdo investigate and assess the-#misening capabilities of locking
deviceswere later introduced such aswo new platforms developed Hyase at al.
(Sase et al. 1996; Sase etal. 1998h e O Di slpd saecde mMecmds eni ng
t he O0Acdalserda tl iomrs.dnntheinwork,deyvstatedhatthese two
platformswere easier to adjust in amplitude and frequenoynpare to the Junker
machine As shown byFigure2.12, they concluded thaterrated flange nutedged
spring nutsmetal inserted nuts, and cover rings had poorlaatiening capabties
compare to conventional nutshile nylon inserted nutgerformed slightly better. The
best performing locking devices in their experiments were faarite double uats
andeccentric nug, which significantly reduced the loosening ratbgitunder limited

conditions.
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Figure 2.12: Saseet al. Results(Sase et al. 1996)

In 2009, different external locking methods were analysed usiaglaer test machine

by Cheatham et #Cheatham et al. 2009Who investigatel locking devices on
fine1 0(6.35 mmithreagkdfasteners, such as standard freening HeliColil inserts

with high vacuum greaseand standard freeinning HeltCoil inserts with Loctite
threadlocker. Analysing the load versuke number of cyclse they showed that
standard freeunning HeltCoil inserts with Loctite threatbcker have the best anti
loosening performance compared to the other two.

Further analysingadhesive locking methods, as highlighted by Martinez et al.
(Martinez et al. 2011and Petrova and Lukin@etrova & Lukina2008) adhesives
used amthreadlocker are very sensitive to temperature changes and are not reliable
if subjected to multiple assemblies. Similarly, Kurftiumar 2014) investigated the
antiloosening capabilities of Nylock nuts, which use a nylon collar to increase the
CoF in the threads. However, this type of locking feature isy applicable to
applications with an operating temperature lower than the melting point of the nylon
(150°C)(Smith 1990)

Different prevailing nuts were investigated in a recent studi¢dnles et al(Eccles

et al. 2010usinga modified version of the dlker machine. In order t@analysethe
loosening inthe locking deviceghey introduced clamping loathg from 0 to 5 kN
intermittently to the transverse vibratiom their experiments #y found that
prevailingjoints can completely detach if teteampingloadng exceeddthe residual
preload. This conclusion regardinglamping loathg was in contrast tgrevious
studies, which stated that prevailing fasteners cannot completely détehalso

developed an analytical modeto identify howthe loosening of the joinhight be
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preventedwhich includedhe tensile load, the prevailing torque and the pitch of the
screw. They found that free spinning nuts can completely turn loose with only
transverse vibrabn andthat the majority of selfocking devicescantolerate some
degree of loosening under transverse loading.

Interestingly, inthe work of Panjeand Das(Panja & Das 2013)in which they
analysed théocking propeties of differentselflocking devicesincluding washers
they found that washers did not significantly prevent loosenimgvasely believed.
Additionally, they conclude that spring washers anthside or outside serrated
washes performedonly marginallybetterasantiloosening devices.

As highlighted in this reviewnultiple testplatforms araised to evaluate the locking
capabilities with the Junker tedteing the moswidely used.Additionally, due to
obvioussafetyconcers, aerospace maacturers often employ other test methds
order to achieve a documented standauth as the SAE standard t€dSIAE
International 2014)Therefore for applicationan harsh environments, such as those
found in the aerospace industry, fasteners with a mechanicainpdieature are
frequently used. However, because of tHerementioned issues, a physically
deformed nut is generally preferr@d the aereengine industrywhich provides a
looseningresistance effea@ndis easilyassembled and disassemblad previously
stated, in this study, locking nuts whicave a silver coating applied into ttieeads
and in the bearing face to prevent seizure and reduce franoexploredaswill be

introducedn the next section (Sectidh4).

2.4 SILVER COATING S
2.4.1 Introduction

In aereengine applications, adiscussedthe bolts must withstand temperature
exceeding DOCC, manufactures use fasteners made from heat resistantaigyst
such as Inconel and Waspaloy. However, when used in a like ceaere is likely

to occur as thee isa vey high CoF. Indeed, inthe work of Fox & Liang(Fox &
Liang 2010) Inconelwas found to hava CoFvarying between 0.6 and 0.8. To limit
this, a coating barrier is normalgppliedin the surfaces in contaas examined in
this work where silver is applied in the threads and inbdaring surface of the nuts.
Silver plating is prohibitively expensive for most fastener applications, with the

aerospace industry being a notable exception
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2.4.2 Silver as aLow Friction Coating

The applied silver coating serves both as a corrosion inhibiraadry lubricant,
reducing galling of the threads in high temperature environments. Additionally, it has
a good higktemperature performance due to the platgddarhigh melting point of
962°C (Pauleau 1996)andit can be successfully used as a solid lubricant up to a
maximum temperature of 650°C. In aenogine applications the silver coating is
electreplatedontd he t hr eads wi t hesultingib low codffioients s o f
of thread friction of the order of 0.AM15(Robinson 2009)The limitedvariationin

the CoFis important when predictinghe torque required to achieagiven end load.

It is thoughtthat silver provides low friction between hard surfaces during relative
motion due to its low shear strength, which allows it to plastically detbus
providing solid lubication, however limited investigations have been performed
(Pattinson & Reade 2012%ilver belongs to a family of soft coatings, and can easily
shear to reduce friction. Yang et @ang et al. 2003)further investigated the
tribological behaviour of the silver, finding three wearimags: mild, moderate and
severe wear, where tli&F induced by the coatingas found to gradually increase

as it sustained increased leyef damageas shown ifrigure2.13.
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Figure 2.13: CoF of Silver Films against the Contact press(adapted fronYang et
al. 2003)

Furthermore, El Sherbini et @l-Sherbiny & Salem 198&nalysed different coating
methods, and found ieplating to be the most effective forbological applications.

At present however, ion plating is found to be cost disadvantageousand
electroplating is the preferabd®@mpromise between cost acapabilify.

Marechal et a(Marechal, Pauleau, et al. 1994; Marechal, Quesnel, et al. h&94)
examined the tribological properties of the silver coating at different thicknesses (from
0.4 to 20 um) at room temperature and at 500FiGure 2.14). They found a lower
value of CoF when the coatings are less thanrh,asthe substraténstead of the
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coatingsupports the load. Above 5 um, the friction increadeng with the thickness,
as the soft coating starts to support the load, increéisengontact area. Because of
the softening of the silver coating abov®0°C, they found a reductiaof friction
with temperature for very thin coatis@ess than 3 um), and an increase for thicker
coatings, compared to the rodemperature results, adtiv softening, the load is
supported by a larger contact area.
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Figure 2.14: CoF at Room Temperature and at 500°C for Different Silver Coating
ThicknesgMarechal, Pauleau, et al. 1994)

Additionally in tests at elevated temperatihe study also found no significant
difference between tests in air and nitrogen atmospheres, further highlighting the
oxidaion resistance of silver coatings.

At this momennho experinental works haveeenperformed to assess the mechanical
properties of the silver coating after thermal ageitog,understandhe coating
conditions of the aerengine fasteners duringngine maintenancén fact, during

joint disassemlyl, post cooling at room temperature, seizure is frequently seen and in
combinationwith the limited working spaceat can lead tocatastrophidailure of
nearby components.

2.4.3 lIssuesSurrounding the Use oBilver

As highlightedn the introductionsilver migration may occwith degradation of the
coatingand if the silver comes into contact with titanium pargtress corrosion
cracking can occur. In order to try and limit this problem, silver coatetsjare only
used in applications where the service temperature does not exceed 300°C. However,

at high loads and in combination with contaminants preserthenaereengine
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environmentmigration isaccelerated. Silver coatings haalso be found to varyn
thickness with undistributed thicknesses of 20m r e gRobinsom @009)which

is likely to be ploughed off and entrainedo the engine.

Additionally, silver platings also being phased out with the introduction of European
Union Reach legislation, which has highlighted the health, safety and environment
issues associated with the cyanide baths used as part of the plating process
(Robinson2009)

These are all requirements that any future replacement coating for silver would have
to meet. At present no satisfactory alternatives have been fotirah is in part due

to a lack of understaimy with respect to silver behaviour and functionality. Its low
plating cost &pproximately £0.30 per fuin conjunction with a lowCoF, mean it is

still used in aereengines, although inspection intervals a@v increased. Any
alternative coating would also have to meet the statedimes reuse criteria
(Robinson 2009)

Finally, most studies performed to dateve been limité to ball on flat tests, and have

not investigated the behaviour of silver coatings in bolted joints, despite this type of
coating being widely used in the aerospace industryomuaction with a crimp

feature, therefore a significant knowledge gap exists

2.4.4 Low Friction Coatings for High Temperature

An ongoingresearclareafor coatingss investigatingow friction and wear resistance
at high temperaturtor aerospace and machiningrposes, where temperatusean
reach J000°C. In this section thenostsignificantresearchin this area isummariged.
Typically, based on #htemperature requirement, thegpes of coatingareused in
combination with superalloys. For example, ni a recent study,Houghton
(Houghton2015) investigate different solid lubricard for Inconel alloys, with the
aim of reducing the weaate He stated that in theelectionof a suitable coating, not
only the lubricatingpropertiesare taken into accourthut also theability to support
load, the thermal properties, theost and the ability toimprove the tribological
properties of the materials in contdathis work, Nitridesand DLC (DiamoneLike-
Carbon)coatingswere investigated\itride coatingamprovethe surfacehardnessf

a wide range of alloygut alsahewear resstancedue to the formation of@otective
oxidelayer.Nitride based coatings, suchEBganium Aluminium Nitride, Zirconium

Nitride, Hahium Nitride and Boron Nitrideare widely used in the cutting tools
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industry. DLC coatings area category of hardoatingsknown for thear high load
capacity andresistanceto abrasive and adhesive wed@ifferent typesof DLC
coatings areavailable on the market, #h exact formula kept secret by each
manufacturer, generallyoweverdegradation at high temperatureors

More widely,areview ofresearch donep to1982was done byliney(Sliney 1982)
summarsing the differentsolid lubricantcoatingsfor high temperatwe applications
(journalbearingsn particulaj, wherethe use of other lubricantsrisstricted. In fact,
above300°C most ois and greaseare not stablandsolid lubricantsare generally
applied

MoS2 (molybdenum disulphide) and W§Tungsten disulplde) are commonly used
due to theitow shear strengtirhese coatings showgdod lubrication propertiagp
to 350-400°C or slightly higheirfor short durationsSimilarly, graphite which must
adsorb vapours to develop good lubricating propertiesdlyapxides at high
temperature, anddditives such as Cadmium Oxide (CdO) can be appligthfmove
the properties.

Othercoatingsare used for high temperature bearirggch as Graplet Fluorides,
Polyimide coatingsand hard coatings such asuahina, silca and silicateswhich
showedgoodwear resistance but high frictiohhus soft oxides are normally added
such as lead monoxid® reducethe CoF, especially at high temperature where their
shear strengths are reduced.

Bi et al. (Bi et al. 2013)in their overview ofhigh temperature selibricating
materials highlighted the intention to develop synergetic lubricationmaterials
combininglow and high temperature lubricanEluoridesand molybdatesappeared
to be promising high temperaturevear resistansolid lubricants while Zirconia
ceramics wee potential candidates especially at high temperaturghbeutighCoF
was not acceptabldor engineering applicationg hus, additive such agraphite,
MoSz, Bak, Cak, Ag, AgO, CuO, BaCrQ, BASQy, SrSQ, CaSiQare applied as
effective solid lubricantsSimilarly, Aluming with its goodchemical stability and low
price,showedhigh friction andpoorwearresistancat high temperaturand br this
reasonpetter performance are achieved addhggand fluoridesas solid lubricants
The NASA Lewis Research Centesuccessfullydeveloped theheat resistance
coatings, such é®S100 PS200, PS300 and PS400 series of plasma sprayed coatings.
PS100was anickelglasssolid lubricant, PS208hard nickelcobaltbonded chrome
carbidematrix with the addition of solid lubricant such/&g and Bak/Cak. PS300
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replacedhe harder chrome daide of PS200 with chrome oxide, and more recently
the issues rated with the previous coatings were solved in the PS400 series.

An additional successful heat resistance coatin@NihBN, in which the non
wettability and the poor sintability of the hexagonal Boron Nitride (hBN) is
improvedby the use othe Nickelmatrix. Despite the fact thats properties are
strongly dependent on temperature, it is used as dubeitating wear resistant
coating up tB00°C.

An emerging class of coatings elaptive tribological coating, which are aew
developing method abmarbmaterials such as VN/Agwhichadjusstheirchemical
structure as a function dhe environmentand temperaturéhey are subjected ,to
improvingtheir lubricating abilities In fact while silver provides good lubricaticat
low temperature, thAgsVO4 phasaeduces thériction at high temperature due to its
layered atomic structure.

Likewise NiAl alloys which show poor ductility atroom temperature andow
strength and creepsistanceat high temperaturecanbe improvedwith the aldition

of soft oxidesin orderto reducehefriction andthewearrateat high temperaturelue
to the softening oxidanda low shear strengthA NisAl matrix containing Ag, Mo
and Bak/CaR in a mnulti-layer structurealso improvesthe stress concentration
between thecoating and thesubstrateand reducesthe porosityin the interface
increasingthe adhesion to the substrate. fact, multilayer structueare normally
used taeduce the stress concentration and improve the bonding striérgielieved
that ro universallubricant canoperate at awvide range oftemperaturs with a
synergetic lubricatio mixing two or more lubricants being a promising alternative.
A recent eview by Voevodin (Voevodin et al. 2014presented a series of hard
coatings for high temperature applicaspmparticulaty for dry machining As
commonly known, hardoatings have high coefficiesaf friction, thus soft additive
are applied such as silver and goldh fact, these soft metalsre reliable solid
lubricants due to theiow shear strength overrangeof temperaturg, from below
ambient to tkir melting points.Being €nsitive to the thickness, theyork beston a
hard supporting substrate andhim films (up to 1 micron)in fact,when a thick film
is applied,part of the load is carried by the soft coating, generadirgignificant
0 p | o u g h iandigcrehsing tedrigtional forcAt high temperatursoft coatings
were found toexhibit a low wear resistana@nd areeasily damaged due to their
softening.Thus, nanocomposite coatingsere developedwhich include the solid
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lubrication of thenoble metals while maintaining wear resistarafea hard matrix
such as binary yttrium stabilized zirconia dhelgold or silvemanocomposite coating
materials.

In order to progresthis class of coating and address some of the issues in their
application the thermal manageent of the mechanical contactbgeing promoted
The aim isto reduce heat spikes dmedistribute the thermal loaaf the sliding
componentsin orderto prevent the deteriorath of thebasematerialswhich can be
achievedusingmultilayer coatingssuch asTiN/CrAlIN.

In conclusion, rost of the studieseviewed abovaimedto reducefriction at high
temperaturewhile scare research wadone to analyse the frictional propertedter

a thermal cycleln fact, a keyocusof thisthesis is the examination of the lubricating
properties of the silver coating and the possible alternapgesageing Cost and
chemical affinitywerenot taken into account in this reviealthoughare significant
in thecoatingselection For thisreasons up until recentiilver was foundo provide

a good compromisbetween friction, cost and chemical stability in the aargine

environment

2.4.5 Summary: Application of Crimped Nuts & Silver Coatings in Aero
Engine Fasteners

High contact loadslue tothe elliptical crimpand high temperatures result in high

shear stresses and differential thermal expansion between the fastehercaating.

These conditions create the risk of coating breakdown and wear particle formation,

leading to an increasinggvability of seizure or damage to the threads. Adhesion of

the coating to the substrate (nut) plays an essential role in avoiding failure, and has

been one of the key drivers behind the choice of silver, as opposed to other low shear

strength material@attinson & Read2012) In this application silver has been found

to have sufficient adhesion to the nut threads during tightening atightening of

the fastener assembly, protecting the mating threads with a physical boundary, thus in

most cases avoiding gallifRobinson 2009P r evi ousl y, sil ver ds

temperatures in the range betwé&0 and 760 °C was also critical, though as

discussed this has now been found tdirnéed. Engine fluid, engine oil, fuels, high

humidity and fuel contaminants such as Sulphur and Chlorine are present in the engine

and can penetrate into the nut through the unloaded threadlfidiakt, he current

design specification of thread toderce allows a coating thickness 6133 € m, wi t h
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the penetrantsavingbeen identified as a key issue with respettésilver migration

(Zhu 2012) Additionally, in most cases fasteners are made from nic&séd alloys,
Waspaloy and Inconel 718, and corrosion resistant steels A286 and FV535, and silver
has been found to not activate any failure mechanisms with respect to these alloys.
Indeed, up until recently it was thought to be inert with respect to all of the engine
materials it contacted, such as titanium, carbon steel, aluminium, and magnesium
(Robinson 2009)

In conclusion, at this moment there ifaak of knowledgeconcerningthe elligical
crimped locking device in ¢obinationwith the soft silver coating applied in the
threadswhich were found ta@au® the failureof the jointsin the aereengine For

these reasons, the tightening process of the coated crimpedilhins analysed in

this work Additionally the lubricating properties of thiéver coating after a thermal
cyclearenot well understood, and witherefore provide a key objective tbis thesis.
Alternative coatings and locking design are also investigated, in trdeducethe

issues seen witthe current methqdvith the aim of minimising the contact stresses

experienced.
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CHAPTER

FRICTION OF SILVER COATED
FASTENERS

3.1 INTRODUCTION

As discussed in Chapt@ mechanical components in aerogines operate over a
temperature range froib0 to 760 °C. As a consequence, the fasteners used to join
conmponents together are manufactured from heattaegisupesalloys, which can
generatdigh coefficients of friction, causing seizure. To prevent this, a silver coating
is normally applied on the fasteners. Additionally, in order to avoid vibration
loosenng, a radial crimp is added to the end of the nut providing-4osdiing feature.
Unfortunately, this also has the effect of localizing the contact stresses in two small
areas, increasing the risk of removing the silver coating from the nut threads and
triggering seizure. Whilst seizure of the joints is undesirasa@liscussettansfer of
removed silver from the nuts to other parts of the engiaksasa significant issue. In
particular, silver can combine with corrosive species in the presence afire@sad
attack Nickel and Titanium alloys leading to an increased inspection requirement.
Multiple researches have been working on developing fasteners over the past century
(as described in Chapt&y, with a simlar approach being followedy Nassar et al
(Nassar et al. 2007; Nassar et al. 2005; Nassar & Zaki 2009; Nassar & Yang 2007;
Nassar & Yang 2007)As described in Sectio®.3 they investigated various anti
loosening methods, iaddition to different tightening speeds and different coatings.
However, the performance of the silver coating, being used mainly in aerospace, is
not fully understood, in particular when used in conjunction with alcseking
feature.

In this chapter the mechanical behaviour of the silver coating has been investigated
experimentallyon a bespokeest platform, developed to investigate tGeF of

crimped fasteners during tighteningp to a maximum loadf 11.6 kN. The
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performance of thsilver coating is investigated over a period of @uses, and its
durability assessed. Following on from this, samples were aged at 760 °C for 50 hours,

and theCoF posttest analysed.
3.2 EXPERIMENTAL SET -UP

3.2.1 TestRig Development

To investigate thread fricdh andthe behaviour of silver coatings a new test rig was
developed The aim was to measure the clangpload,torque and the tightening
angle, as a function of ten Through this approach it wasssible to calculate the
CoFon the threads, a key paraerein understandg the screw mechanism. In this
section the development of the testisglescribed

Torque
Sensor

Thrust Bearing Guide

b)
Figure 3.1: (a) Test Rig andb) Joint CloseUp

The CAD image of the manufactured test platform is showngare3.1. As shown

in the figure, the motor turns the nut into the bolt, compressing a load cell used to
measure the clamp force. The bolt is fixed inrgue sensor, which in turn measures
the reaction torque. With this test arrangement it is also possible to rotate the bolt with
the nut fixed, by swapping their positioifthe overall capability of the test platform
was designed based on the RdReyce sandard for the fasteners under investigation
(Rolls Royce 2011)The load cell is donut shaped, and has the form of a thick washer
wi t h (6a35 mm)diameter hole in the midel It is a LTH350 compressive load

cell manufactured by Futek, with a peak measurement value &N22and was
calibrated from 0 to 20 kN, with an error of 0.5 %. The torque sensor is a reaction
sensor (TFF350 by Futek), with a maximum measurement capatbib6 N-m, with

an error of 0.4 % and was calibratgithin the range 0 to 28l-m. The torque sensor

has not been calibrated for its maximum torque as the error depetits calibrated
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range; thus an error 6f1 N-mis achievednsteadof 0.2 N-m over the reducethnge.

This type of sensor works in both the clockwise and-eotikwise directions. Both

the load cell and the torque sensor are connectedamputervia USB.

The motor and gearbox shownHigure3.1 are used to drive the nut. The motor is a
Baldor BSM63N375AA unit, with a power of 375V, and has an integrated position
encoder. It is capable of delivering &l2m rated torque witla peak output of 8-m,

and has a rated speed gd@rpmand a maximum speed of 10,0Q0n. Included in

the experimental setp is a 50:1 reduction gearbox, meaning the maximum output is
90 N-m (due to the mechanical loss)200rpm.

The motor is moumd rigidly to the rig base plate, and a flexible coupling is utilised
between the gearbox output shaft and the socket for the nut. A rotary encoder
measures the rotation of the output shaft in combination elétimping loadand
torque measurements. On theposite side, the torque sensor is mounted on linear
guide rails so that the bolt is unconstrairmend free to move in two dimsions.

A steel washer is also included in the-sp{to ensurdoad is applied on the correct
face of the load cell, and alsecommodates a thrust needle bearing used to reduce
under head friction during a given test. Finally, two different adapters for the flexible
coupling and t or gue (%52nmy square (devest tverewi t h
manufactured, allowing a range of fasterierbe tested. All components ateunted

on a 12 mm thick steel table, which is fixed in the floor to prevent unwanted

movement.

Torgue Washer
sensor

k--\-/ -E\:

T — t f Gearbox
P
' y Tested  geqring

joint

Figure 3.2: Test Rig
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The motor speed along with the acquisition of positional, load and torque data is
controlled via a LabVIEW program (version 201ZEjgure 3.3 shows the user

interface, while iIMPPENDIX A an oveview of the developed prograisprovided

Figure 3.3: LabVIEW Interface

Motor speed is set pitest, with an end load or torque target also specified. When the
end load or torque limit ileached, the motor stops running and after a short dwell the
process is reversed and the joint istightened. As shown ifigure 3.3, the front
panel of the program graphs and displays the measuremeegtime during a test.
Torque, time, load and shaft position aoatinuouslyrecordedn a text filg allowing

the CoF in the thread$o be calculated throughout the tightening process. The
maximum acquisition speed is0D0 values per second, but a sample rate of
100values per second was found to be satisfacsomgethe maximum speed used in

the test was 8m, thus providing2,000 values per rotation.

3.2.2 Materialsand Equipment

AS48824 bolts and AS49211F nuts were tegtetthis study. The AS48824 bolts are

I O(6.35)diameter, 38 mm long with a 20 mmehded section containing #8eads

per inchUNJF (Unified National Fine thread J series) and ha(V.é4ma) 5/ 160
12 point head. UNJF threads differ from the more combiNR variant by the root

radius of the male thread, being larger in order to improve the tensile performance of

the fasteners and to reduce the stress concentration factor as defined in the Standard
MIL -S-8879C(Military Specification 1991)Additionally, the requirement for high

strength is achieved with 3A and 3B classes of fit. The bolts are manufactured from
Waspaloy, an agkardenable, nickébased supealloy, with high $rength properties

up to 1000°C. Furthermore Waspaloy has good corrosion and oxidation resistance,
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and has a Yield Strength of 910 MPa and an Ultimate Tensile Strength of 1335 MPa
at room temperature. This combination of properties makes it ideal frogmext
environments, such as those found in aer@ines.

AS42911F coated and crimped nuts were used in conjunction with the bolt. The nuts
had 28 UNF threads per ingfiPl), were approximately 10 mm long (therefore
containing 11 t h(B.%%mdn))2 pointoutdr forma Similarly t8 / 8 0
the bolt, the material used for the substrate was Waspaloy. The applied crimp was
elliptical, and was produced by the clamping arrangement shorigure3.4, where

the nut dimney was compressed until a displacement of 0.35 mm was achieved.

Figure 3.4: Crimping Vice

The silver coating wagreviouslyapplied by electroplatinigy RollsRoyce resulting
inacoatingbl 3 e m i n t hi c kThecearancemequirédéor theltoating d s .
was taken into account, during the manufacturing process.

Mobil Jet Oil 1l (ExxonMobil 2015) a high performance synthetic gas turbine
lubricant, was applied to the bolts prior tetteg. All tests were carried out as per the
Rolls- Royce Design Standard JDS 829 (B®lls Royce 2011yvhere the end load
used to cl d6n03p mm)joird is 2156KN. dor to lubricant application
acetone was used to decontaminate the specimens. An image of the test samples is

shown inFigure3.5.

L
-—

a) by

Figure 3.5: (a) Mobil Jet Oil Il and (b) Joint Sample
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3.2.3 Experimental Procedure

In this section the experimental procedufar the needle bearing calibration dod
both theroom temperaturé 6 ¢ o | andthesmally aged testare explained.

3.2.3.1 Bearing Calibration Test

Whilst the under head friction can be assumed to be minimal due to the use of the
needle thrust bearing, as a consequence of it€wcompared to that of the threads,

it is more accurate if therquedissipated in the bearirig subtractedTherebre a
additional experiment was performed to determine its value. The needle thrust
bearings (AXK0821TN by SKF) have inner and outer diameters of 8 and 21 mm
respectively, and are 2 mm thick. The cage consists of two hardened washers, with a

single bearing cable of supporting a maximuatlamping loadf 20 kN.

Torque  Bearings ldsher  Load cell
sensor ;

Figure 3.6: Bearing Calibration Test

Figure3.6illustrates the calibration test setup used to calculate the bearing torque. As
shown in the figure, the bearing is placed between the nut and the washer, and by
tightening six M6 screws a variety of loading forces representative of the main test
rig werereproduced. In this sefp, a bar with a fixed disc is rotated by the motor, with

a second identical bearing used on the other side of the disc. The measured torque is
that required to avoid the rotation of the two plates, and is the sum of the friction
torque of both bearings. The load was measured through the donut load cell, with the
torgue sensor used to measure the bearing torque. A similar LabVIEW program to

that presented for the main test platform was used to record the test data.
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3.2.3.2 Cold Use

As highighted, during engine assembly joints are typically assembled and
reassembled multiple times, with 6-uses being a common target. Thus, 6 cycles
were performed on an as new joint, with an end load of 11.6 kN targeted. Mobil Jet
Oil I was applied to théolt and a thrust bearing used to isolate the thread torque as
previously described. The joints were assembled at rotational speedsoti@ring

wind on and wind off, and at Orpm during the final tightening and untightening, in
order to achieve a sstactory accuracy with respect to the targeted clamping load.
Torqueand clamping load wenecordegenabling theCoFto be calculated for each

cycle. The test procedure is summariseHigure3.7.

Place the thrust
Apply oil to nut bearing between [,|  Tighten until Untighten the
and bolt the bearing 11.6kN joint Repeat for 6 uses

surfaces

Figure 3.7: Flowchart of the Cold Test Procedure

3.2.3.3 Ageing Test

During engine operation, the joints must operate at high temperatures, up°t, 760
which can cause the coating to deteriorate. Thus, assembled joints weralltherm
aged at 760C for 50 hours, and their ability to prevent seizure investigated at room
temperature postooling. Whilst in the practical application, a significant level of
vibration accompanies engine operation, this has not been consideredasé¢hithe

aim of this study is to consider a worst case seizure event, and in the case of vibrations
these are likely to reduce the level of seizure experienced, and have thus not been
included in the study. In order to prepare these samples for ageitayophe required

to reach the end load was first evaluated using the load cell, and the joint-then re
assembled to the same torque with a Waspspager replacing the load cdfigure

3.8). The Waspaloy spacer had similar dimensions to the load cell, and wasnecs=d

the load cell could not withstand the ageing process. Mobil Jet Oil Il was once again
used as a lubricant.

The specimenwere therplaced in the overwhichgradually reaced 760 °C as per
Rolls-Royce Standar(Rolls Royce 2011)After 50 hourst constant temperatyriae
specimenswere left in the overswitched offto slowly cool down till room

temperature, and thelisassembled on the test rig. The torque profile was once again
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measured. As the load cell was not in place,Gb€ inthe threadsvas calculated

using the torque asdhoint began to unscrew, i.e. where the joint load was known. In
order to estimate th€oF in the threadsthe equations previously defined in
Section2.2.2 were used, assuming the end load of 11.6 kN remained during the
thermal cycle. As in the cold test, the surface torque must be subtracted from the total
torque. Thus, the spacer plate wast®edwith respect to thgoint, to estimae the
surface torquewhich was thersubtracted. Once disassembled, the joints were re
tested using the load cell, as described previously, in order to fully characterise the
CoF in the threadsgsing Equatior2.3, with the overall test procedure summarised in
Figure3.9.

(b)
Figure 3.8: Thermal Ageing Test Assembly a) Schenaatitb) Real Joint Tested

. 4 N N ™
. Esgmate Replace load cell [,| Age 760°C for [, Cool down to
tightening torque . room
. with spacer 50hrs
with load cell temperature
o VAN AN
Re-screw with Untighten the Estimate surface
load cell and - int « torque rotating
thrust bearing ] the spacer
N AN S

Figure 3.9: Flowchart of the Thermal Test Procedure
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3.3 RESULTS

3.3.1 Bearing Calibration Test Result

The torque required to overcome the bearing friction was calculated. Five tests for a
series of applied loads were performed using Mobil Jet Oil Il as the bearing lubricant,
with the torque and the load during clamping measured eachRiguze3.10 shows

the results of the test. As shown, a linear relationship was observed between bearing

torgue and load, where the line of best fit was characterised by EgBation

Torgue, [M-m]

Load [kN]

Figure 3.10: Bearing Test Results

Torque=®. DRIBF (3.1)

The torque shown in the figure is half of the torque measured, as two bearings were
used at the same time. The equatias been subsequently used to subtract the bearing
torgue from the total torque measured during tightening experiments using the main

test rig as further explained in Secti8B3.2

3.3.2 Calculation of Coefficient of Friction

From a given data file, torque and load are extracted as a function of the angular

position as shown iRigure3.11.
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Figure 3.11: Torque and Load during Screwing

The example data set Figure 3.11 shows the torque and claimg load recorded
during the tightening as a function of the position of the bolt with respect to the nut.
As shown, the horizontal axis is plotted in terms of thmiber of complete threads

out of the nut. This value is determined by counting the number of threads that are
observed out when the end load is reached, and provides a frame of reference for the
test.

As previously stated, in this work elliptical sédtcking nuts are used, which produce

a resistive torque whilst engaging, as per the prevailing torque locking methods
described SectioB.3. In practise, the selbcking feature is achieved by deforming

the chimney adh will be further investigated in Sectio@st.1and4.7.1

As shown inFigure 3.11, at the start of the test the bolt threads engage with the
crimped nut threads, producing the locking torque. The locking torque is almost
constant until axial force is developed, with a sinusoidal pattern evidsnthe
fastener begins to clamp the load dgibint A), torque and load rapidly increase
before reaching the 11.6 kd¢t point(point B). Figure3.12 shows the load plotted as

a function of torqueyherea higher torge is measured during the first tightening with
values becoming approximately constant witkuse. It was also found that torque

values were lower during the ightening phase.

40



FRICTIONOF SILVER COATED FASTENERS

12 F

1st Tightening
- 2nd Tightening
8 ————— 6th Tightening
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Load [kN]
Figure 3.12 Torque vd.oad for 6 reuses

When theclamping loads zero, theneasuredorque isdue toself-locking only, and

resuls from the resistance due to the crimp in the nut chimney. At the end of the load
cycle, when the preet end load is reached, the motor stopsthedorquereduces

The motor stops after 50 milliseconds and the end load is usually surpassed by
approximately 0.40.2 kN.

As previously defined in Sectiah 2.2 the total torque required to tighten the joint is

the sum of four factors, the pitch torqtiee bearing torque, the threads torque and the
self-locking torque. In order to calculate CoF in the threads, the threads torque should
be isolated and the aghfactors subtracted@he pitch torquerequired to stretch the

bolt, is calculated as:

0
g
Thus, subtracting the bearing torque, defined in Se@&i8r1, and the selfocking

Y 0 (3.2)

torque, he CoFin the threads has then been calculated

WOE LY

i O

(3.3)

Assuming the selfocking torque is constant, with the average value taken over the
final revolution of the nut prior to compressing the load cell and genedénging
load the CoF can be calculated and plotted against position, load and torque (an

example is shown iRigure3.13).
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Figure 3.13: CoF in the threads

As shown inFigure3.13, the CoF changes as the joint is loaded, whiohy indeed

be the casehut the calculation procedure may also contributing to such observed
trends In fact, the sefocking torque has been assumed constant, and this is clearly
not the case based on the observed sinusoidal pattern in the torque data as the crimp
is engaged. Thus, it was assumed that theleehting torque continues with its

sinusoidal pattern, even when tblamping loadis developed, as shown kigure
3.14.

T Self-lock

Torque [N-m] Load [kN]
w
ey,

3 4 5 6
Revolutions (threads out)

Figure 3.14: SelfLocking Torque Assumption

Figure 3.15 shows the resultingCoF in the threadsalculated by subtracting the
assumed selbcking torque and using Equati8rB.
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Figure 3.15: CoF in the Threads

As shown inFigure3.15, theCoF in the threadshowsless scatter comparedRgure
3.13, in particular at the beginning of the clamping. However, the friction valire at t
end load remains constant, in the rang@. ®250.13.This refined calculation method

was thusused in the rest of this wark

3.3.3 Cold Use

During the cold test the torqu#é)e loadand the angular positiowere acquired

continuously during thé cycles.
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Figure 3.16: SeltLocking Torque over Reses

As shown inFigure 3.16, the torque can be plotted against the angular rotation,
showing a sinusoidal pattern of the skltking torque over the whokest, with the
first cycle being slightly highethan the following cycles, and will be further
investigated in the following sections.
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Upon postprocessing, using the approach and the equations previously described, the
CoF in the threadsas isolated ahplotted for all six rauses, along with the clamping
load (Figure3.17).
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Figure 3.17: CoF for Cold ReUses

As shown irFigure3.17, the thread friction over the cycle was foundaingebetween
0.1-0.14, and showa gradual increase with clamping load. Furthermore, the friction
during the first tightening was found to be slightly higher with respect to the following
cycles. Thesewo behaviours of the silver coated crimped nut will be further

investigated in the following sections of this work.
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Figure 3.18: CoF for Cold ReUses, 5 Tests

Figure3.18 shows the averadgeoF in the thread®r 5 test specimens (6 cycles each)

whilst alsotakinginto account the minimum amdaximumfriction recorded at 1 kN
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clamping load increment#s shown in the figure, th@oFresults show@mne scatter

at low load, whichs attributable to the accuracy of the sensors at low values. Also,
the selflocking torque was déisnated as previously describadd at a low clamping
load makes up a significant part of the total torque (Equatidf). As highlighted in
Figure 3.18, the scatter decreased with increasing clamping load, with a @nge
0.11- 0.13measured at pedéad.

3.3.4 Ageing Test

Five siver coated joints were tested at 760 °C for 50 hours and unscrewed after
cooling at room temperature to evaluate the break tortjues simulatingthe
untightening process during engine maintenanbe.results are summaeisinTable

3.1

Pre Thermal Ageing Post Thermal Ageing
. : : . CoF . : CoF
Tightening | Untightening Untightening | Spacer
CoF Un-tightening Re-
Torque Torque ) Torque Torque : :
(estimated) tightening
0.118| 16N-m 12.7N-m 0.4 33.8+5N-m | 11N-m 0.24

Table3.1: Ageing Test Results

In the first columnsTable 3.1 shows the torque measured for the joint prior to the
thermal ageing process. As discussed this value was used to determine the torque
necessary to achieve the required end load with the spacer plate as opposed to the load
cell in place.Figure 3.19 shows the torque profile of the joint both ped post

ageing. As shown in the figure, the torque required to turn the joint is significantly
higher posthermal ageing. This result, along with the torque attributabletation

of the spacer, was used to estimate the thread fricliabl¢ 3.1). As shown in the

Table, the thread friction has increased significantly as a consequence of the thermal

cycle, and has more than doubled inueal
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Figure 3.19: Torque during Thermal Ageing Test

As discussedrigure3.19 shows respectively the torque required to tighten the joint
on the spacer, the torque re@uai to rotate the spacer after ageing, and the torque
required to unscrew the joint. The red curve shows the tightening torque, evaluated
using the load cell, and used teagsemble the joint with the spacer replacing the load
sensor. The blue curve shothe torque required to rotate the spacer after the ageing
process. When the spacer rotates relative to the joint, both bearing surfaces slide.
However, in reality dring the periodic engine maintenance, dutingunscrewing
proces®nly one ofthe two sufacesslides, either the bolt or the nut side, #merefore

in order to estimate théoF in the threadsnly, the total torque was halved. A peak
torgue wagalculatedat the beginning of the test, attributable to breaking the seizure
that occurred witlageing, further highlighted by the waslheint interfaces shown in
Figure3.20a.

Finally, the black curvef Figure 3.19 shows the untightening torque p@sjeing,
indicatng a higher torque than pegeing. During the test, silver removal and transfer

to the mating threads and the spacer was also obses/etipwn inFigure 3.20b,

with silver clearly evident on the bolt threads. Aghlighted by this discussion, the

CoF in the threadsieasured directly from the tstrewing process ian estimation

not taking into account the seizure of the seating faceaaoarately tested by +e
tightening.
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00—

Figure 3.20: a) Typical Washedoint Interface, b) Silver Transfer PeAgeing

As stated, multiple joints were tested using the previously described procedure, in

order to detect any scatter in the resultsziure3.21 five tests were plotted.
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Figure 3.21: Ageing Test Results

As shown inFigure3.21, the torque required to directly unscrew the joints dfter
thermal cycle was higher than the cold tightening torque in any test, with torque values
between 28.5-m and 39N-m (Table3.2). This variance in the results was thought

to be caused byarying degrees of joint sire, as illustrated iRigure3.20.

Cold Tightening Untightening postageing
1st 2nd 3rd 4th 5th
16N-m
35.4N:m | 28.5N:m | 28.5N:m | 39.1N:m | 31.0N:m

Table3.2: Ageing Test Results: Repeats

In order to further characterise the aged joints, once disassembled the joints-were re
tested using the load celigure 3.22 shows theorque and load curve for the aged
joint compared to that for the cold test, further highlighting the increase in torque
required to rotate the joint aftdne thermal cycle. Additionallyfigure 3.23 shows

the CoF in the threadas a function of joint load, where a similar increase in value
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with respect to load is once again evident, however, with a significantly higher overall
value in the aged cass compared to the room temperature céiseugh less than
determined from the aforementioned initial calculation (0.24 vs. 0.4 fassembly

VS. unscrewing respectivelyT@able3.1)).
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Figure 3.23: Pre- and PostHeat Treatment G Curve

3.4 DISCUSSION

The selflocking torque was found to vary over the six @ge and also follows a

sinusoidal pattern ggeviously presenteith Figure3.16.
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The selflocking torque during the first tighteningrocessis higher tharall other
repeatsbut wherethe samesinusoidalpatternis observedhroughout The reasons
for this behaviour weréhoughtto bethe silver removal from the hthreads and the
deformation of the elliptical nut chimneg further discussed in this section

In this section the tightening speed will &lsoinvestigated, in order to assess the
speed influence in th€oF during the screwingAdditionally the hardness of the
coatingwill be analysed in both condition, pre and fpageing in order to assess the

temperature effect to the silver coatiag a posslb cause of the friction behaviour.

3.4.1 Locking Torque Variation & Silver Removal

The strippingorocess was analysed throughesagagement test. Fikfferent joins
were assembledt different engagement lengtlwith the number of bolt threads
protruding from the chimneyvarying from zero tofour, with no clamping load
applied Thereafter, the joints were cusing anEDM technique, and the wér

removalassessed

0 +1

" EMED
. b) ‘

Figure 3.24: Engagement Test

As shown inFigure3.24, the silver stagto strip from the first winebn, particulaty

in the crimped section of the naind deteriorates further during continweichding.
Obviously, this process is acceleratgden the load is appliednd with multiple
tightening cyclesThis change may effect friction in two ways. Firstly, removal of
silver promotes a like on like couple increasing friction. However, silver remova
increases clearance reducirantact and the locking torque. Whileficient silver is
present globallyand mobile with the nut, the latter effect is likely to dominate.
Additionally, the external diametepof the ellipticakection of the nuveremeasired

during the 6 cycle test, as shownTiable3.3.
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Min dia [mm] | MAX DIA [mm]

Before It screwing 8.48 8.74
Clamped T 8.60 8.70
Before 21 8.55 8.72
Clamped 2 8.60 8.70
Before 3¢ 8.55 8.73
Clamped 3¢ 8.59 8.71
Before 4" 8.54 8.73

Table3.3: External Diameter during the Test

As shown inTable 3.3, diametral changi the nutis observedrom the first cycle
The minimum diameter in particularin the first cycledeforms andthen does so
elasticallyduring the following cyclesThus, he crimp sectionchangesalong with
the silverbeingpartially removed, aseen inFigure3.24, arethought to have caused
the selflocking torque to reduce during tloycles. An additionalanalysis of the
contact between the mating threadshisreforenecessaryo fully understand this
effectand will be presented in Chaptrwhere the contact mechanics will be further
analysedising theFEA.

3.4.2 SelfLocking Torque Pattern

As discussed, it has been observed that for the elliptically crimped nuts, the locking
torque recordetias a sinusoidal patteas thefastener is assembleBigure3.11 and
Figure3.16). As the bolt thread isontinuous in formit is unclear why this occurs,

therefore a series of measurements were performed on the threathasapgaratus

shown inFigure 3.25. As shown in the figure, a thr
rests on the bolt, connected to a digita

is free to move, and can be used to measure changes in the bolt diameter as it is rotated.
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Figure 3.25: Diameter Test Device

Five bolts were tested, with each showing almost the same result, approximately
4050 em between the minimum and the maxi mi
60em. This difference is permitted within
the process through which the threads are rolled. However, as schematically
demonstrated blyigure3.26, as the oval bolt interacts with the crimped section of the

nut, high forces will be generated twice per revolution, resulting in the observed self

locking torque variation and the sinusoidal pattern.

N

Figure 3.26: Oval Bolt and Crimp Interaction

3.43 Speedependency

The speed used during the experimental test previously described was gatat 3
during wind on and wind off, and at Om during the final tighteningand
untightening. This speed was chosen in order to more accuraselythe required
clamping load, and avoid any damage to the test rig, parficitatheload cell. In
reality however, duringngine assemlaswind-on speedcould reach 10@m (Rolls
Royce 2015)Thus further analysis is required in order to investigate the effect of the
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tightening spee@nd the applicability of the test performé&ds st at ed by
RRES9002@ wind-on and tightening speeds for skltking nuts are lower than
those used for standard nuts, where speeds as lowp2tay be requirednd must

be specified in the assembly instruction. Thus, joints were tested at different speeds,
up to 32rpm. The same joint was tightened at @0, in orderto accurately reach
therequiredclamping load, and untightened at different speed, doubling it every two
unttightenings. After each speed increasm tightening cycle at Ofpm was
performed, in order tobserveany friction change, due to potential damage of the
silver coating. Thus, the speeds tested were 0.5, 1, 2, 4, 8, fim3and the

recorded torque and load have been plottdeigare3.27.

0.5rpm
10 1rpm |
) 2rpm s I (-
4rpm /j’
_ 6 8rpm L
g 4 16rpm - / -
Z 32rpm
g 2
z —-‘T’Fr
© 0
'_
e
2 \
4 \‘_H‘_
w
-6
0 2 4 6 8
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Figure 3.27: Speed Dependency Test: Torque against Load

As shown inFigure 3.27, during the tightenings, at Otpm, no difference was
observed proving once again the higlepeatabilityand interestingly the limited
impact of silver removalHowever, during the utightenirgs at different speeds, a
torque increase was noticed. In order to further analyse the da@qfiveas plotted

against the clamping forc€igure3.28).
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Figure 3.28: Speed Dependency Test: CoF against Load

As shown inFigure3.28, a significant increasea the CoFwas found, partiulaty in

the first two speed increases (1 angp@). In order to numerically evaluate the

increase inCoF as a function of the untightening speed, the friction during

untighteningwas normalised using the datum Cadiculatedat end loadiuring the

preceding 0.5pmtightening, & plotted inFigure3.29.

25Tt T T T

r

16
Speed [rpm]

Figure 3.29: Increase of ©F against Untightening Speed

32

As shown inFigure3.29, the CoFrapidly increases uiht8 rpm, after whicha more

gentle increasés observed The same test was done with and without the thrust

bearing between the bearing surfaces, showing similar increases Qokhm the

threadsand the bearing fttion. The increase dfoF was expected, as seen in the

literature. In fact, Arnell et §Arnell & Soliman 1978Jound an increase CoFalong
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with the sliding speed using different soft coatings such as silver, indium and lead, at
different thicknesses. Furthermore, Z@ou et al. P07), analysed th&€oF in the
threadsn the presence of solid lubricants, showing a speed dependency gotil 5

in fine thread fasteners, in a range of speed between 1 angriO¥ang(Yang et

al. 2003) insliding tessfrom 20 to J000mm/s found an increase CoFwith sliding

speed, as the formation of the transfer layer acting as a solid lubricant is affected by

the speedas well asthe contact pressure, adl be seen inChapterd.

3.4.4 Nano-HardnessTest

As previously shown inSection 3.3.4 during the ageing process the frictional
behaviour of silver changes, with an increase recorded. To further analyse the effect
of ageing on theroperties of the coating,Hysitron Triboscope TS70, capable of a
maximum load of 10nN and maximum roughness of 3.5 um, was used to measure
the hardness both prand postageing. The measurements wéskenon the flat
bearing surface of the nut, ag tpeometry of the threads was found to be imprdctica
The preaged samples were polished wil0.25 micron diamond suspension for

2 minutes before the first test, with a resulting roughness of880MWN-m (Figure

3.30a), and a coating thickness of &5um. With a Berkovic indentefFischer
Cripps2011) a 10 cycle partial loading and unloading test was undertaken, with a
maximum load of 10N. Three locations on the sample were analysed, using a 3 by 3
matrix in a 50 um square scan area. The samsuneaents and test were undertaken

on the aged samples. While the thickness of the coating was found to be almost the
same, the roughness was higher-4t|8n (Figure3.30b).

500.0 nm 3500.0 nm

250.0 nm 1750.0 nm

0.0 nm 0.0 nm

Figure 3.30: Comparison between piaged (a) and postged (b) silver coating

The hardness of the coated nut pre and-pagsing, automatically measured by the

instrument from the partial unloading curve, was plotted and compaicpd¢3.31).
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Figure 3.31: Silver hardness preand postageing

As shown inFigure 3.31 the hardness of the peged sample is between 1.4 and
2.3GPa, while the hardness of the post aged sample is lower, from 0.5 to 1.2 GPa.
This result clearly indicates that the ageing process anneals the silver, leaving it
susceptible to removal at lowepntact pressures. In order to further explore this
effect, split nuts were compared from the coldise testKigure3.32a) and in the

aged condition posinscrewing Figure3.32b). As shown in the Figures, a significant
amount of silver was removed pagleing, as evidenced by the dark appearance in
many places of the threads. As a consequence of the severe damage to the silver
coating, an increase in tlimFis expected, as tfentact becomes chemically similar

to a like on like couple. Similar behaviour has also been explored by Roberts et al.
(Roberts et al. 1997Wwhere softening and annealing of silver were considered in pin

on disc tests. Additionally in tests at elevated temperature, the study also found no
significant difference Wdeveen tests in air and nitrogen atmospheres. This further
highlights the oxidation resistance of silver coatings, and suppoitse aut hor s

hypothesis that the observed effect was annealing related.
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Figure 3.32 Sectioned silver nut (a) after cold use test and (b) afterqgsing

test.

3.5 SUMMARY

The analysis of the silver coating behaviour in aerospace fastamgosssummarised

as follows:

T

T

TheCoF in the threads a silver oated joint was analysed duritightening,
highlightinga dependency on the clamping load. However, the coefficient of
fiction was found to be consistemthich isfundamental in order to estimate

the torque required tieeach the end load\dditionally, an overall low Cobf

0.125 waobservedat room temperature.

The silver coated joints were investigated after a thermal cycle at 760 °C, as
typical of engine operating conditionhe thermal ageing was found to effect
the silver coating properties, leading to a significant increase iGaRkdérom

0.125 to 0.24 and a significant silver removal and transfer to the nearby parts.
The nanehardness test showed annealing of the silver coating with thermal
ageing, resulting in easierremoval of the silver coating. Therefore, the
resulting contact between the bolt and nut threads becomes similar to a like on
like couple, producing a rise @oF.

The tests developed within this chapter have enabled full investigafion
silver coding properties within the context of this applicatidimus, the test
presented, such as the cold test, the thermal test and thérarainess test,

can be used to investigate different coairlg fact, in Chapteb different
coating will be analysedising the presented methods order to identify a
replacement for the silver coating.

56



FRICTION OF SILVER COATED FASTENERS

1 The CoFwas analysed at different speeds, showing a significant rise with
speed increase, in line with previous studies. Thssia assemblprocedure
should be carried out during engine assembly, usirspecific speedas

identified when evaluatinghe tightening torque required to reach peak
load.
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CHAPTZ£ER

FINITE ELEMENT MODEL LING

4.1 INTRODUCTION

In Chapter3, the silver coated nsitvere tested using a ngndevelopedplatform
analysing the frictional properties at room temperature and after a thermal dyle. T
tightening process for a bolted joint is generally analysed by measuring torque and
clamping force directly, and calculating contact pressure and thread friction
afterwards. These calculations rely on many assumptions and approximatidies, and

a given loadyield a single value o€oF, assumed to apply uniformly at all contact
sites.

In fact, previos work(Yang et al. 2003has shown that silver has pressure dependent
frictional properties, and it is widely know{@uvinall & Marshek 2006)that the
pressure in a joint is not constant, varying throughout the tightening process, and also
within the joint along the threads in contact. Additionally, this effect is further
accentuated when a crimp is used, as clearly seen in S8cfiowhere the silver
removal shows a neaniform pressure distribution. Thus in this chapter, the crimped
joint geometry along with the complete tightening process is dynamically modelled
using FEA techniques. The joint is ndelled in 3D using thé&EA solver Simulia
Abaqus 6.13, with pre and pgstocessing through Altair Hyperwork&ltair 2013b)
(including Hypermesh and Hyperviewgpplication of the crimp feature to the nut,

the initial windon of the crimped nut, along with the subsequent tigh¢ecycle are
investigated, using the materials and frictional properties of the joint parts in order to
fully represent the process.

The aim of this work is to investigate the contact of the mating threatiggresence

of a selflocking feature and #hin silver coating. Through this approach the contact
pressure at the threads during both the wind on and during clamping, along with the
overall CoF developed at these contacts can be investigated. AdditionallizERe
model will be a useful tool to imstigate new selbcking joint designsin order to
reduce the local contact pressures and decreasing the coating damage.
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4.2 MODELLING APPROACH

Bolted joints have been widely investigated over the past century as previously
described in Chapte2, using both experimental arfeEA approachesMackerle
(Mackerle 2003)n his bibliography summaiesl the pevious studiesegarding the
analyss ofbolted joints through 2@nd 3DFEA approachedn this case a 3D study

was undertaken in order to consider the effect of the helix and the asymmetric crimp
in the nut chimney on the thread contacts. This analysis will yield local contact
pressures irthe screwing process, something that it is not possible to accurately
determine from the experimental tests previously performed.

As previously explained in Secti@?2.4 gudies involving 2D axisymmetric models

and a northreaded 3D model have previously been undertaken in order to analyse the
mechanicalbehaviour of fastenersStatic models were preferred these cases in
order to analyse stresses and elongation along the joint,nasnityanalyses have
significantly longer solution timegukuoka et al(Fukuoka et al. 200&@nalysed the
effectsof the thread helix on the root stresses along a fastener, demonstrating that the
maximum stress occurs at half a thread pitch from the surface loaded by the nut,
gradually decreasing towards the top face of the nut. Additionally, ¥&aal(Yang

et al. 2013showed the load distribution along the threads, as well as the stresses and
the deformation alongultiple joints for fine and caae fasteners. In particular, this
studyhighlighted the advantages of using a 3D geometry when considering the effect
of helix dimensions.

The approaches undertaken in the highlighted studies, do not enable the complex
interaction between the bolt and the detiking nut to be fully investigad during

the tightening process. Therefore in this study a full 3D dyn&®i& model was
created, inclusive of the sdticking feature. The tightening of the joint is then
simulated over eight revolutions, with interface friction included as a conesdpe
dependent property. As in the previous studies, Simulia Abaqus was chosen as the
FEA solver. This package is commercially available, and offers high precision when
solving contact problems. However, as in all modelling approaches limitations exist.
In this case, the thickness of the silver coating is five microns and has not been
included in the model, as interactions between this layer and the substrate were too
complex to include, particularly when considering the potential for material transfer.
However, the frictional behaviour of this layer was still included in the model through
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consideration of th€oF. Silver coatings are of low hardness and shear yield strength.
In particular their friction response was identified to transition from asgdedtion

at low loads, through to bulk shearing as load is incregstmimberg &
Matthews2009) Therefore, th€CoF of the coating as a function of contact pressure
has been studied usingia on disdest, andhe resulting relationship used as an input

in the FEA model. Similarly, whilst the parts were accurately drawn with respect to
their specified geometi§f he Society of British Aerospace Companies Ltd 200w
surfaces are assumed to be perfectly round and smooth. Therefore the issue of bolt
roundness previously investigated in Sectioh.2 and the surface roughness have
not been considered in the analysis. Additionally, thermal effects as a result of high
tightening speed, and their potential impact on the frictional properties of silver have
not been considedehere, as experiments have previously been performed at low
speed. Finally, fillets and chamfers in both the nut and bolt modelled were simplified

to reduce the solving time.

4.3 PIN ON DISC TEST

Due to the absence of previous studies regardin@tfefor thin silver coatings on
Waspaloy as a function of contact pressure, a pin on disc test ma€igueed.1)

was used to characterise this relationship.

Disc

b) e
Figure 4.1: a) The Pin on Disc Machine and b) Simplification of the Test Feature
4.3.1 Test Procedure

Known also as ball on flat test, a disc rotates while a ball is normally loaded against

it. Five mild steel discs, 70 mm in diameter and 6.5 mm thick, were silver coated by
the same method and to the same thickness as the nuts, resulting in a coating thickness
ofapprx i mat el y &1 &6m85 mmdia didmster, made from Inconel 625

(an alloy with amlogous mechanical properties\Waspaloy) were used as the pin.
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The Poissonds ratio of the coating was
Young Modulus ofthe disc was found through a naimdentation test that gave an
average value of 99.5 GPa. The I naonel
and Poi ss on §(wmovided byithe mandfactQreg3 duthmarized ihable

4.1.

_ Youngos |Poi sg
Part Material
[MPa] Modulus
Disc | Steel (silver coated 99,500 0.37
Pin Inconel 625 205800 0.312

Table4.1 Material Properties

The machine was sep to measure the tangential force, changing the applied normal
force step by step. The speed wasgmegrammed, and the ntaone recorded force,
speed and Coéks a function of time, and stored it as a text file. Using different load
cells, theCoFwas examinedma pressure range from 40 t®»d0 MPa. Three load

cells of measurement limits of 0.5 N, 50 N and 200 N respectively were used. For
each load case, thiésc rotates for two revolutions at the same contact radius. In this
way, theCoFis recorded both for a first loading as wasbn a used track, simulating

the second reise of the joint. Afterward the ball was moved 0.5 mm radially outward
to unused marial, and the normal load increased. The linear speed was maintained
as a constant during the whole testl8t mm/min similar to the relative speed
observed in the screwing process. The entire test was executed in lubricated
conditions, applying Mobil et Oil I, to represent the oil typically used in the
aerospace application and in the tightening experiment.

100N

10N

Figure 4.2: Different Tracks in the Disc Sample.
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A Hertzian contact analysis was performed tingeste the contact pressurg,
for the contact between the ball and flat (infinite radius), with elastic contact
conditions assume@illiams & Dwyer-Joyce 200Q)

o o, P P
Z 41
@ T o O O (4.1)
c0 o0
‘ - 4.2
r] c 6 C 11 (‘;) ( )

wherea s the radius of the contact aréaands are respectively the Young modulus
and the Poi ss o (Ebfandal and theodisdES and2)) andFoisathel
normal force appliedThe CoFwas measured at different pressyfeom 20 MPa to

1,500 MPRa, in order to fully characterise thielationship The load required was
calculated using the previously defined equations for every pressure step of 10 MPa,
from 20 to 250 MPa, or 25 MPa, from 250 t600 MPa.Additionally, the contact

width is measum@ through a digital microscope, in order to identigny potential

difference from the Hertzian estimation to the actual pressure.

4.3.2 Results

The measure@oF, calculated as the tangential force divided by the normal force, has

been plotted against tliéertzian pressure.
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Figure 4.3: CoF against HertziarPressure

In order to further investigate the result, the contact width was measured using an

optical microscope, showing a divergence from the eltstiary presented.
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Figure 4.4: Area of Contact at 101N (a), 91N (b), 82N (c).

The measured radius of contact, obtained as half of the contact width, sHaguren

4.4, was compared with the Hertzian theory, plotting the applied load against the
radius of contact.

h,..
100 ; *
Hertz Theory / *‘,
¥ Measured / <
_ 80 ¥
Z ¥
g / d
S 60 / -
: *
= *
S 40 3
= s
/ *
20 e *.»f*
A *
0 i

0 0.02 0.04 0.06 0.08 0.1 012 0.14 016 0.18 0.2
Radius of contact [mm)]

Figure 4.5: Comparison between the Measured Radius of Contact and the Hertz
Theory

As indicated inFigure 4.5, the measured radius is considerably bigger than the
estimated one, implying theontad¢ pressure to be smaller. Thus, at higasgure,

with a soft coating of & m, the assumption of elastic
inaccurate. This behaviour has been already analysed in the literature, such as Kogut

et al(Kogut& Etsion 2002) who analysed the elas{ptastic contact of a sphere on a

flat surface and E.D. ReedReedy 2006)who investigated the contact on a thin
coating, demonstrating that the contact changes with the square root of the normal

load, instead of the power law relationship (two thirds) in the Hertzian theory. Hence,
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as the area and the logapéied are known, in line witthe Hertzian theory, theontact
pressure was estimated as the load divided by the Rirely, the CoF has been

plotted against the estimatptessureKigure4.6).
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Figure 4.6: CoF against the Actual Contact Pressure.

The graph inFigure 4.6 shows the dependence of tGeF on the contact pressure,
showing an initial decrease in friction with pressure, followed by a gradual increase.
The result from thein on disctest was alsoisilar to that observed by Yang et al.
(Yang et al. 2003)which analysed the tribological behaviour of the silver coating in

a pin on disctest in a pressure range of 10000 MPa, highlighting the wear and
friction dependency on pressure.

The variation inCoFwith respect tdhe pressure can be explained by considering the
silver behaviour in the contact. In fact, the above experimentshasn the
tribological behaviour of the coating, highlighting three different situations. At the
beginning, an initial adhesion was fourglthe silver is intact, followed by shearing
when the silver is bright, and progressive damage when silver is removed, as shown
in Figure 4.7. Furthermore, it was noted thatlver gives the lowest frictional

resistancevhenshearing.

64



FINITE ELEMENT MODELLING

Extrusion §{{f

s A o Wl S o A e

ML W
4| Unused Materia
P i Y

N

Figure 4.7: Silver Mechanism a) 450 MPa, b) 635 MPa c) 875 MPa

Additionally, the CoF obtained in the first revolution and in thecend revolution

have been compared, and plotted along with the contact preBgyueed.8).
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Figure 4.8: CoF versus Contact Pressure, as Result of the Pin on Disc Test

As shown inFigure4.8, the second reise at low pressure showed an analogonis

with respect of the firsHHowever, apressures above 700 MRae CoFin the second
revolution is higher than the first revolution, due to damage of the coating.
Additionally, the spike experienced at 80@00 MPa was due to the Inconel ball
being overused and slightly damaged, while, B0Q@MPa a new ball was useds
highlighted in previous studie@olmberg & Matthews 2009)this behaviour is
typical of soft thin coatings, which are susceptible to high levels of deformation,

leading to the substrate properties affecting@bé.
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4.4 FEA MODEL DEVELOPMENT
4.4.1 Geometric Model

The parts were drawn with the 3D software Solidworks 2012 using the appropriate
joint dimensions, with simplifications applied to the geometry by deleting fillet radii
and chamfers, as these were deemed to be inconsequential with respect to the model,
as cktailed previously.

The assembly is made of three components: the bolt (AS48824), the nut (AS49211F)
and t he | oa(6.35me)diameterboiteandindt are 10 and 35 mm long
respectively, with a UNJF thread shape. To facilitate the solver, theid@bolt head

was simplified as detailed in the previous section, while in the case of the nut all
dimensions were considered. T$teelload cell used to measure the clamping force

in the joint (Sectior8.2.]) hasalso been modelled, and has the form of a thick washer
wi t h (635 mm)diameter hole in the middle and an outer diameter of 37 mm
(LTH350 compressiw sensor manufactured by FURE Furthermorethe washer

used in theexperiments, also made from staefs not modelled in the FEA, but its
thickness taken into account into the load deljjure 4.9 shows a diagram of the
completed model.

= Vi

Figure 4.9: The Main Parts of thEEA Model.

442 ElementsBoundary Conditionsand Mesh Generation

Altair Hypermesh 1XAltair 2013a)was used as BEA pre-processor, to make and
handle the mesh, and also to apply load, boundary conditions and material properties.
3DS Abaqus 6.12 was used as the solvepoiting the Hypermesh output file and
generating a resulting file that can be read by Altair Hyperview, used for post

processing.
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A refinement procedure was also performed to localgnesh the areas of interest.

One of the key parameter of the analysithe contact pressure in the threads surface,
thus the contact between a slice of the nut and a slice of the bolt was analysed at
different element sizeas shown inFigure 4.11, where the nut section is pushed

aganst the bolt section, applying a radial displacement.

BOLT

Contact Pressure [MPa]

1.895TE+03 [
1.B00E+03
[1,400903 84 nodes 50 elements | 140nodes 60 elems 470 nodes 170 eles

—1.200E+D3
| P 23 seconds 29 seconds 73 seconds
e) f)

——8.000E+02

6.000E+02
4.000E+02
2.000E+02
0.000E+00

960 nodes 700 elems 14.1k nodes 12k elems

161 SecondS 277 Seconds 41700 SeCOI’ldS

Figure4.11: Mesh Refinement Procedure
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As shown inFigure4.11, the contact pressures for a portion of the joint threads were
compared using different mesh sizes. The mesh used in this work, shévgure

4.11d was found to be aacceptable compromise betwetbe pressure disbution

and the solving time, being one week necessary using this method (30 wéeks in
case of the example.fI'he volumes surrounding the areas in contact, were meshed
using first order brick elements (hexa). These elements offer increased accuracy,
while the rest of the model is maintained with larger elements such as tetra and
pyramid elements, to improve the solution efficiency. Bolt, nut and load cell have 56k,
30k, 1.5k nodes and 158k, 75.5k, 1.2k elements respectively giving a total of
87,500elenmentsand 235,00(odesfor the completed model.

Figure 4.12 The Final Mesh.

Rigid el ements, known as Ospidersodé, were
elements allow displacements and rotationbeapplied to the nodes the spider is
connected to. For example, these elements were used to connect the external nodes of
the nut to a centre node where the rotary displacement is applied. Six contact surfaces

are included in the model intotal, andwdre f i ned as CONTACT PAI F
Surfaceto-Surface interaction function, reflecting per contact between the bodies
(ABAQUS 2013) In the contact between the threads on the nut and bolt, the nut
surface was defined as SLAVE and the mating bolt serfes MASTER, in the
master/slave rules, as the nut has a slightly finer nfa&AQUS 2013) The

interaction used for this contact pair is hard pressuegclosure, with a nehnear

penalty also applied, allowing a small penetration between the surfaoegemnto

help the solving convergendeurthermore, the bolt and thatrwere positioned really

closeto each other, with a gap of 0.9 um, and an adjustment of 1 pum was used to help

the contact at the beginning of the simulatidhe CoF at a given pressarbetween
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contacting pairs is defined using the friction data from the pin on discRigsiré

4.8), and was uploaded as a leog table in the solver. Finally, the bearing surfaces

of the bolt and nut, which are intact wth the load cell, were defined frictionless,

zeroing the torque to overcome the friction in the bearing surfaces. This assumption
is acceptable when compared to the experimental study, as a bearing is used for these
contacts, and bearing frion removed from test results during ppsbcessing.

4.4.3 Material Properties& Assumptions

The bolt and the nut are made from Waspaloy, an age hardening austenitic nickel
based supesalloy, while the bad cell material is Stainlesse8l 174. As the load cell

behaves elastically, the material specifications are only densif8((7kg/m3),
Poissonbdés ratio (0.27) and Young Modul us
plastic deformation, Waspaloy was defined using the densja0@8kg/ni), the

Poi s s oon029), theadung Modulus (231 GPa) along wWith true stress true

strain plastic curve, as presented Figure 4.13 (ASM International 2002)and

defined as isotropic hardening.
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Figure4.13: Inconel 7B(ASM International 2002)

Abaqus 6.13Ftandard/Explicit was used as a solver, defining the analysis as dynamic,
guaststatic, with effects due to temperature and speed not considered. The thermal
effects have not been considered, as the screwing speed is relatively slow, meaning a
significant temperature increase will not occur at the rubbing surfaces
(ABAQUS 2013) Therefore, the increase FEA solver time associated with the

69



FINITE ELEMENT MODELLING

inclusion of these parameters is not deemed worthwhile. The material properties used
are summarised ihable4.2.

_ Density Young|{Poi sg Plastic
Part Material _
[kg/m?® | Mod. [MPa] | Modulus | behaviour
Load Cell| Waspaloy 7,780 197,000 0.27 Yes
Bolt /Nut | Stainless 174 | 8,200 213000 0.29 No

Table4.2 Material Properties
444 Load Casek Solutions

The analysis has three main steps: crimping, screwing and the final tightening of the
joint. The first step involves applying the crimp, tepr@duce the 0.35 mm squashing

of the nut chimney, using displacement control instead of load. Practicallys this i
performed using a vice equipped with a micrometer (Se@i@rf), while in the
simulation a displacement of 0.175 mm was applied to 10 nodes in two opposite sides
of the nut chimney. The bolt and the load cellndd take part in the first step, and

they were suppressed.

Figure4.14: The Boundary Conditions in the Crimping Step.

The second step is the screwing of the bolt through the crimped nut, in order to
produce the wind on for eight revolutions prior to the application of the clamping
force. In this step, the nut rotates on its axis for 50.3 radapying a rotational
displacement to the spider attachetlile the boltheads fully constrained. $nilarly,

the load cell is free only in the axial direction. The resistance torque extrapolated from
the centre node is the sdédicking torque. As this step is generally solved in about

4,000increments, in order to reduce the size of the output file lanavtiting time,
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the output file is written at 5% intervals throughout this step, around every third
revolution. Additionally, a restart file is required every 50 increments to avoid data

loss.

Clockwise
Rotation ./

Figure 4.15. The Boundary Conditions during the Screwing and Tightening Steps.

The last step is the final tightening, where the bolt is tightened to the standard end
load of 11.6 kN. The load cell and bolt are constrained as in the psestep, while
the nut rotates only 2 radians. The output file is written every 1% of this step, every
0.02 radians (around 1.94as additional data points are needed at thegrosessing
stage. The clamping load was extrapolated summing the nodalifotbe bearing

surfaces for either the nut, the bolt or the load cell surfaces.

Figure 4.16: Final Output Clamping the Load Cell.
4.5 VALIDATION

The FEA has been validated using the experiment resHigue 4.17), as the
boundary conditions and geometries are the same. The torque required to tighten the
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nut, the sum of the torque required to overcome the friction in the threads and the
torque required to stretch the bolt, has been plotted along with the clamping load. The
torque required to overcome the friction on the bearing surfaces has not been
consicered, because the interaction between the bearing surfaces was defined as
frictionless in the=EA, and during the experiments the bearing torque was measured
using the needle roller thrust bearing and subtracted (S&fdh). In the model,

the resistance torque was obtained from either the centre node of the rigid elements
on the bolt or the centre node of the nut, while the clamping load was obtained by

summing the nodal forces in the bearing surfaces.
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Figure 4.17: FEA and Experimental Results Compared: Load versus Torque.

Figure 4.17 compares thé-EA result with a typical experimental result, showing
similar curves. As shown, a significant variation occurs at the beginning of the plot,
up to 3 kN, and is caused by a lack of accurate friction data from the pin on disc at the
lowest contact pressures.fiact, a large number of nodes in the wind on process have

a small contact pressure, where the pin on disc test is not able to achieve accurate
results in this regime, due to the measurement accuracy of the load cell lused.

point will be further explced in the following sctions.

Furthermore, the surface roughness has been assumed negligible and is likely to have
an increased effect on friction and therefore torque at this low load. However, overall

the model appears satisfactory to investigate théaco conditions.

4.6 RESULTS

During the entire simulation stresses, pressure and deformation were recorded and

analysed through Hyperview, the Altair postprocegatinir 2013b) In the first step
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the nut chimney was squashed and ovalised. The displacement and the stresses have
beengraphically plotted Figure 4.18a andFigure 4.18b). Von Mises stresses are
shown when investigating the different components and load conditions, as they are
an appropriate desptor for an elastiplastic stress state and are analogous to

distortion energy.

Stresses Von Mises [MPa) Displacement [mm]

9.135E+02 1.750E-01
[8,1 20E+02 E1,558E-01
7.105E+02 1.361E-01

—6.090E+02 —1.167E-01
= 5.075E+02 7 9.722E-02
=—4.060E+02 =—7.778E-02

3.045E+02 5.833E-02
2.030E+02 r
1.015E+02

0.000E+00

3.889E-02
[1844502
0.000E+00
Max = 9.135E+02

Figure 4.18: Von Mises Stresses (a) and Displacement (b) in the Nut after the First
Step

Figure4.18a andFigure4.18b show the Von Mises stresses and the displacement at
the end of the crimping step, showing the symmetric deformation of the nut, with a
maximum displacement of 0.175 mmdaa stress of 913 MPa in the nut chimney.
During the second step the nut rotates into the constrained bolt. At the end of this step,
the bearing surface of the nut is in the proximity of the load cell. At this point the
clamping load is zero, as the johws not yet clamped the load cell, and the resulting

torgue depends on the thread friction and is a consequence of thekielf feature.

Figure 4.19: Nut Position at the Start and at the End of 8tep with respect of the
Engagement.
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Figure4.19 shows the position of the nut at the beginning and the end of this step.
Obviously during the winan step, the bolt threads engage the crimp, which is
plastically defomed.
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Figure 4.20: Von Mises Stresses in the Bolt (a) and in the Nut (b).

Figure4.20 shows the maximum Von Mises stresses during the screwing step in the
bolt (Figure4.20a) and in the nutHjgure4.20b), with a slightly higher stresses in the

nut compared to the bolt, with maximum stresses of 850 and 800 MPa respectively
for the two compnents. Furthermore, the stresses in the nut are concentrated in the
crimp section, while the first threads are totally unstressed. The contact between the
thread surfaces was analysed using the variable CPRESS, defined as the contact

pressure at every nedf the interface surfaces.

Contact Pressure [MPa]
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Figure 4.21: Contact Pressuralong the Nut
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As shown inFigure 4.21, contact only occurs during the wind-step in the nut
chimney, i.ethe crimped section. It is also interesting to note, that even at this early
stage of the tightening process, that high contact pressures above 1 GPa were
recorded.

During the tightening step the nut rotates into the bolt, clamping the load cell in
betwea the two bodies. The clamping load, measured at the interface between the

bearing surfaces has been plotted along with the resistance torque.
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Figure 4.22. The Resistance Torque along with the Clamping Load.

The curve irFigure4.22, as previously shown in the validation section (Sectié)
indicates the gradual increase of the resistance torque, as measured at the bolt head,
during the final tightening. Furthermore, Von Mises stresses in the parts are also

plotted when the end load is achieved.

| Von Mises Stresses [MPa] h
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Figure 4.23: Von Mises Stresses in the Nut during the Tightening Step
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Von Mises Stresses [MPa]
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Figure 4.24: Von Mises Stresses in the Bolt during the Tightening Step

As shown inFigure4.23 andFigure4.24, maximum values in the stredistribution

of the nut and bolt at end load, are similar to each other in the crimped section, and
have approximate values of 990 MPa in both componédditionally, a non
uniform pressure distribution were identified, due to the geometrical moddhing.
fact, both the bolt and the nut were modelled as polygons, interacting with each other.

However, the crimp effect in the contact pressure is observable.

Stresses YY
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Figure 4.25: Stresses in the Axial Direction Bifferent Clamjng Load: 1 kN, 3 kN,
11.6 kN

The stresses in the axial direction were analysed to map the distribution of the stresses
due to the clamping load in the nut, and plotted using the same scale. As shown in
Figure4.25, the load is entirely taken by the crimped section until 3 kN, when the first
threals start to be loaded. At tleed load of 11.6 kN, the pressure is mainly in the
first five revolutions, while in the crimp section the stresses are reducecvidgw
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the stresses in the crimp are still present, proving that part of the load is taken up by
the crimp.

4.7 DISCUSSION

The model can be also used to investigate some of the features observed in testing the
silver coated nuts in Chapt8rin Section3.4the drop in seHocking torque with re

use was described, and it has been suggested that it is cae#betye deformation

of the crimp antbr loss of tle coating. In this section, thestecs will be considered

using theFEA model, by monitoringhe diameter of the crimp section during the
tightening process, and modifying the thread shape to simulate a loss in coating
thickness.Similarly, in Section3.4.1 several nuts were sectioneddathe silver
removalwas investigated for different wingh stages. These results will be compared

to the FEA model with aim of identifying the contact pressure at which stripping
occurs. Additionally, as sk in Section3.3, the CoF was found to change during

the tightening process. This result provided the initial motivation foFE#e study,

and the accuracy of the calculatédFwill be considered.

4.7.1 Locking Torque Reduction with Reuses

During the experimental stage of the investigation, it was observed that the self
locking torque reduced withase, with a significant difference recorded between the
first and the second usage of the nut as seEigure3.16.

The reasons for thisehaviour were suggested to be either plastic deformation of the
crimped section or removal of the coating. The effect of both eétfators will now

be examined using tHeEA model result. The external diameter was found to change
in the experiment during the screwing process. Thus, ikEfemodel, the external
diameters, minimum and maximum, were monitored during the entireseafithe
tightening process. Additionally thanalysishas included the removal of the nut to
see if the deformation is recovered. In this case, instead of unscrewing the whole nut,
for convenience the bolt was removed from the analysis, to enablét tikeshastically
recover. This approach has allowed maximum and the minimum diameter of the crimp

section to be plotted over the entire analySigyre4.26).
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As shown inFigure 4.26 the chimney section is circular at the beginning of the
analysis, reaching the maximum tigation at the end of the first step, when the crimp

has been applied. During the first part of the screwing, the crimp is strongly deformed
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Figure 4.26: Diameter Changes during the Analysis

as it interacts with the bolt threads. After the first bolt thread engages the crimp, the

diameter stays approxirgdy constant, until the tightening step, when the nut is

elastically deformed due to the clamping interactions. Removing the bolt, the crimp

section relaxes, showing that the deformation is a sum of both plastic and elastic

deformations.

To simulate thesecond rause of the joint, the nut has been unscrewed one revolution,

ensuring a zero clamping force, andightened to the end load of 11.6 kN, with the

second use pin on disc friction values applied. Pressure, stresses and torque were

analysed, showma similar result to the first tightening, with the crimp diametso

showing a similar trendvith an elastic deformation during the secondarsgin line

with the experimental result$his indicates that the plastic component of the crimp
deformation is not significant, and that plastic deformation is unlikely to account for
the observed experimental reduction in locking torque. In addition, the slightly higher

CoFin the second reie does not increase the overall torque, as the percentage of

nodes that experience high pressure is not significant.

Secondly, the nut threads were modified to simulate the thickness of the coating being

removed (56

through the prgrocessor Hypermesh, where the nodes in the internal threads were

moved 5 microns along their normal axis, reducing both the minimum and maximum

em),

eading

t oearanoce. Tihia was echisved]

internal diameter, whilst keeping the 6@thgle between the flank&Vith these
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changes, the entire analysis was repeated and stresses, torque and pressure were

evaluated as in the previous model.
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Figure 4.27: Tightening Curve in the Coated and {doated Nut.

Figure 4.27 show thetorqueload profile with the silver coatinthicknessremoved
against the 5 microns coating in place. The curve with the coating removed was found
lower, similar to the behaviour seen in the seayade in the experimental resuits
Section3.3.3

Pressure, stresses and elongation were analysed, although a significant difference
from the presented resultas not been found. Based on the analysis undertaken, it is
therefore suggested that loss of coatihthe contact patdh likely to account for the

drop in locking torque observed with-use. This is particularly likely, as stripping of

the coating (adiscussed in the next section) was observed in most cases.

4.7.2 Contact Pressurénvestigation

From the .odb file, the output file from the solver Abaqus, the variable CPRESS was
used to evaluate the distribution of the pressure along the nut. The variatd¢eind
the contact pressure at each node of the two contact surfaces. In this case the pressure

data has been plotted as a distribution.
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O 11.6kN clamping force
+ 0 kN clamping force

Figure 4.28: CPRESS Distributioalong the Nut at 0 and 11.6 kN

Figure4.28 shows the distribution of the contact along the nut, highlighting the high

contact pressure in the crimp, both before and after théoadds reached. As seen

in Section4.6, not only the first threads take the load, but also the crimped section.

Furthermore the number of nodes in contact has been plotted during the clamping.
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Figure 4.29: Number of Nodes in Contagtiring the Clamping

12

Figure4.29represents the number of the nodes in contact, mainly constant until 3 kN

and linearly increasing with the clamping load. As the pressure in every node is not

the same, the overall avgris ineffective; thus the percentage of nodes with contact

pressure below a series of threshold values have been plotted along with the clamping

force.
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Figure 4.30: Percentage of Nodes in Contact for Brint Pressures

Figure 4.30 shows this distribution, and highlights the percentage of nodes with a
contact pressure lower than 10, 100, 160, g&d0LMPa, indicating that 96% of the
nodes have a pressure lower theb00 MPa, and that 50% have a value lower than
160 MPa. It can also be observed that at 3 kN a dip occurs in all of the distributions.
This is caused by the gradual engagement of the first thread. Up until this point the
load is sustained by only the crintpsection (as shown iRigure 4.20 and Figure

4.25), increasing the average pressure. As discussed for the pin on disc test, as a low
normal load is required and surface roughnes$tects become significant,
measurements taken for values of contact pressure lower than 50 MPa are subject to
error. The load cell used was also unable to measure loads below an equivalent contact
pressure of 10 MPa for the samples tested. Thus, the B0# wodes with pressures

lower than 50 MPa are poorly defined, while for the 10% of nodes with a contact
pressure lower than 10 MPa, t®F was roughly assumed equal to the value at
50MPa. As highlighted, these nodes are a significant proportion afish@ution,

and may be a source of error in the model.

4.7.3 High Pressure Region& Stripping Of Silver Coating

During the experimental tests, the silver coating was found to be removed from the
substrate, especially in the crimped sections. Using diffgrans, nuts were split at
different axial engagements, in order to highlight the progressive stripping prasess
previously seen in Sectid4.1 In theFEA model the contact pressure was analysed

at the same g@agements, developing a comparison between the silver conditions and
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the pressure distribution. The half nutsFigure 4.31 were split when the first bolt
thread is one, two and three revolutions out of the nut clyimespectively
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|
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Contour Plot
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Figure 4.31: Silver Removed along the Screwing Process: ExperimertBAd
Results.

As demonstrated in thieigure4.31 the FEA result matches the experimental results
well, with the silver removed in regions of high contact pressure in the crimped
section. This result also suggests that a contact pressure of approximately 750 MPa
will lead to stripping of the coating, whe&ombined with relative motion. As seen in

the pin on disc test, Sectigh3, at this pressure value, the silver coating starts to
damage, but still provides low friction. Similar results were found in the literity

Yang et al(Yang & al. 2003) analysing the silver coating wear abdF at different
pressures, where it was found that initial coating failure did not accompany a high

friction, as the layer of silver removed acts as a solid lubricant.

4.7.4 Coefficientof Friction

As examired in SectiorB.3 theCoFwas observed to change in the experiment during
the tightening process. However, it is still unclear as to how accurate the equation

used to calculate this value is. As previously disalidsquation3.3is used in the
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experiment to calculate tl@@Fin the joint.As indicatedthe CoFin the threads is

a function of the measured thread torque and joint load at a given point in the
tightening sequence. The thread torque is calculated as the total torque minus the
torque required to stretch the bolt and the-kelking torque. This value is then
divided by the clamping load and a geometrical factor. However, this equation
assumes th€oF is the same throughout the joint, and does not account for the
pressure dependent behaviour of the silver coating. It can also not be considered to be
an averag€oFin this case, as the relationship betw€ef and contact pressure is
nortlinear. This statement is highlighted by fieA model Figure4.32), where the
average Cols calculated on a nodal basis and is plotted agmadt(a true average),

along with the value calculated by Equat®8using the thread torque and joint load.

As shown, as a consequence of the relationship between friction and contact pressure,
the calculated value significantly deviates from the @uerage, and can only be
considered an indication of broad joint friction, with a particularly-ieésling result

at low load. However, as previously highlighted, @ measured in the pin on disc

test has shown scatter at low pressure (Sedti®d), which means that inaccuracies

are also present in tli&=A model. Finally, the different methods analysed to calculate

the CoFconverge to a single value at the end load, which is practical used in order to

estimatelie load at a given torque.
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Figure 4.32 CoF during the Clamping.
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4.8 SUMMARY

In this chapter the tightening process of the silver coated joint was analysed using the

dynamicFEA model, and summasesl agollow:

T

The tightening process was analysed byREA method considering the self
locking feature and the variall®Fof the thin coating, showing a good match
with the experimental result. Thus, future design and development of new
coatings and selbcking features to replace the silver coated elliptical nut can
be analysed using tl&EA model and the pin on disc test.

The stress distribution was analysed throughout the different steps of the
crimping, the screwing on and the final tightening, identdyithe
concentration of the stresses along the crimped area of the nut, higher than the
yield stengthof the material.

The relaxation of the locking torque was investigated in detail, and the factor
behind the observed relaxation in delfking torquewith re-use investigated.
Following this study, the removal of silver was identified as the most likely
factor. In fact,a reduction of the torque profile was found if the thin coating
was not modelledThe removal and the compression under loading vésil
effecs the clearance of the joint.

The stripping of silver seen during the experimespecially in the crimped
zone was compared to the contact pressure distribution ir-Ex model,
where pressur@eakswere found to be coincident with silver rewal. A
threshold contact pressure of 750 MPa was identified.

The equations previously used during the experiments were investigated using
the FEA model, highlighting the weakness in the calculation, indicating that a
true averag€oFis not calculated. bwever, the different methods analysed
converge at the end load to a single value, whidf Eimary importanceas

it is used to estimate the torque at end load during engine assembly.
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CHAPTER

ALTERNATIVE COATINGS

51 INTRODUCTION

In the previous chapters, the silver coated nuts were tested and andtyseder, a
previoudy explained in Sectio.4.3some issues were associated with the use of this
coating, such asstress corrosion cracking inearby parts due teilver transfer
Additionally, the method usetb apply the coatings, eéttroplating, is being phased

out due to thentroduction ofnew legislation, which has highlighted the health and
safety issues associated with the cyanide baths used as part of the process
(Robinson2009)

In this work different alternative coatingsere tested, following selection by
Pattinson & Pallett in their internal repgRattinson & Pallett 2015)n the selection,

the requirementfor the new coatingsvere variousfor instance the capability to
withstandto the aero engine envimment, such as the temperature range frdtto

76 C. Furthermore e silver replacemenequireschemical stabilityn thepresence

of fuel contaminants, such as Sulphur and Chlgorimglraulic fluid, fuels and
lubricants.In additionto the capability to be applied to the internal threads and to the
seating face of the nut, the replacement requires the resisavégit fog and high
humidity, and must not causestress corrosiorcracking of nearby components
Furthermore, the new coating mus¢ compliant with the Aerospace Standard
JDS252.01 (incompatible materials), the Standard JDS002.01 (materials and
processes to be avoided), and appdoby REACh (Registration, Evaluation,
Authorisation & restriction of Chemical§pattinson& Pallett 2015)

As discussed abovehd processtypically used to apply the silver coating,
electroplating, has been dismissed due to a lack of suitable materials that would fulfil
the Health and Safetyequirements. Thus, two other coating methodseweund
capble of depositing the coatingito the internal threads of the nlutbricant doped
paints andPVD (Plasma Vacuum Depositipithe lubricantsprayedpaints offer the
lowest cost optiorompare to PVD in terms ofrequired equipmentThesesilicon

resinmodified dry film lubricang are generallysed in high temperature applications,
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and aresuitable for steel, aluminium, magnesium and titanium alloys. Used on
fasteners, thegive an exceptionally good rubbing wear resistafloelestructible
Specialist Coatings Manifacture 201@Jowever, there isa recognised rislof
reduction inload carrying capability andtressresistancewhich could affect the
property consistencyf the paints.

PVD technology is also being considd for deposition of coatings, asoffers a
higher degree of accuracy and repeatability compared to pHiotgever, therés a
perceived highecost associated with this technolg@attinson & Paétt 2015)

In the selectionin addition to mondayer coatings, similaio the current silvedual
and multilayer alternativeswvere also investigateds discussed by Holmberg and
Matthews (Holmberg & Matthews2009)dual and multiayer coatings(Figure5.1)
arefrequently usedor tribological applicationor their benefits. In fact, these types

of coatngs may enhandée adhesionf the coating to the substrate, improvewulsar

and corrosion protectloa,nd reducetress concentratisrandcrack propagation.

a) Substrate b) Substrate

Figure5.1: Structure oMulti-layer Coating(a), and Duatlayer Coatingqb)

Pattinson and Lloyd, in their internal report entirely analysed the periodic table of
elements in order to rid materiab which can sustairaereengine temperatures.
Afterwards, they investigadkeaffiliation with Chlorides which may inducstress
corrosion cracking imearby componentand the related Health and Safety issues.
After a literatirereviewof the remaining materials, differecaating companiesere
asked to providsolutiors for this applicationfulfilling the describedequirements.
Thus,they provide different possible silver replacensestich asmono and multi

layer thin films and paintsHowever, a thesematerials arenot on the market at
presentfull informationwas not available

The alternative selected and testin thiswork are summarisd inTableb.1.
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THIN FILMS Structure PAINTS Structure
1 Pure Nickel (Ni) | Mono-layer 1 RB9-126 Sll_\l’lco_ne
esin
2 | Pure Chromium (Cr] Mono-layer 2 RB9-127 S|I|co'ne
Resin
3 | Pure Titanium (Ti) | Mono-layer 3 RB9-131 Phenpllc
Resin
4 | Pure Platinum (Pt)| Mono-layer 4 RB9-138A Inqr_ganlc
Silicate
ChromiumNitride | i
5 5 RB9-138B norganic
(Cr-N) Duatlayer Silicate
Titanium-Nitride Yttrium
6 (Ti-N) Duallayer 6 SI-233 Oxide
Nickel-Platinum Boron
7 (Ni-Ti) Duallayer 7 SI-234 Nitride
ChromiumNitride . .
8 (Cr-N m) Multi-layer 8 SI-238 Mica
(Ti-N m)
Nickel-Titanium .
10 (Ni-Ti) Multi-layer

Table5.1: Coatings and Paints

As the alternativesutlined in Table 5.1 are possible replacements of the silver
coating, similar investigations are needed to approve and compare them to the
electroplated silver.

The aim of this work is to identify the suitable alternatives to the silver coating
typically used.The consistencythe frictioral propertiesand the related mechanisms
will be investigated using the proceduleveloped forthe silver coating in the

previous chapters.

5.2 SELECTION PROCEDURE

In order to reduce the number of alternatives presentéichlite 5.1, a selection
procedure was created. Different steps, such as testing and characterisation are
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required in order to fully examine the thin films and coatings. Similarly to the test
performed with the silver nuts in Chapt&rthe alternative were tested at room
temperature and after a thermal cycle. Additionally, as the silver coating was
characterised throughnancehardness test, the alternatives walsmaralysedin the

same wayAs the analyss are timeconsuming, the tesare performed in ascending
order, from the room temperatuest the heat treatment test, followed by the nano
hardnessas shown irFigure5.2. The aim of this procedure is téireinate at every

step the alternatives which fail talfil the requirements of the test as toonly

undertakdurthercharacterisation of credible coatings.

Testing Characterisation

~

j

<

1) Room Temp Test
2) Heat Treatment Te
3) Nanchardness Te

Figure 5.2: Selection Procedure

In the test at room temperature, the consistency of the result along with the value of
CoF are investigated. In the test after the thermal cycle, the ability to withstand the
high temperature without failure is analysed. In the Asamaness test the roughness

and the hardness of the coatings are examined before and after a thermal cycte in orde

to find and explairanyobserved differences in behaviour pre and post thermal.cycle
53 TESTING

5.3.1 Room Temperature Test

5.3.1.1 Test Procedure
Two nuts of each sample have been tested following the standard procedure
performed with the silver coated nuts previously outlined in Se8tihi.2 The joints

were tightened six times, with an end load of 1 NGéached in each cases inRolls-
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Royce Design Standard JDS 829 (B®lls Royce 2011)As previously detailed, the
aerospace lubricant Mobi€tdOil 1l was applied to the litgorior to assembling, and a
thrust bearing was used to isolate the thread torque as described in S2cBdrAll

the nuts have been crimped in the chimney section to provideladeifg feature,
deformingthe diameter by 0.35 mm using a vi&ection3.2.9. At rotating speeds
of 0.5rpmand 3rpm, winding-on and clamping respectively, the torque along with
the load were recorded, enabling fBeF to be calculated fothe different joints
during postprocessingRepeatability of both measured torque &udF in the threads
are the key paramesanvestigated.

5.3.1.2 Results

The torque at the end loathdthe CoF are analysed for all the 19 alternatiesm
Table5.1.
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Figure5.3: Torque at the End Load: Coatings

Figure5.3 showsthe torque at 11.6 kN for the first asitth reuse, in addition to the
average torque in order to highlight the consistency duriuges, for the thin metal
coatings along with the silver coating results obtained in SecBi@&?3 The figure
highlightsa great deal of consistency for #ig Ti, Pt, NiPt and NiTi coatings over
the six reuses in each testurthermorewhencomparingo the silver plategbint the
consistent coatings showed slightly higher torque, fronN-16 for Chromium to
11 N-m for Nickel-Platinum Additionally, no differences were noticdzbtween the
duatlayer and the muHiayer configurations ithe TiN and C¢N coatingswith the
torque at end load found inconsistanéll casesluring the6 cycles. Furthermor¢he

pureNickel monelayer was found inconsisteatver the cyclesin contrast with the
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same materiain combinationwith Platinum and Titaniumwhich showed better
results In the figure, the torque required to reach the enddtstakesinto account
the selflocking torque, which generally decreased over the gya$eshown ifrigure
54.
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Figure 5.4: SelfLocking Torque: Coatings

As shown inFigure 5.4, the selflocking torquevaried during the cycleshus
increasing the varianad the total torque requiretlowever, as shown in most cases
the variation in total torque is greater than the variation seen in locking torque,
meaning it is attributable to changes in the coatifgus, theCoF in the threads
(measureddy subtracting the selbcking torqué is also analysed. Th€oF in the
threaddhas been plotted, once again for the first and lasses, as well as the aveeag
during the six rauses, anavith the silver resultalso included for comparisdfigure

5.5).
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Figure 5.5: CoF: Coatings
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As shown inFigure5.5, the CoF in the thread®r Cr, Ti, Pt, NiPt and NiTi were
foundto beconsistent, and similarly staltleroughout alkix reuses. However, these
coatings experienced higher friction compared to electregitver(0.125), such as
0.22 for Chromium, 0.20 for Titanium, 0.15 for Platinum, 0.16Nakel-Platinum,
and 0.20 foNickel-Titanium.

Coatings containing Nitride (€M, Cr-N multi, Ti-N and TN multi) were found
ineffective, with high scatter in va¢s, ranging, for instance, fron®.2-0.32 for
ChromiumNitride or 0.20.35for Titanium-Nitride. Pure Nickel was identifieds
inconsistenin contrastwith Platinum and Titaniupwherebetter performance was
observed TheCoF in the threadsxperienced witlthe Platinum and Titanium, mono
layer or linked with Nickel, were fountb bethe most consistent with Hgses,
similarly to the silver platedamples

Furthermore, as further explained in Sectiof 1, the hardness of the metal coatings
and theCoFwere found to be strongly relatesimilarly to the silver coating analysed
in Section 3.4.4 and in accordance withprevious studies(Holmberg &
Matthews2009) In fact, soft coatings tend to be easier to shdaile hard coatings
are moe wear resistant.

A similar analysis was undertaken for the paints, with the torque at end load plotted
for all the alternatives, and compared to the silver restiigsi(e5.6).
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Figure 5.6: Torque at the End Load: Paints

Figure5.6 shows the torque at end load ftlme paints, along with the silver coatjng
andhighlights a markedconsistencyn the St234, St238 and SP39 paintsover the

six reuses Conpared to the plated silver, these paietperienced higher torque,
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particulaty SI-238, which has a torque 80% bigger than silverN1® vs 18N-m),
while S+234 experiaced a torque of about 42 N-m andSI-239 of about 14N-m,
which arecloser to the silver resultall the RB9 paints and SP33 experienced a
significanty higher torque during the first cyclettributable to the reduction self
locking torque during thmitial cyclesas shown irFigure5.7, and to théigh friction
generated by the excessive thickness of the paistisrther explained later.
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Figure5.7: SelfLocking Torque: Paints

As shown inFigure5.7 a higherselflocking torque in the first cycle was experienced
in almostall the paints, withhte RB9138B being the highest 45 N-m, which
significantly damaged the threads.

Furthermore similarly to thealternative metal coatings, ti@F in the threadwas

plotted, and compared to the silver resufigre5.8).
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Figure 5.8: CoF: Paints

As shown n Figure 5.8, analysing theCoF in the thread®r the paintsRB9-126,
RB9-138A, St234, St238 and SP39 were foundo befairly consistent over the six
re-uses with a limited scatte®imilarly to the thin PVD films, th€oFwasgenerally
higher than silver, such 8s13-0.16for RB9-126 0.11-0.18for RB9-138A, 0.140.20
for SI-234, and0.16:0.20for SI-239. In particular S1238experiencedhe highesCoF
in the threadsvith 0.32-0.33 Additionally, theCoFwas foundo behigherduring the
first cycle foralmost all the alternativeattributable to thexcessivehickness of the
paints which reducgthe clearance of the fastener and incre#fse frictional forces
in the contact.

As previously stated, the limited scatter in theFis important when predicting the
specific torque required to achieved a given end,lpeglventing overestimation and
underestimation of the clamping load which nead respectively to tHailureor the
loosaning of the joint

In order to analyse the coating condition after the test, the nutsseetienedand
optically examined, as shown kigure5.9.
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CrN Ni

SI-233

Figure 5.9: Coatingand PaintConditiors After Test.

In Figure5.9 clear examples of the coating conditiahging the test are presented,
highlighting thatin most cases the alternatives had a similar colour to the substrate,
with the exception oRB-131 aml Ti-N. The metal coating and the SI paints
experiencedslight removal while the RB paintswere foundto be significantly
deformed and removed from the substr&igyre5.10), likely due to their excessive

thickness.
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Coating Removed

Figure 5.10: Close Up of the Thread Damage

As previously stated, the asof this test wer@o analyse the consisignin the
frictional properties of the atnativecoatings and assesthe damageccurringto
the coating during the testThe consistency ithe CoFis one of the key parameter
which prevens failure or loosening of the boltgdint, by reducing riskof over
tightening or undetightening respectivelyFor this reasonCr-N (dual and mult
layers) Ni, and TN (dual and multiayers)were foundnappropriate during the six
cycles test andvere thereforenot taken into accounnh the next examinations.
Additionally, the coating conditionsvere assessetb detect anyremoval of the
coating,as itacts as a barrier between the threardaces. In facthe RB paintswhich
weresignificantly damageduring the testswere identifed asunsuitable to replace

silverand similarly not taken into account in the next experiments.

Successful Removed
PAINTS
THIN FILMS | PAINTS THIN FILMS (excessive
(Inconsistent results) :
thickness)
Pure Chromium| SI-233 Pure Nickel RB9-126

Pure T|tan|um Sl-234 Chr0m|umN|tr|de (dual) RB9-127

Pure Platinum | SI-238 Titanium-Nitride RB9-131

Nickel-Platinum | SI-239 ChromiumNitride (multi) | RB9-138A

Nickel-Titanium Titanium:Nitride (multi) RB9-138B

Table5.2: Room Temperature Test Summary: Coatings and Paints
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As shown inTable5.2, the successful and unsuccessful alternatives are summarised,

and the successful coatings will be analysed in the next experiment.

5.3.2 AgeingTess

5.3.2.1 Test Procedure

The coatings and paints which satisfied the requirements in the previous test at room
temperature were analysed after a thermal cycle, as previously performed for the silver
coating in Section3.2.3.3 As previously described in the selection procedure
(Section5.2), the requirements for the selection were the consistency Gdkrand

the damage assessed after the test. So that, the severe damaged RB paints were
removed, alog with theinconsistenthin coating, such as GN, Ni and TiN. The
remaining alternatives are shownTiable5.2.

Assembled jointsverethermally agedat 76 C for 50 hours, as this represents the
service temperate, and their ability to prevent seizure investigated at room
temperature postooling. In the preliminary step, the nutgere crimped in the
chimney section and the torque required to reach the end load was first evaluated using
the load cell. Afterwardsthe joints were rassembled to the same torque with a
Waspaloy spacer replacing the load cell. The spacer had similar dimensions to the
load cell, and was usdaecausdhe load cell could ndbe subjected tthe ageing
process. Mobil Jet Oil Il was on@gain used as a lubricant. After cooling down to
room temperature, the joints were unscrewed on the test righamtorque profile
measuredor each

Afterwards, in order to compare tld®Fin the pre and posiageing conditions, the
joints were retightened using the thrust bearing and the load cell, and applying the
lubricant beforehand, as previously performed with the silver coating (S8c2i@&13

and Sectior3.3.4), as shown irfrigure5.11.

4 . N 4 N
. htErslglmT(fr we P Replace load cell Age 760°C for |_
gwi th loi d ce%l with spacer 50hrs
-
R ith ) [ Cool d )
e-screw wit . ool down to
load cell and Unt1gi1it;:tn the room -
thrust bearing , ] L temperature

Figure5.11: Heat Treatment Test
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The aim of this test is to assehe abilityof the alternatives to withstand the thermal
cycle without failure, and to analyse tG®eF after ageing and compare them to the

silver platedoints.

5.3.2.2 Results

Three samples for each alternative has been testddesulteireshown inTable5.3,

and compared to the silver coating result obtained in Segtia

Pre-ageing Postageing
i i i i Successful
COATING Tightening | Untightening CoF Break CoF u u
Torque torque Torque Test?
(avg) (avg)
[ N-m] [N-m] [N-m]

Silver 16 12.7 0.120 3385 0.231 YES
Nickel- Platinum 16.8 14.3 0.159 36 £8.5 0.424 YES
Nickel- Titanium 26.1 22 0.194 56+1 0.317 YES

PAINT

S1-233 21.6 17.5 0.166| 27.5%1.5 0.244 YES

S|-234 20 16.6 0.159| 32.7 0.5 0.386 YES

S1-238 25 20.6 0.211| 31.5%3.8 0.211 YES

S1-239 20.8 17.1 0.19 38+2 0.228 YES

Table5.3: Heat Treatment Test: Results

Table5.3 shows the results of the Heat Treatment test for the alternative coatings and

paints.

The

0Tightening

Torqued and

6Unt

room temperature before the thermal cycle, when the load cell is used to accurately
requi r ed. -ageihge shaw€thd-aberaGed-| u mn s
in the threadsalculated at room temperature, which was obtained in the previous
section (Sectiorb.3.7) .

reach thee d

oad

The

60Br eak

unscrew the joint after cooling dovimroom temperature.
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The break torque highlightedsggnificantincrease from the untightening torque-pre
ageingand a significant scatter in valuékhe increasesuch as from 17.X-m to
30N-m for Titanium, from 15N-m to 42N-m for Platinum, from 22N-mto 56N-m
for Nickel-Titanium, or from 1M™N-mto 38N-mfor SI-239 was caused lan increase
of CoF in the threadéexamined belowplong with theseizure experience in the
bearing surfacesvhichcan also depend ohd chemical affinitypetweerthe mating
parts as widelydiscussedh the literaturg Kuznetsov & Freitag 1966)Additionally,
the significant standard deviation the break torque values, such asN8f in the
Nickel-Platinum and 1N-m in the Platinum was also attributed to the unpredictable
seizure between the mating bearing surfaces. In fact, afterewnsgrclear sigs of
seizurewere apparentrotheseding faces of the joinin the spaceand in thevashers

as shown irFigure5.12.

Figure5.12: Seizure in the bearing Surfaces

The last colummn Table5.3 shows theCoF in the threadsieasured after the thermal
cycle, using thedad cell and the thrust bearings highlighted in theable, theCoF
for all the coatings and theajority of the paints testeexperienced a sigicant
increase, with the paint 2138 being the exceptiorAs shown in the table, most of
them doubld in value, such a€hromiumfrom 0.207to 0.504, Titanium from 0.201
t0 0.538 Platinum from 0.162 t0.388, NickelPlatinum from 0.159 to 0.424, and- Sl
234 from 0.159 to 0.386similarly to the silver coating (from 0.120 to 0.231)
previously testd in Section 3.3.4 On the other handthree oher alternatives
experienced a lessarcrease, such adickel-Titanium from 0.194 to 0.317, €33
from 0.166 to 0.244, and 239 from 0.190 to 0.22&inally, as previously stated the
paint SI-238is the only alternative which experienced alvetionin the CoF, from
0.323t00.211
Analysing the break torque and t@eF values, it was noted thaeizure played the
most important role. Ifact, a clear example was seen $238, where aeduction
of the CoFdid not cause a reduction thfe break torquelhus, thidargeincrease of
98



ALTERNATIVE COATINGS

torque, from 20.8N-m pre-ageing to a 31.5 + 318-m post ageing, was attributed to
the seizure in the bearing surfad8enerally howevetheincrease of th€oF in the
threadsexperienced after ageimays an important rolé the increase of the break
torgue. In fact, as presented multiple times in this work, the tightening and
untightening torque is a function of ti®F, as the torque increase with the increase
of thread friction.

As previously stateth Chapter 2, a higEoF in the threadsan lead to the failure of
the joint. Thus a further analysis will be presented in Sed&ibrt, introducing a
friction limit at which the joint may fail, and compare thiduato the thread friction
seen in this test.

The samples were once again visually examimgdg filtered lights with the nuts
againsplit in two after the tesh order to analyse the thread conditibmfortunately,

in contrast with the bright silverrg@viously analysed (Sectio.3.4, all the
alternatives werdound to besimilar in colour to the substrat&igure 5.13), and
accurateexamination watherefore difficult However, aslight damage ahe coating

in the threads wasbserved

Figure 5.13: Coating Condition aftethe Heat Treatmenifest(Nickel Titanium)
5.4 CHARACTERASATION
5.4.1 Nano-Hardness Test

5.4.1.1 Test Procedure

In the previous test, all the coatings and the paints successfully passkdrthal

cycle test, with none of them experiencing aazure despitea significant change in

CoF. For this reason, thayerefurther investigated using the nahardness test

As previously described, the ageing process effected the frictional properties of the
coatings and paints. In order to further analyse the ageing consequences to the coatings
and paints, the hardness pre and 4qagsging was measured through the nRano

indentation machine described in Sect®#d.4 Similarly, thecoatingroughnessvas
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analysedpre and post thermal cycle further investigat the ageing effectsThe
alternative coatings were once again comparedeaetrrently used silver coating, in
order to find the similarities and differences. As previously describhedhardness

was measured rothe flat bearing surface, aseasurement of the threads was
impracticable. The metal coated nuts were polished wi@ @nicrons diamond
suspension foiwo minutes and cleaned with acetone, while the paints were tested at
original condition as either polishing or acetaheaningwould entirely remove the

thin layer. In order to test the pemgeing condition, the coatis and paints were
thermally treated at 760°C for 50 hours andested after cooling, as explained
multiple times in this worksuch as irSection3.2.3.3and in Sectiorb.3.2.

5.4.1.2 Results
The roughness and the hardness of the coatings and paints were measwaed pre
postthermal cycle,and compared to the silver coating results obtained in

Section3.4.4 assummarigdin Table5.4.

RoughnessRa[um] Hardness[GPa]
THINFILM
Pre-Ageing | PostAgeing | Pre-Ageing | PostAgeing
Silver 0.50.8 3.04.0 1523 0.41.2
Pure Chromium 1.52.0 2.5 2.7-9.1 0.96.3
Pure Titanium 1.02.0 2.03.0 3.1:6.3 0.34.5
Pure Platinum 1.0 2.5 0.95.9 0.2-4.3
Nickel-Platinum 1.52.0 2.03.0 1.46.0 1.46.6
(dual-layer)
Nickel-Titanium 1.52.0 2.53.0 0.1:9.0 0.69.0
(multi -layer)
PAINT
S1-233 2.53.0 3.03.5 0.130.9 0.051.3
S1-234 2.5 0.0150.6
S1-238 2.5 3.0 0.180.5 0.0130.3
S1-239 2.53.0 3.03.5 0.0130.53 0.0230.50

Table5.4: Roughnesand Hardness Pre and Pegtgeing
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In the tablethe previously testesilver coatingvas added, in order &asilycompare
to the alternatives. As shownTrable5.4, the roughnessignificantlyincreasedn all
coatings and paints,s much ag pum to 2.5 punfor Platinum and 2.5 pm to 3.5 pum
for SI-233,showing that the ageg process had effects on the alternatiassyas the
case for thailver coatingFor thecase of mondayer coatings, Chromium, BEhium
and Platinum experienced a softening during the thermal cyatpré 5.14a),
similarly to the silver coating (Sectio®4.4), leading to an increase in tldoF, as
further discussedin Section5.5.2 Alternatively, the duallayer NicketPlainum and
the multtlayer NicketTitanium,due to themix of materials withdifferent hardness

did not show a clear pattern, as showfigure5.14b.

Additionally, the thin paintexhibited averylow hardness pre and post aggias low
as 0.015 GPa. InterestiggSI-234 was easily removed from the substrate, even with
a delicate finger touch. Theher three paintshoweda slight decrease in hardness,
as shown irFigure5.14c.

Hardness [GPa]

. ¢ . . . . . . . 0 c c c c . c c c c
0 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550
(a) Indentation Depth [nm] (b) Indentation Depth [nm]

1

0.8

0.6

Hardness [GPa]

0.4

0.2

T T
0 500 1000 1500 2000 2500

(C) Indentation Depth [nm]

Figure 5.14: a) Pure Ti (Monelayer) b) NickelPlatinum (Multilayer) ¢)SIF239
(Paint)

Figure5.14 shows the three different trends experienced during the hardness test, with
the coating hardnegwe and post thermal aggiplotted againstindentation depth,
for Pure Titanium (a), NickePlatinum (b) an&I-239(c). A furtherdiscussiorof the
underlyingmechanisma observed heras well as a summary of these resulil$ be
presented in Sectidn5.2 where thesuccessfullternativesre compared to the silver
coating Additionally, in APPENDIX B, the hardness tegerformed onthe other

coatings will be presented.
101



ALTERNATIVE COATINGS

At this stage, a cost analysis was performed in order to determisaitability of
these materialg afuture large sale productionFirstly, rawPlatinum was found to
be ten times more expensive than silver and fhwgPlatinum and Mkel-Platinum
thin films were considerednsuitable for engine applicatioasid not investigated
further. Additionally, all the SI paits were foundo be cost prohibitive for this
application at this stage, and removed from the list. FurthermoneaiteSt234 was
also excludeds the nandardness test showedpaor behaviour of the paint as a
consequence of the thermal cycle, beeasgily removed post cooling. Thus, the

successfutoatingsafterthis analysis werestablished, as summarisedrable5.5.

COATINGS

Pure Chromium

Pure Titanium

Nickel-Titanium

Table5.5: Remaining Alternatives

The remaining pre Chromium, pure Titanium and NicKBitanium were found to
successfly pass the tests of this study, and in order to assess which of thieen is t
most suitable coating faereengine applicationsurtheranalysiswill be undertaken,

such awibrationtesing, as further explained in Secti@riL

5.5 DISCUSSION

In this section the limit of th€oF in the threadwill be investigate in order to find

how close the alternatives are from cagsiailure. Even the unsuccessful coatings
are considered irthis analysis in order to present an overview of all the alternatives.
Additionally, the successful coatingse compared to the silveroating and their
capabilities summarised. Finallihe limitations of this analysis are discussed along

with future improvements.

5.5.1 ThreadFriction Limits

The CoF in the threadm the alternatives after the thermal cyaieSection5.3.2.2
was foundto behigher than atoom temperature, and significanthigher than the
silver coating As previously stated, a higGoF can lead to an increase of thread

torque, and aubsequentailure of the joint.In this discussion all the coatings tested
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in the heat treatment test are analysed in orda@otadean overview of theariability
in the coatings,althoughmost of them were eliminated in tsalsequentests.The
aim of this discussion iotdraw aCoF in the thread$éimit at which the joint may

undergdfailure, andestablisthow each otthe coatings stand compdr® this.

5.5.1.1 Bolt Torsional Test

In order to define a limit o€oF in the thread® avoid the threadeformation, the
Waspaloy bolt normally sed in this work was tested with a pure torsional test until
failure. Using the test rig previously described in Secsi@ t h(&35 mm)bolt
was rotated while two nut halves were clamped together gr ¢ocavoid any thread

rotation @s shown inFigure5.15), and the torque measured.

Tested
v~ Bolt

Figure 5.15: Torsional Test Rig

The test was done at room temperature, with bolts tested pre and post thermal cycle,
once again at 760°C for 50 hours. During gosicessing, the resistance torque was

plotted alongwith the angle of rotation, as shownRigure5.16.
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Figure 5.16: Torsional Test Result

As shown inFigure5.16, the bolts starto plasti@ally deform at 23N-m, and fail at
32N-m. It was found that the elongation reduced with the ageing cycle, as also seen
in the literature(ASM International 2002) Additionally, the torenal test was
validated using the Von Mises theory for a tension and torsion stoesgrio
(Equation(5.1) (Juvinall & Marshek 2006; Budynas & Nisbett 2010)

n of Y (5.1)

As shown in the equation, farpurdy torsioral stress field {ix =0), the maximum

shear stress is 0.51%, where YieldStrength(S) is 910 MPa for Waspaloy bolt
(ASM International 2002)In case of failure, thélltimate Strength is 1330 MPa,
which givesa maxmum shear stress of 780 MPa. Assuming the bolt as a bar, the shear
stress due to the torsion was calculated using Equ@id, whereT is the torqueJp

is the polar moment of inertia ardlis the diameter(Juvinall & Marshek 2006;
Budynas & Nisbet2010)

T - T (5.2)

Using Euation(5.2, the maximum shear stress which the bolt can sustainibgeak

calculated using the torque to break [82n) and the mean radius (5.8 mm), is 783

MPa, in line with the maximum sheafrthe material peviously calculated (780 MPa).
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5.5.1.2 Joint Stress Analysis
The total torque required to tighten a bolt into a nut is the sum of four values as
previously described in Secti@l, which act differentlyonthe bolt Figure5.17).

v
o
,,,,,,,,,,,,,

Tsurface

Figure5.17: Force Diagram in the Bolt

The pitch torque, responsible féhe axial tension othe bolt, is acting across the

entirebolt shank, and the axial stress is calculated as:

0
" 51 00 (5.3

As shown in Equatiofb.3, the axial stress is dependent on the clamping load and the
cross sectioal area, with the maximum value in the threadsisecwhere the area is
smaller.

The surface torque, the torque to overcome the friction in the bearing sisfacteng

on thebolt head or on the nut depending on which part rotates. The torsional stress
due to the surface torque is calculated using Equéi@nwith the radius being the

bolt head diameter. As noted, the surface torque necessary to break the joint is higher
than the thread torque, as the two act in different sections of the joint.

Two failure modes were identifiesh the broken jointshigh CoF in the threads

(Figure 5.18a), and high surface torque or severe seizure in the bearing surfaces

(Figure5.18b).
b)

Figure 5.18: Failure of Bolt: a) Torsion in the Threads b) Surface Torque
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In Figure5.18a, a deformed thread caused highF in the threadsausing the joint

to fail in the threaded section. On the other h&mglure5.180 shows dailure due to

the surface torque, in particular a severe seizure between the spacer and the bolt head
was seen in the preliminary test, when washers were not used in the asgembly
further schemati of the joints igpresented irFigure 5.19 to summarig the failure

modes

Input Torque Input Torque

Failure

b) Failure

a)

Figure 5.19: Schematic of the Failure Modes) Threads Friction and bBearing
Seizure

As shown inFigure5.19a, the high friction in the threads generatessastance torque
in the bolt,which leadto a failure othe bolt in the weakesection, athestartof the
threaded part. On the other handiigure5.1%, the high friction in the bearing face
generatedhigh stressewhich led to the failure of the joint in the torque application
point, in theweakestomponenbf the assembly, the bolt

5.5.1.3 Alternative Coatings Analysis

During the bolt torsion test, the axial tension was not applied, thus in the thread
friction limit analysis, the pitch torque was not taken into accoliné resulting
friction limit equationis a function of thelamping loadthe resistance torque of the

bolt, the seHocking torque and a geometrical fac&msummarised in Equatigis.4.

' Yy 5.4
O 1 GETT (54)

In Equation(5.4, F is the clamping load (varying from zero to11.6 kblgndr1 are
geometrical factors fromRollss Royce Design Standard JDS 829 (Rolls
Royce2011) 30° and 2.823 mmespectively Timit is the Yield or the Failure torque
experienced in the torsion teafhich isin the range o022 to 25N-m for the Yield and
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2810 32 N-m for the failure of the bolt=inally, Tseitlock Was assumeih the range of
0.5 to3 N-m, astypical values experienced in the experiments.

The Yield andhe Failureareaswere plotted ng with the clamping load, witthe
values ofcoefficient ofthreadfriction of the coatings and the paimsperienceafter

the thermal cycle tigure5.20). The upper and the lower bounds of the failure and
yield area were obtained using the minimum and maximum values of tHecsatiy

torgue and the failure or yield torqabtainedn the torsional test.
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Figure 5.20: CoF Limits

As shown inFigure5.20, none of the alternatives werethe failure zongwhile the
pure Chromium and pure Titanium were considerably closthéoYield zone
However, asioted in the graphthe Yield curve is dependeah the clamping load
and the above mentioned filmsintersect the curveonly at the end load. tA
approximatelyl0.5 kN,all the coatings are below the Yield curye reality, during
the untighteningthis clamping loads achieved ima fraction of a second.

Additionally, comparing the results with the sily@ating, all the alternativesapart
from the paintsSI-233, S1238 and SPR39, increase the risk of yielding and failure in
the joint.

Finally, as seen in Sectidn3.2.2 the CoF in the thread$or the majority 6 the
alternatives was fountb be higher after the thermal cycle compared to the room
temperature test. Thus, this analysainly aimed to analyse frictionpostageing
conditions, as the friction at room temperature was significaniipwbéhe Yield
curves, as shown figure5.21, and therefore did not pose a significant risk of failure

in any case
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Figure 5.21: Friction Limits: PreAgeing

5.5.2 Comparisonwith the Silver Coating

The three successful coatingsr@ehromium, pure titanium and Nick&itanium,

were further analysed and compared to the currently sibeet coating.Thus, tre

CoF, the hardness and the roughness pre and post thermal treatmesunwasarisd

in Table5.6.
Hardness Hardness Roughness
CoF CoF ) ) )
COATING ) ) Pre-ageing | Postageing Behaviour
Pre-ageing | Postageing ) )
[GPa] [GPa] with Ageing
Silver 0.12 0.23 19 0.8 Increase
Pure
_ 0.21 0.50 5.9 3.6 Increase
Chromium
Pure
o 0.20 0.54 4.7 2.4 Increase
Titanium
Nickel -
o 0.19 0.32 4.6 4.8 Increase
Titanium

Table5.6: Alternatives Summary

As shown inTable5.6, similarly to the silver g@ating, the pure metal coating3ufe

Chromium and the Pure TitaniQmxperienced a softening behaviour during the heat

treatment, increasing the roughness dodbing the CoF. As previously stated in

Chapter Jor the silver, the softeningf the coatingcauseshe coatingo beremoved
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from the threadsluring the screwingand theCoFto increase, due to a like on like
couple being formed

Furthermore,he Nickel-Titaniummulti-layer coatingas investigated by Liu & Duh
(Liu & Duh 2008)in their work comparing differeqtercentageof the two materials
in thin films at high temperatures, showeth increase in hardness with the
temperature up untd23K (550C), where thesofteningstarteddue tograin growth
Thus, the softeningf the coatings after the heat treatmerit@d°C was found to be

the cause of the increase@dFin the threads

5.6 SUMMARY

Different coating alternatives were examined in order to replace the silver coating in

aerospace fasteners, and sumneatias follove:

1 The 19 alternatives identified at the beginning of the workeweduced
through a selection procedute threewhich were pure ¢&iromium, pure
Titanium and NickelTitanium, which successfully passed the test and the
aerospace requiremenThe unsuccessful alternatives have shown a
inconsistency in the tesesult orwere found unfeasible in terms of cost

1 The three successful alternatives, similarly to the silver coating analysed in
Chapter3, were found to be affected by the heat treatment. In fact, the increase
of friction was found to be driven by the softening of the coatings, as
highlighted by the nanbardness test performdxefore and after the heat
treatment.

1 Analysing the importance of the joint failure due to @ in the threadst
was found that a low level of yield might be reachethencase of the thin
films of Chromium and Titanium. However, the joints in aesusp
applicatiors are reused eglusively duringengine assembly. In fact, after a
thermal cycle, the jointare replaced, such as durieiggine maintenance.

1 In this work a selection procedure has been drawn, in order to understand the
alternatives. Howevemore test samples are needed to validate the results
obtained as in this stuanly few testrepeatsvere performed due to shortage
of samples.Furthermore, newnaterials and in particular alloys using the
successful coatingsan benvestigated.

1 From tke coating selection, the cost of the coating materials was toubel

the most important factor. In fact multiple alternatives, such as Platinum films
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and Sl paints, were removed from the list evaheal/successfully passed the
tests. However, as cost@coating technologies are in continuous evolution,

a future recovery is not unreasonable.
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CHAPT&ER

ALTERNATIVE LOCKING DESIGN

6.1 INTRODUCTION

In Chapted aFEA approach was developed to analyse the tightening process of silver
coated joints, in order to examine the stresses and the contact pressure along the
elliptical selflocking nut.The gradual decawn the locking torquef the coated joints
overmultiple reuses waattributedto plastic deformation in the threads and a severe
removal of the silver coeig caused by high contact pressuréhe crimped section.
Thus, in thischaptera new seHocking design will be invegatedin order to solve
these problems.

As seen in the literature, and previously described in Se2t@mumerous self
locking features & available on the market, withost of them designed to dem
elasticdly to preventoosening. For example, thgdely used elastic Nylock nuts use

a nylon collar inside the standard nuts, which can deform elastically. It was found that
the collar increases theoF between the nut and the bolt threads, inducing an anti
loosening effect, as confirmed by the work of Kumar efkalmar 2014) However,

the mateal of the collar can sustain a maximunmigerature of 121 °C, rendering
them irfeasible for high temperature applications. Furthermore, in the work of Zhang
et al(Zhang et al. 20003 FEA approach was usdd devebp a new locking design,
which utilized shapememory alloys. These alloys deform elastically and prevent
vibrational loosening. Despite the fact thia¢ maximum operating temperature for
aerospace applications is not mentiomethe studythe FEA approach was founit

be promising. Additionally, a successful example of elastic locking design is shown
in the work of Miyata et a|Miyata et al. 1991which developed a new sdticking
feature rnubkead holbk&w f | an greertd effectivélye x a g o n
reduceloosening under vibrations. THd&EA approach discussed in this work shares
similarities with the work of Izumi et #lzumi et al. 2005yvhich aimed to verify ad
expand conventional fasten@ireories. In their wik they affirm that FEA can be
successfully used to identify and analyse newlseKing features, and also suggest
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that anti loosening systems can be obtaibgdmodifying the fastené design,
supporting the findings of Junkglunker 1969)

In the elliptical seHlocking feature currently used in the aerospace industry and
analysed in Chaptd; the crimped areacludeshigh contact stresses, klsed inthe

small segment of thdiameter. The scope of the work presented in this chegpter
develop a newockingdesign in order to distribute the contact stresses along the entire
diameter However, it should be simple, reliable and similar todheent design,
suitable for harsh environmerdnd light in weightThe aim is to explore whethar
similar locking torque can be achieved by alternative manipulation of the threads,
whilst still providing the seHocking torque required. Thus, the neesignshould
operate within dgower stress fielgwith the silver coating less likely to be stripped off.
Furthermore, the lower stress might allow alternative coatinge tesed, which are
currently not applicable @he current contact stressésndly, elastic @formation

will also be an advantagwith regard tomultiple reuses for high temperature

applications.

6.2 DESIGN & SIMULATION
6.2.1 Design Concept

In Chapted theFEA approach was used to analyse the costagsses in the elliptical
self-locking nut, showing similar load and torque curves with respect to the
experimental results. As prewusly described, the bolt, nut arldad cell were
modelled using the actual dimensions, with the nut screwing into théobaight
revolutions before clamping the load cell. In this chapter, instead of using dyradial
deformed nut, such as the elliptical shagacally utilised an axial defrmation in

the nut is modelled, in order to distribute the contact presstie gntire diameter of

the threads.

112



ALTERNATIVE LOCKING DESIGN

105 T T T T T T T T T
original thread

10+ ﬁ offset thread ]
9.5~ -
g [ -
8.5~ -
[%2]
Q
B8 8 i
c
>
75+ -
7 [ -
6.5 REDUCING TPl
6 [ -
55 r r r r r r r r r

2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4
z nodes

Figure 6.1: Nut ThreadsAxial Displacement: Stretching

As shown inFigure6.1, a positive axial displacement gstriees the nut, reducing the

TPl , defined as O0Othreads per inchdé. The ¢
bolt and nut threads, resulting in a locking systénce the joint is tightened, it

elastically deformmto accommodate the load, as showFigure6.2.

The axial displacemeihtas beempplied over one, two, three and four threads at the
chimney of the nut. In fact, in this section the nut wall is thinner, which allows the

deformation to occumithe nut ad not in the bolt.

—

Figure 6.2: Bolt and Nut in Contact

One of the key requiremesttf the analysis is the sdlficking torque, measured as the
resistanceéorque prior to the clamping step. The ideal-miking torque as specified
in the AerospaceStandardn®128 (The Society of British Aerospace Companies
Ltd 2006) should be approximately?-m, so that an uppdimit of 2.5N-m and a

lower limit of 1.5N-m is applied. Additionally, as previously stated, it is preferable
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to remain in the elastic rangf@oughout thentire screwing process, in order to avoid
any plastic deformation, allowing the joint to beussl multiple times.

6.2.2 Modelling Approach

As previously described in Sectid, Solidworks 2012 was used to destha joint

while Hypermesh v.11Altair 2013a)was used as a pger ocessor , wher e
(6.35mm)joint along with the load cell were meshed with a total of 87,500 nodes and
235,000 elements. The geometry was then imported into Matlab, and the coordinates

of the nodes in the inner helix wadentified. An axial displacement was applied to

these nodes andldahe nodes above, in order to maintéie thread angle of 60

(Figure 6.3). As the nut chimney is approximately 4 mm and the pitch is
approximately 0.91 mm, the maximum number of threads moved is four, while the

minimum investigated is one, the last revolution.

Figure 6.3: Axial Displacement

The steps defined in Chapteare adopted again in this work, with the only exception
being the crimping step. In fact, the elliptical deformation appli¢danrimping step

is not utilised in this work, as the axial deformation is\poeisly applied during pre
processing as describatlove The analysis is essentially a two steps pradesstly

the nut screws into the bolt for eight revoluticausg secondlyhe nut clamps the load
cell until the required end load is reached. As in Chaptde material used to define
the bolt and the nut is Waspaloy, with an Yield strength of 897 MPa, obtained from
the true strainrue stress curv@ASM International 2002)

One of the input parametein the model is the friction behaviour of the surfaces in
contact. As clearly defined in Sectigh3, the relationship between the contact
pressure and théoFin the threads was analysed through the pin on discaedts
againutilised in this simulation. As previously described, the pin on dism¢psas
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done umg a silver coat disc and amnconel pinin a rangdrom 50 to 1500 MRy,

in the presence of lubricant. Finally, the thermal and tightening speedsadfechot

taken into account, with thena of reducing the solving timeas the simulations
alreadytook 34 days eacko solve in the University cluster.

Afterwards, the results were analysed using Hyperview (Hyperw@iks)jr 2013b)

and in particular the Von Mises stresses and the contact pressure in the threads were

examined, along with the torque and load profile.

6.2.3 Results& Selectionfor Manufacture

The approachexplained in SectioB.2.1was initially explored byGuy (Guy 2015)

as a final year projecthis project was linked to this PhD, and the student tised
previousy created model under supervisidrhe study ran over forty simulations,
usingthe previously defined model and a macro to simply apply the displacément
the threadsFrom thisseveralpromising result were obtained, as shown ffigure

6.4, which werefurther examinedto higher accuracin this work. The selflocking
torqueis plotted against axial displacement for a number of tests under a range of
0t hr e ad(@igum64).e d 0
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Figure 6.4: Selflocking Torque for Different CandidatéSuy 2015)

As shown inFigure 6.4, seltlocking torque iereases with the axial reduction
(decreasing PI), and with the number of threads moved. Thus, to achieve the same
result moving less threads, a bigger displacement was required. In the Figure, a CNC

machining limit was imposed, as a standard CNC millirginme allows an error of
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10 pum over a linear displacement of 170 m{@uy 2015) Thus, ina linear
displacement of 3.9 mifthe length of the chimngythe smallest reduction that can
be physically manufactured was 068@ mm, which had no effect in the final
selection. A further limit was the stress value dtich the silver starts to strip
(750MPa (Sectior.7.3).

Based on the work of Guy, four cases were identified andsiuettplored with respect
to the nature of the threads contact.

In order to convert the linear displacement to the actual TPI atpetion(6.1 was

used.

mm/ i nch

mm/ i ng.h (6.2)
TR d+dp| spl

T Rlew

wheremm/inchis the conversion between millimeters and inches (25.4 mm/inch), the
TPlisi s t he st and a(6.d5 mn3ahddispliq thé lsal disglacement
in mm.

Theselected candidates are sumnmedisnTable6.1.

_ Threads Selflocking
Candidate TPl new
Moved Torque
1 27.65 TPI 4 1.5N'‘m
2 27.60 TPI 4 2.3N:m
3 27.5TPI 3 1.9N-m
4 27.25 TPI 2 1.9N-m

Table6.1: Variable Pitch Candidates

In Table6.1 the fourcandidates selected are sumnedigncludingthe selflocking
torqueexperienced in the simulation&dditionally, candidate 3 shown imable6.1

is the combination of two models, which gave a thread deformation of 27.47 and
27.52TPI, which are rouned to 27.50 TPI. As previously anticipated, in order to
achieve the ragred selflocking torque withfewer threads moved, a larger axial
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displacement is necessary, as highlightedable6.1. The stresses and the contact
pressure at zero load and at the end load of 11.60kNhe Candidate Jre

extrapolated and presentedrigure6.5 andFigure 6.6.

Vo1 Mices Stess [MPz]
3.3°6E+02

5;
‘:S.QME’UZ
L 45526402
—3.904E+02

T 3.256E+02
—2608E+02

1.960E+02
1.3 36402
3647TE+01
1.680E+00

Von Mises Stress [MPa]

5.268E+02
[5 200E+02
4 662E+02

—3.904E+02
—3.256E+02
— 2 H608E+02

1. 8R0E+02
1.313E+02
B.B47E+D1
1 BROE+O0

Figure 6.5: Stress along the Nut. a) At Zero Load b) At End Load

(Candidate 1: 27.65 TPI)
In Figure6.5 the Von Mises stresses akown at zero load-{gure6.5a) and at the
end load Figure 6.5b), highlighting that the maximum stresddo not exceed the
Yield strength (of 897 MPa). Furthermord, is evident thathe nut is subjected to a
level of stress even at zero loddpught to be due tthe interaction between the
28TPI bolt and the deformed nut threads, generating the resistance torque.
Additionally, the stresses experienced were los@mpared to the elliptical nut
observedin Section4.6, where a stress value of 990 MPa was identified. This
comparison will be further analysed in Sect&®8.3

Contact Pressure [MPa]
Contact Pressure MPa] [z 894E+03
28E+03 6.000E+D2
[E DO0E+02 ! 5.250E+02
5.250E+02 —4.500E+02

J —2T50E+02

——3.750E+02
— 2.000E+02

2.250E+02
1.500E+02
7 A00E+01
0.000E+00

a) b)

Figure 6.6: Contact Pressure along the Nut. a) At Zero Load b) At End Load
(Candidate 1: 27.65 TPI)

In Figure 6.6 the contact pressure field is shown at zero |éagife 6.6a) and at end

load (Figure 6.6b), highlighting that the contact pressure incredbeoughout the
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tighteningprocess Additionally, a noruniform pressure distribution vgadentified,
due to the geometrical modellirmgnd the contact algorithm utilised Hye software
(Kloosterman 2002)This effect waslso seeand examineth Chapte#, asboth the
bolt and the nut were modelled as polygons, interacting with eachwathex limited
impact to the results.

Furthermore, in Chaptéra contact pressure of 750 MiRas identified as theause
of the strpping of the silver from the substrate. As showfrigure 6.6b, the contact
pressure never exceed00 MPa here which will be further investigate in
Section6.5.3 where theelliptical crimp results willbe compared to the axial
deformation result. Thealternativecandidates defined imable 6.1 showed similar
resultsas summared inFigure6.7 and are presented APPENDIX C

800 T T

~
o
o

Silver Stripping Stress 750 MPa 1

600 B
510 MPa 510 MPa 545 MPa 530 MPa

500

400

300

Average Contact Pressure [MPa]

Cand 1 Cand 2 Cand 3 Cand 4

Figure 6.7: Average Contact Pressure at the End Load

As shown inFigure6.7, the four candidates experienced an average contact pressure
lower than750 MPathestress value at which tls#lver coating removabegins The

four candidates were fodnsimilar, due to tB contact pressure being evenly
distributed over a large area, with the smdtipdifference playing a minor role

In order to further examine the elastic behaviour of the joint, the strain in the nut at

the end load is analysed and plottedigure6.8.
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Strain [%]

0.044
EU.UEU
0.018

—0.015
—0.013
—0.010

0.008
0.005
0.003
0.000

Figure 6.8: Residual Strairat End Load

As shown inFigure6.8, the residual strain was found tolbever than the elastiamit

of 0.2% which means that an elasbehaviouris theoretically achieved. Thus, the
joint can be reassembled multiple times withoutducing plastic deformatigrand
with the stresses distributedtrossthe entire diameter instead of having peaka in
small portion of the crimped section, as shown in Seetién

6.2.4 Further Analysis

Two additional analysewere performed witthe purpose of furthemvestigatinghe

manipulation of threads, such as theetld offset and th€PI increasgFigure6.9).

105

T T T 10.5 T T T T T T T T T
original thread original thread
101
offset thread INCREASING TPl A offset thread

9.5

10+
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8.5
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8t sl

y nodes
y nodes

751 751

7+ 7k
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651 6.5
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55 r r r r r r r r r 55 r r r r r r r r r
2 22 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 2 22 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4

a) z nodes b) z nodes

Figure 6.9: (a) Pitch Offset and (b) TPI Increase

A pitch offset Figure6.9a) is a single axial displacement in one of the threads at the
nut chimney. In practise, the TPl chasder a revolution andhen goes back to
normal However, wo problems were found to affirm that this option is not feasible.
Firstly, compared to the O6stretchingé

order to achieve the I2-:m selflocking torque equired(0.045 mm compared to
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0.025mmin the stretching)and since this displacement is applied ®ngle thread,

it generates stresseghich exceedhe material yield limit. Secondlygonsidering
futurelarge scalgroductionthe thread geometry mée difficult to machingendin

fact, at this moment a tool capable to precisely and quickly machine this desgn
not been identified

In the second scenari&igure6.9b) the principle is the same as the decredJeP|
previously discussedpplying an axial deformation in the last threads in order to
achieve theself ocki ng torque required. Il nstead
displacement is appliethus6 s q u a &. Howewgrphigh stresses are geteadn

the joint during screwing gras high as 850 MPa comparedthe 530 MPa in
stretching(Figure6.10). Thus,for this reason the TPI decrease has been preferred in
this work. However, as explained in SectibBa future evaluation is needed in order

to fully evaluatethe design

Yon Mises Stress [MPa]
[B 4B5E+02

H 7.525E+02
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[9 449E+01
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Figure 6.10: TPI Increase
6.3 MANUFACTURE

Following the candidatadentified by Guy(Guy 2015)and subsequently explored in
Section 6.2.3 the test samples were manufacturéa this section the nahining
process is deribed,including development dhe gcode program, followed by the

CNC machining and finally the application of the silver coating.
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