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Tribology I nternational

Failure analysis of pipelineindents using steel precision balls under subsea conditions

W. S.Gill2?" M. B. Marshaft, R. Lewig, B. HalP, S. Bolto}

4The University of Sheffield, Department of Mechanical Engineering, Mappin Stredielgh&fK.
Hydratight UK Ltd., Axcess 10, Bentley Road South, Walsall, UK.

Abstract

Mechanical connectors used to repair sub-sea pipe lines can use balls to achieve grip on the pipe surface.
While designed to indent the pipe surface, it has been found that some balls skid instead whastitreduc
connection integrity.

This work was aimed at finding important features which relate to rolling and skiddingcidipn balls on
the surface of pipes. A skidded ball is associated with a failure and a rolled baltiatassaith success.
Experiments simulating the activation were performed and compared with analytical models. Several
features such as friction, ball size, material hardness and surface finish were identified anirfgport
understanding the transition of the ball from roll into skid. The reefittse surface and subsurface analysis
correlated well with the model output. Once the important features are verified, progmdse made to
achieve production of more robust connectors (from successful activations) leading to betteercus

confidence in buying mechanical pipeline connector products.

Keywords: contact mechanics, friction, fatigue, microstructure, structural collapse asaosktraction.
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1. INTRODUCTION

Sub-sea pipe-lines may require mechanical connectors as part of a repair strategy. In sudr;annect
series of precision balls arranged circumferentially around the pipe in axial rows are uséelvtoach
mechanical grip (Figure 1a). As the connector is actuated the balls roll along a taper housiadL{f}ig
leading to an increasing radial force. The taper housing angle is kept at 10 degrees esiheittea the x-
axis in the Figure. This radial force causes the ball to indent the pipe materiaf l@aeardrop (Figure 1c)
shaped impression, and results in the connector gripping the pipe [4]. The scale of thp (8a50im
indent depth) in Figure 1c is proportional to the size of the precision ball@88dh(m). Unfortunately the

teardrop formation does not always happen, and in some instances it has been noted that the balls skid
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instead of rolling along the taper and indenting, resulting in the connector not gripping the tifecése,

a witness mark is evident on the pipe surface, though no actual deformation or radial load inctegase oc
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Figure 1: a) lllustration of a typical mechanical connector. b) Ball activation mechanism; Angle =
/18 rad. c) A typical teardrop formation on a pipe wall after indentation.

Previous investigations by Hydratight have linked the probabilitysiid to factors such as the taper angle

(>11 degrees), along with pipe tolerance and surface finish [1].

In this study, the contact conditions occurring between the ball and pipe material have been disiatated
aBruker® UMT 3 Tribometer, with the aim of investigating the factors that letitetball either rolling and
indenting, or skidding. This approach has been coupled with analytical modelling of the contdireondi
present, in order to assess the likely impact of factors such as the mechanical propertieatefitis, m
surface roughness and friction coefficient. The outcomes of this study will then be used &ygHi/t
identify conditions when skidding is likely, helping make failure predictions more robust.

Similar work (related to ball indent analysis) was reviewed for background research pufposes et al
modelled the surface roughness by engineering a constant height and wavelength bumps on smooth steel
surface[20]. Bhushan proposed a 3-D model which could produce a surface of varying size and height
asperity distributions, which would replicate a real surface. The asperities were toteeelastically and
elastic-plastically deforming by an elastic sphere in motion depending on the contact mechahies and t
asperity shape and orientations[22]. The chrome steel has a high hardness value and igtaimest 3-

harder than the pipe surface. This is equivalent of using a rigid sphere in motion over a micdéhgeal

real surface. In the initialization process, the ball would deform the asperities elabtitaliould

eventually plastically deform all asperities in contact.



A FEA model using frictional contact was presented by Kogut wherein the deformations were irtithie elas
plastic region. The two rough surfaces in contact were tested in a sliding motion [21]clibwe Was found
to be affected by the amount of permanent deformation and adhesion between the two surfaces. The adhesion

between the chrome steel precision ball and carbon steel material is negligible.

Bogy et al found, using a point contact microscope, that the hardness of a material increaseslwith sm

indent depth and loads but the hardness becomes insensitive once a limit has reached [23]. The indent depths
discussed in this paper are higher than the range tested by Bogy (50-100nm). This means the hardness value
would not change much for the higher range of indents but will change during the indentatidgializ

process.

A UMT 3tribometer with slow reciprocating module was used to analyse the rolling frictmadl®frolling
friction dependence on rotational speed in dry contacts [2]. The results were then compared to @ad analyti
model which showed high correlation with the experimental results. The analytical model predicted the
values and location of the maximum shear stress based on the mechanical properties of theimateria
contact and friction/traction coefficients. If the location of the maximum shear stisay from the centre

of the ball and close to the surface, it means the ball is sliding opposed to rolling when the mshéaum

stress is located subsurface towards the centre of the ball.

There were also comparisons done on the rolling friction of balls on micro and macro levels in dry and

lubricated or wet conditions for which the results fitted well with the acalythodels [3].

The main objective of the work outlined in this paper was to understand the complex contact mechanics
between the balls and the pipe and identify the key parameters that cause the balls to skid from rolling
conditions. This information can be used to ensure better integrity of the connector and everthally of
pipeline system.

To our knowledge, Hertzian contact models have been rarely compared against experiments iséomg prec
balls in sliding and rolling motion. The key novel aspect of this paper is the validatiman afalytical

theory for this scenario allowing improved confidence in using the model for thfekdddling” problem.

2. CONNECTOR BALL-PIPE CONTACT MECHANICSANALYSIS

2.1. Activation of mechanical connector

Activation is the process of closing the connector to effect a pressure seal and creaggip into the
concerning pipe. During the process, precision balls are used to indent onto the pipe surfabeyntoille
using a taper housing which traverses &xjals illustrated in Figure 1b. The ball rolls in the direction of the
activation and progress to move to the lower part of the inclined surface (10 degreesgnecion of

radial force from the taper geometry. The spring is to ensure all balls are ict @dgtitahe pipe considering



that gravity will affect some of the balls. Once the ball has touched the pipe and the bablitaytshe
spring-force is no longer required. The activation process was modelled using acargptioach which
was compared with the results from physical testing. The comparison will gave a sense of how well the
model actually operates in terms of accuracy.

2.2. Mechanics

In order to find which features of the ball indent mechanismtlebdll skidding, a full mechanical

assessment of the ball indentation process was carried otdr€as acting on the ball while it is forced to
indent into the pipe material can be divided into vertiEg) @nd horizontal forcesy,) respectively as

shown in Figure 2. These forces on the ball are resisted by the reactions at the contact and due to friction
arising from the rolling or skidding motion. If the ball is rolling (due to rolling fdfgg, in Figure 2), there

is a frictional force opposing this motion defiresF, ,.,;;. On the other hand, if the ball is sliding, the force

of sliding Fsyiq is opposed b¥;qn.

Fu roll + Fskid

Figure 2: lllustration of the ball indent mechanics involving forces leading to roll/skid.

Note that theF,,,, andF,,; are different in the sense that one is due to sliding and the other is helping the
rolling motion respectively. The sliding resistance is always higher tharl#sic rolling friction. As the

ball starts rolling down the tapet has to indent the pipe material with an indent radiughe indent radius
keeps changing with the amount of indent defttgince the ball is spherical and the outer surface of the

pipe is cylindrical, the contact type is a standard Hertzian point contact [5, 8, 12, 16].

For precision balls (1.25% Chrome EN31 [Gr 5-100] for low carbon steel pipes or stainless 442 A6
stainless steel and duplex connectors), the Elastic modulus values are normally fakeil@sGPa and

as 0.3 for contact mechanics of chrome steel balls. Usually, the indenting material isdstes an elastic

modulus of 185-215 GPa amdf 0.25 - 0.35. The Hertzian area in FigureA2, = mr?, wherer is the

Hertzian contact radius and contact pressyjeare used to for determining the contact reaction forces. The
amount of indent depends on the angle of the taper, how far the ball has moved down the taper and how hard

the pipe material is in comparison to the hardness of the ball. Typically, the ball is&dander than the



pipe material and twice as hard as the taper material (ENZA& coefficient of rolling friction in the elastic
region (when the ball indents recover elastically) can be calculated as [8]:

pe=a (i )" (ea )

wherea is the fraction of energy loss and is taken as around 0.1 (10 %) [4], but can also be @aaken as
calculated value instead. This can be determined by taking the area under the (stressuisegiAUSSC)
namely;(o €)/2. When the ball is deforming in the elastic region, the ball tends to roll over a contact surface
which behaves in a viscous manner (the amount depending on the pipe material). In theory, low and high
visco-elastic values are recommended for low rolling-resistances. This is also validifgy balls, but as

the contact area is smaller in this case, the surface deformation enters the plastimuvedi quicker [8]. An
illustration is given in Figure 8f how the plastic resistance comes into action. Her@ndr are the

Hertzian contact area and radius respectively and the contact is shown in the right haldtsadi®il of

Figure 3.H is the hardness of the contacting surf&the radius of the balF, the normal force acting on

the ball and?f the frictional force.

i
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Figure 3: Plastic rolling resistance for a spherical ball, where (a) is shawnfprces and ball dimension wit
the formation of a bow wave (BW) and b) contact area frarbtdl while formation of plastic indent. This i
also showing the indent radius r and the distance from the centesl ithx.

The resistance to roll in this region starts to increase exponentially due to thelgéasand the hardness of
the indenting material plays the role of contact pressure [8]. Another factor for the eigdanerease in
the resistance is the bow-wave which is formed in front of the moving ball. The coefficidntion fin the

plastic region is given by:

1 |F,
Hp = 0338 — \/; , (eq 2)

where H is the hardness [MPa] of the indented material. In this application values measuithe fBrinell
tests were used. Thereagempirical relationship between the hardness and the (ultimate) tensile strength of

a material [8, 10]:

H~ {UTS/3_5} [HBW], q3.1)

or



H =~ 29UTS [MPa] €93.2)

The above equation (eq 3.1) shows that the tensile strength is a linear function of hardreefactadtiof
3.5. The hardness value in the friction coefficient relationship (eq 2) is taken in terms diMBasfor
which eq 3.2 can be used (HB10 MPa) [8, 9]. This means that a HB and 550 HB corresponds to a
UTS values of roughly 2.7 and 1.9 GPa for Chrome steel and the stainless steel ball rgspectivel

In elastic indenting, the average contact pressure is determined by dividing the normay thecendenting

area 4, = nr?). However, the maximum contact pressure is given as 1.5 times the average or mean contact
pressuref,.x = 1.5p,,). As the indentation steps into the yield region, it enters the elastic-plastic region

with properties of elasticity and plasticity. Here, the contact pressure distribufens @ibm that of the

elastic one and the average contact pressure is given by:

pm = 0.153 { Py (E'/R,)2 }1/3 (eq 4)

wherePy is the normal force which is responsible for the deformations in the elastic-pbastic and is
usually lower than the critical or Hertzian lp&d(load where the material goes beyond yiefd)can be
calculated using following expressi{8ji:

P (5 )1 (ea5)

Pmc P

wherep,,. is the yield strength of the material. Note that,if = p,,., P (0rPy) = P, which correspond®
material being deformed at the Hertzian load (the point from where deformation iastiat &hymore.)



2.3. Transition from roll to skid

There arepotential’ features which lead to transition to a skid from rolling and are discussed next. During
successful indentation, the ball tends to roll from the start to finish of the ewt{gdt Normally, it is

believed thatisuccessful indent relatésa pure rolling movement, but that is not true as there is some skid
element present at all times, be it aligned with the normal force or either side of the balbtatdce c

surface. The region close to normal to the ball is associated with the roll vehikgibn away with the slip

or skid. Due to this phenomenon described as Reynolds slip, there is never pure rolling in seal term
Reynolds slip is always present as shown in Figure 4 [8, 11].

Stick
Direction of
movement

Slip Slip

Slipsy .7 Slip v
Stick

Figure 4: Front a) and top b) view @ Reynolds slip, central stick zone and illustration of resulting forces $igm
and stick zones.

Another aspect of the indent phenomenon is that when the ball starts indenting in the plastithe=gion,
resistance to roll increases substantially and exponentially as a result ofdrgopgetwith the bow wave
and indenting plastically. Increasing load applied in this region will result in an expomecriggse in the

resistance to roll further.

According to theory, the transition from roll to skid and combinations of these is affected by17]: 110,
normal force2) axial force, 3) ball size, £&ffective elastic modulus, 5) Poisson’s ratio, 6) hardness and 7)

contact friction coefficients.

The ball, while moving can switch between rolling and sliding and may do many times. This tinegan
reality, at a given point, a ball does not have a pure rolling element and a sliding ball caryieskjuldiag
without any rolling element. If the balls starts off skidding very early (axial fordeshitpan the frictional
force), it tends to keep on sliding until the very end of the activation process unlessathal praiperties,
suchashardness, or friction change significantly. This is because if the traction andestiséve forces

become larger, but more suitable for rolling (rolling resistance is lower), theabadtart rolling again. On



the other hand, if the ball keeps rolling, but the plastic resistance keeps increasing to thatdbendeeds
the rolling force (ball rolls down the taper to the left in Figure 1b) it entskglding or sliding motion and
the resistance from the plastic indent and bow wave (Figure 3) increases exdgneitiabrding to
equation 1the ball size and the effective Young’s modulus should be large to have a low rolling resistance.
Similarly for equation 2, large ball size is more preferable. An optimal ball size can besddbyeanalysing
the criteria of equation 5 for each ball size and considering a factor of safety. Indneoyieland beyond,
the ball indents according to the criterion given in equation 5.

The plastic resistance grows exponentially with every amount of indent in the region. So in dssdiatke, t
can slide due to low effective Elastic modulus (elastic region), small ball sizec{plastic region), large

vertical and axial load and high hardness value of the indenting material.

2.4. Contact stress of ballson pipe surface (a Hertzian problem)
Once the taper houses are activated, the balls start to move. When the balls roll, they indent atesighe m
and are responsible for causing contact stresses. The pressure distribution at the pomntta$ given as
follows [8, 11, 12, 17, 18, 19]:

p(@) = —Pmaxy (1 — a?) , (eq 6)
wherea is the normalised contact radi(¥/,- )? andp,,., iS the maximum contact pressure. For calculating

the radial and normal stresses, the contact pressure is integrated with respect toaciunsetct give results

as follows[12]:

_1-2v 1 [1 ]+ Z [2 + (1 v)u (1+v)\/ﬂ tan™! (\/%)], (eq 7)

whereadyg is the radial stress,is the material depth, andis the poison’s ratio of the indenting material.

—— (2) = (ea®)

—Pmax

whereg,, is the normal stress in tlredirection and: is given by:

u? =% {az +z2—1+ J[(@+ z2-1)2 + 422]}. (eq 9)
When the sphere or ball is sliding, the problem can be considered in Cartesian coordieatdmgihe
problem is not axi-symmetric any more. From this pgifit) (Appendix A can be substituted which is used
to get the stress components and displacements with supeis¢dipe to normal load) arid (due to
traction or tangential loady is the coefficient of traction). The stress in theirection,s},, and the shear-
stress in thec — y direction,zy,,, z direction,a}, x — z direction,zy, andy — z direction,z}), due to normal
load are also provided in the Appendix. The stresses due to tractionxiditieetion,a’,., vy direction,ayTy,
z direction,o7,, y — z direction,t),, z — x direction,rz,, x — y direction,ty, are similarly giverin

Appendix A.

The total stress in any directiomill be the sum of stresses in that direction due to normal and traction

forces. This leads to the maximum shear stress (with traction) evaluatedwas fal]:



Tmax = 53/ 1 {(05) — (@) P +4 G52 | (eql0)

where superscrif# indicates the sum of stressn the respective directions.

2.5. Maximum shear stresslocationsfrom the analytical model

The traction of the ball relates to the amount of traction coefficient in action omiotv the ball slides. The
traction coefficient can be measured from the amount of sliding during the ball indent procedsallfith
purely rolling (theoretically), the traction coefficient is zero (traction coieffit is different from rolling
coefficient). Once the ball starts to slide with some rgltinthe slide to roll ratio has increased, the traction
coefficient starts coming into play. Figure 5 shows the changes in subsurface stress as motiorif¢lganges.
arrow pointing to the right indicates direction of horizontal motion and the other arroate=ldirection of
rotating motion. As this shows, the ball startsiofpure rolling wherein the maximum stregs,,,, =

0.31 pay) is located at the centre & 0) and depthz = 0.48r (see figure 5), where r is the indent radius
andp,,., the maximum point contact stress [8, 11, 12]. Once, the ball starts sliding (due to changeén surf
conditions or loading etc.), the traction force pushes the maximum shear stress locatigri®higrds the
rolling/sliding direction and away from the centre. As the traction force increases, the mastieamstress
location moves away from the centre and towards the rolling/sliding direction. Howea&gaion

coefficient of 0.3, the locality of the maximum shear stress starts forming behind tredlinglsiiding

direction [8, 9]. So in essence, the shear stress distributions depict the amount of roll enséid during

ball activation.

p=0.25 p=03

Figure 5: lllustration of Maximum shear stress contour showing distribusabject to change in traction coefficient
consequence of sliding element of steel ball for v=0.3 [8,11, 12].



In general, it is assumed that the surface finish is homogeneous and that thefoem®are constant. In
reality any surface finish will vary and the traction forces change accordinggrms of amount of an

indent, the contour plots in Figure 5 do not depict the amount of shear-stress and if it is incAmelelstsc-
plastic or plastic zone. The red or dark orange zone is the area of maximum shear stress and that zone
increases with the amount of indent radius which corresponds to amount of total edasitiafudent. In

Figure 1b, the ball sits in the left part of the taper housing and starts rolling and most of tmatiefisrare

in the elastic region. As the ball moves down the taper, the ball starts to indent more but becauseahe mat
has entered the plastic zone, the surface starts to collapse and progresses (unrecoveredjdaidaogs a

formation.

2.6. Successful and unsuccessful indent profiles

The analytical model discussed in the previous section can be used to explain the reason why the bal
skidding does not form a teardrop on the surface of the pipe. During skidding, the maximum shear stress
location is close or on the surface (depending on the traction coefficient). The surface belovatiis |
(subsurface) still remain elastic and the surface undergoes high stress (beyond yield) dsitte lsarface

to form a scar (or groove). Opposed to this phenomenon, during rolling, the area near the surface remains
still elastic and the maximum shear stress is located subsurface. As the ball rolls futlaghigiiter radial

force, the maximum shear stress area/volume increases subsurface where the region coll@odéatesd f

a tear drop formation as shown in Figure 6.

Once the subsurface stress and their locations can be predicted based on an analytical model built using
stress equations of the previous section, the contour plot of the distribution of yield is reAshsean, the
maximum shear value remains subsurface and indicates pure rolling in theory. During unsuondess(s}),

the maximum shear stress starts relocating itself away from the subsurface centre andiewartixce in

the direction of ball movement (illustrated in Figure 7). The location and values alaisatiwith the

amount of traction coefficient during the movement. The higher the traction coefficient, ththenbed|

skids, and the more the maximum shear stress starts relocating towards the surface. The highest maxim
shear stress value can be retained subsurface if the traction coefficient is equal to thalowed. With a

value of 0.5 (corresponding to rough surfaces), the maximum shear-stress is located at the sundabe beh

ball movement (instead of in front of it) [7, 8, 13-16].
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If the maximum stress value is located at the surface the ball can essentially glidswifateas the

contact surface has reached ‘near’ yield value and in the vicinity of maximum stress.

The pipe surface has become viscous in this region. In this region, the radial or the normal tloedeadi
does not increase as the ball does not roll down the taper and gets pinched between the taper and pipe
surfaces. This leads to visual scratches from plastic deformation on the pipe sutifiea minute ball

contact area.

3. EXPERIMENTAL DETAILS

Tribological experiments were plannedvalidate the models and to investigate features which could lead to
or assist in the skidding of the ball. The approach was as follows:

o Perform mechanical tests which can replicate the activati@sorall scale

e Analyse the friction and reaction forces during the tests

e Analyse the top and sub-surface of specimen that underwent permanent deformations

e Compare results with the analytical model

3.1. Specimens

There were specific materials to choose from considering the current pipe and taper house matergals used a
part of the mechanical connector products design. The pipe material ranges from low to higkteatbon

For the tests the materials used were EN3B (low carbon steel), 17/4 PH (stainless steel) anthigN24T (
carbon steel). Please note that EN24T was used for the taper house material becaugh sfrigngiih. The
hardness and tensile strength values for the materials are given in TalBeuker ® UMT 3 tribometer as

shown in Figure 8 was used for the experiments on the materials.

The machine allows the ball to be placed inside a ball-holder which is then pushed onto the test specimen.
This specimen is fixed omplate which is moved linearly with an electric motor. The controls of the

machine are configured before the start of the procedures. A tribometer schematiaigndhigwre 8. In

the schematic, the ball sits in the ball holder which remains static while the bad te froll. Graduallyan
increasing vertical forcds applied on the ball holder which then transferred onto the ball and this finally
exerts force onto the indenting material. The indenting material is clamped in a spgadgsaihed sample
holder and is fixed on a plate which can travel either forward or backwards (using an eletcirjonith a

speed Y(~0.15 mm/s). These fixtures ensure that the ball (5 & 6 mm; EN31) can move along the material
axially by exerting a normal force {065kgf) at the same time in a controlled fashion. The ball was kept
static for the initial 20 seconds {0LOkgf) and then allowed to move with increasing normal load up to

65kgf. The machine provides reaction forces in the three directions (plane of hojigatetaind horizontal

axes), coefficient of friction, and speed of the ball holder and how far the bottom plate has maowed for

conditions. The configurations of the controls are such that they replicate the ball-iegbaniam of ball

12



onto a flat surface. The experiments were performed to have a scar length of at least 8 Simeftihe
diameter of the ball. Table 1 shows the predictions of maximum shear stress whereimtéstade(astic
limits) values of elastic modulus and Poisson’s ratios are given as well. Please note that the maximum shear
stress prediction does not depend on the hardness or UTS of a material. However, if the nsabexéal ha
deformed plastically and hardness or UTS values are known, the relative friction coefficient can be
predicted.

Fv

A-A

Figure 8. Schematic of the tribometer test procedure. Ball holder is static with increasisgHaadthe ball
while the plate (with the sample) moves with a speed, oSdmple is fixed with a clamp onto the plate.

Finally some microscopic analysis was done to measure small profile features and compare indent

subsurface microstructures.

Table 1: Predicted values of the Maximum shear stress factor for diffeegierials based on maximum traction
coefficient of 0.15. Tested valueswodnd E have been provided. The UTS and H for these materials are also given

Material Tested v Tested E (GPa) | HardnessH (HBW) UTS(MPa) Predicted Tpax /Pmax
EN3B 0.3 196.9 179 620 0.313
EN24T 0.22 207.2 283 900 0.331

17-4 PH 0.29 203.9 277 980 0.315

4., RESULTS

Figure 10 shows the variation in coefficient of rolling/traction during the ball movement ovedémting
material. The normal force (ball being pressed onto material) keeps on increasingyradaedless of the
ball being moved axially or not. During the initial 20 seconds, the ball is kept sti# tiilforces increase
to get a firm grip with the material. The sample is then allowed to move with respeettalitwhile the
forces gradually increase, it is in this region we would like to observe any rollddjrek element of the

13



ball while trying to indent into the material. As shown at around 20-23 seconds, the ball has reached its peak

of static friction coefficient and beyond this the ball will be either rolling or skigldi

Depending on whether the ball has already reached plastic deformation before any forward movement, it
should give an indication of the amount of resistance it has to cope with. A fully plastic ingsnligiher
resistance compared to attempts to indent in the elastic region. In Figure 9, the region between 23 and 56
seconds seems to have a steeper slope compared to the rest. The (thin) red lines are drawn forfthe mean o
the graph for the particular regions. In the region between 56 and 69 seconds, the mean seems to be flattened
out (~ 0 slope). The rest of the graph has fairly stable growth with a low slope. From the theory we know as
the ball rolls into the plastic region, the ball is receiving high rolling resistamicetfre hardness of the

material and bow-wave formation ahead. If the resistive force tips over the rolling momsentterball has

to follow the traction forces in the direction of the ball movement. If the vertoze fexerted remains the

same, the ball will remain in its skidding motion considering the material surface is uriforrghout the
movement of the ball. In this case, the forces keep increasing and there is no way of predartihg e f

the point of tipping over so that the force can be kept cortstape its effect. And as the force increases, the
ball deformation at the contact phase increases at the same time which also contribetieeiaase in the

frictional forces both ways (rolling and sliding).

In Figure 10, it can be seen that the slopes for 17/4 PH do not flatten-out, but the initial part (26-54
seconds) has a steeper slope based on the mean for this region. The vertical force increasessiatigethe r
forces (opposite to the ball movement) also increase, but less steepness could indickhieeihg baa
sliding motion. The same kind of behaviour for material EN24T (taper house material) can ineFigeire
11. This does not have a zero slope and one initial section has a steeper slope than the rest. Hawever, it
be seen that the stainless steel (17/4 PH) has a more steepistdpéX7- 0.14) compared to the taper
material f = 0.122- 0.136) which suggests that there was more frictional resistance for the 17/4 PH
material. Whether the ball has a greater rolling element in this region cannot be concludibe@$mgraphs,
how far the ball has indented has to be measured instead. The higher friction could be a consequence of the
ball deforming at the same time the ball tries to indent into the material, and high#tirigdnaterial
strength contributes to more ball deformation. The more the ball deforms, the larger dlcé a@at
becomes and the more the friction increases. In order to see if the increase in frictiorthe firmerease in
ball deformation or larger indent, an indent measurement needs to be done effectively. The amount of
indentation indicates the amount of rolling versus sliding element, wherein thegrebtiady contributes
to large indent depth compared to surface sliding. In the initial phase of the experiments, tresblaives
normal force which means it has to roll enough in order to keep indenting further. In tihéser(towards
the end), the normal force is large enough to keep the ball indenting regardless of thergabstioliing.

The main difference with the actual application is that the normal force is limited pmsition of the ball in

the taper housing (Figure 1b), whereas in the experiments, the normal force is graduallgdncreas
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5. Discussion

Finally, to see if there is any coherence between them, the different results musiolgetbet. The friction
coefficient graph, indent depth contour map and the extrusion marks are overlaid. For Figure 9ethe circl
location correlates with the friction coefficient graph going flat. Also, in the extrusiages, there are clear
extrusion marks which indicate the material had a high skidding element. There will always be some
extrusion marks along the two sides as these are considered as the stick zone for the ball. Moreover, the
analytical model showed the ball is skidding using the inputs from the friction graph and npatgesties.

When the ball skids, the location of the maximum shear stress is no longer near the centrexihthbat,
but has shifted towards the surfathe more the maximum shear stress location gets pushed towards the
surface, but it is still close to the centre of the moving ball (averageegion of flattening is 0.15 < 0.3).
Here, the principle maximum shear stragg,, = 0.378 p;q, at a depth 00.45r (z) and0.17r (x) from

the centre of the ball. For Figures 10 and 11, there is clear correlation between the friction grapbteép
slopes) and the indent profiles (no long light patches in length of the sggk).= 0.31 p,,q, for 17/PH
(0.48r (z) depth and.11r (x) from centre) and 0.3p},,, for EN24T (0.48r (z) depth and.12r (x)

from centre).

For 17/4 PH though there @asmall patch of extrusion mark which relates to the indent graph (light area in
the location) and some local flattening in the graph. However, this could relate to a supdedtion as
there are no any irregularities before and after this location. This patch is cdesendgvere as compared to
EN3B. Softer material has higher tendency to indent roam®ared to hard materials so it can be concluded
that this can be related to the surface condition not being homogenous and given the fadsthmatll
(5mm) for this experimeng small change can lead to the ball not being able to indent properly with
deformation along its path. The larger the deformation of the ball, the largecesarka is in contact, and

the more frictional resistance plays roll in forcing it to skid.

Frictional experimentation on the tribometer showed changes in the friction coefficients whilecibmpr

ball was allowed to move axially on a flat plate by gradually increasing the pressure oh fhiei$al

procedure replicates the behaviour of the ball during the connector activation. Onceithirdeatb move,

the friction coefficient rises, flattens and dips (considering a moving average). The wsilogndicate a

high rolling element of the ball, flattening akigh sliding element and dipping as structural collapse at the
end with pure sliding. For the plastic indentations, rolling friction is always higher than ting $tidfion

My X (E,/H)'/? (u, < (E, /JE)'/3). The large increase in plastic rolling friction pushes the ball to transition
into sliding. In pure terms, there is always a sliding element as a consequence of a constant presence of a
stick zone. The transition from rolling to pure sliding happens once the rolling frictesstiances and

traction forces overcome the rolling forces and tractional friction.
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The images from the optical microscopy show the indentation and extrusion marks for the indest profi
The extrusion marks from the sides of the indent profiles were as expected. They clearly show
aforementioned stick-zone. Any extrusion marks away from the stick zone could mean ball is in the sliding

mode.

Overall, the analytical model fits well the experimental data since the friction Yedoethe experiments
provided the maximum shear stress locations. Combining all the test results together it appeaveasta
close coherence between them location wise. When the friction graph flattens, there ar¢ratean ex
marks at the same spot. Also the profile depth is minimum (from the profilometer restiiisyagion.
Moreover, the shear-stress contour plot from the analytical model suggests slidnegdame region.

Because of the fact that the tests were performed at a smaller scale, and the sifagkecizamges (sudden
roughness change) can lead to ball not being able to indent properly, and adding the amount ofafeformati
at the force increment, the ball can transition from roll to skid more Iguitke analytical model fits well

with the experiments conducted. When the ball appears to be sliding or rolling, depending on the amount of
traction, the maximum shear stress location (indicator of slide/roll elements) is mowangls the surface.

If the ball is purely sliding, this location shifts towards the surface even more. The model helps to back up
the amount of sliding by evaluating the amount of shear stress and the locations with relBpdopto t

surface.

6. CONCLUSIONS
The integrity of the mechanical connector product is focusestmong mechanical grip between pipes. The
latter is achieved by precision steel balls placed circumferentially around the conneetonasing

discussed the background and test procedures and results, the following can be concluded:

e The precision ball indentation procedure was analysed to detect features leading todside/ski
According to theory, a rolling sphere transitions from rolling into skidding due to significant
differences in the coefficient of friction between the different contact surfédmeeamount of normal
and axial forces, the effective (based on shape of contacting bodies) elastic modulus, hardness of
indenting material and lastly, but not the least, the size of the ball.

e The analytical model gives an insight to the amount of skidding based on the friction values and
certain material properties suchRassson’s ratio and Young’s Modulus for the bodies in contact.

When the maximum shear stress location moves towards the surface, it indicates the &all is

sliding mode, but when it is more centred around a certain depth, the ball is in a rolling mode. The
point of maximum shear grows as the amount of pressure increases and when the maximum shear
enters the plastic zone, there is a permanent deformation (collapse of subsurface matésial) due
which the ball makes a permanent deformation. The models are validated once input parameters are
known from the experiments.

e The analytical model will be a subject to continuous improvement under similar testarendit
which will also cover other contact types such as elliptical. The elliptical contact mades csed

for analysing the indent of the ball on the taper housing which is also known as back-indent.
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e To improve confidence of the models, experiments will be performed in a scaled-up version of the

tests discussed in the paper.
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APPENDIX A
(Expressionsfor analytical model from Hillset al. (1993) [12]

e 1 ()] £ [+ 520 - A va ()],

whereadyg is the radial stress,is the material depthy, is the poison’s ratio of the indenting material.

Ozz (z )3 u
~Pmax Vu/  u+z?’

whereg,, is the normal stress in tlredirection and: is given by:

1
u? =2 {az +2z2 =1+ {/[(a? + z2 —1)? +422]}.
On thea = 0 axis, the relations are as follows:

796 — (1+v) [1 — z tan™! (l)] SR

“Pmax 4 2(1+22)

Oy 1

~Pmax - 1+22
T, = 0.
On the surface within the contact patch the relations are as follows:

00 - 1720 1 [1—(1-72)32] + 20V1 — @,

~Pmax 3 a?
a.

—ZZ_ — /1 — aZ’

~Pmax

Tz9 = 0.

When considering the exterior of the surface to the point of contact these are:
gge — 1-2v i

~Pmax 3 a?

O, =Tz9 = 0.

Finally, at the origin these are:

Ozz
= 1'
~Pmax
~Pmax 2

When the sphere or ball is sliding, we can consider the problem in Cartesian coordinates gilien that

problem isn’t axi-symmetric any more. So [10]:
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h(b) 2.d c ap(a)
90) =52 =25 U T da)

it gives:

h(b
9(b) = =2 = prgsb,

From this point we may substitug€b) which is used to get the stress components and displacements with

superscripiV (due to normal load) arid (due to traction or tangential load, is the coefficient of traction)

as follows:
Oxx 1 z3 z —
——— (1-2v)— (xz—yz)(1—5)+; [(1+17)u tan 1(;)—21}—(1—1})1+ -—(1-
x? xu*
2v) a?(1+u?) (1+u2)2(u4+22)]
wherec?, is the stress in the direction.
z3 z _
M—(l—Zv) (x% — 2)(;—1)+;[(1+v)utan1(;)—217—(1—17)“2 1-
2
2v) —=

az(1+u?) (1+u2)2(u4+z2)
N .
whereg,,, is the stress in the direction.
oy xyzu®
Pmax  (1+ud)? (ut+z2)

+ (1-2v)H ,

wherety), is the shear-stress in the- y direction.

N

ory 73

Pmax u(u*+z2) '

whereal, is the stress in thedirection.

™, xz%u
Pmax (1+u?) (u*+z2) ’

wheretk, is the shear-stress in the- z direction.

‘53’\,’2 _ yz?u
Pmax (1+u?) (u*+z2) '’

wheret}), is the shear-stress in thie- z direction.

O';‘x — G':)T;y + G‘;z ] _ 1 B 5
U Pmax - [ UDPm X(l + 17) [tan (1/u) u/(l + u )] y

wherea?, is the stress in the direction due to traction.

u N 3u y2us
4(1+u?)? © 8(1+u?)  (1+u?)3(ut+z?)

oy _ _ 31 _ oH
T 2vx [ 5 tan (1/u) + ]+ (1-2v)z 3y
Whel‘EO';y is the stress in the direction due to traction.

or, xz%u

WPmax  (+u)(ut+z2)

wherec, is the stress in thedirection due to traction.

152 _ xyzu3
UDmax  (1+u2)2(ut+z2)

Wherer§z is the shear-stress in tlpe- z direction due to traction.

u 1 X

_tx o, [Ban-t w1 xME
=z [2 tan (1/u) 2(1+u?)?2 u (1+u2)2(u4+22)] !

U Pmax
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wheret?, is the shear-stress in the- x direction due to traction.

T4y 1 1 _u u _ x%u® Yy —1(1) _ _u
UDmax 2vy [8 tan (1/u) 8(1+u?) + 4(1+u?)? (1+u2)3(u4+22)] 2 [tan (u) 1+u2] +

0H
(1 - ZU)Z e

wherer,fy is the shear-stress in the- y direction due to traction.

Where:
a’ =x%?+y? ,

H = 22 [(z/w)* = 3(z/w) + 2] ,

so that:

OH _ H (y%-3x2) n ux2yz ,
ox xa? a? (u*+z2)(1+u?)
OH _ H (x%2-3y?) uxy?z

ay ya? a? (ut+z2)(1+u?) °

And u?is the largest root of (repeat of eq. 9):

aZ

+Z =1

14+u2  u?

On the axis of symmetry(= y = 0) the stress components due to normal loading are as given by:

Ll\éf 1 {yz_XZ 1-2v [(1 _ a2)3/2 _ 1] _ (xz + 217}12) V1 — az},

Pmax a? a? 3

D 1AV (g 2302 1] - (y2 + 20x?) VI - @2},

2 2
Pmax a a 3

i&—=(1—h0%{JT:E?+§%[u—aﬁwz—q},

~Pmax
N _ N _
Tyz =Tzx = 0.

And outside the contact patch

ol _ (-2v)(x-y?)
~Pmax 3a* '
o)y  (1-2v)(y?-x?)
~Pmax N 3a* ’
‘rgy _ 2xy(1-2v)
~Pmax 3a* '

N _ N _
Tyz = Tzx = 0.

Turning to tangential loading, this produces only one non-zero componentorattis, i.e.

T 2
Tz 3 apt (1) S R a— Inside the contact patch, on the surface, the following stress
U Pmax 2 z 2(1+22)

components due to tangential loading are non-zero:

T

g X v
_Oxx . _TX (1 + _) ,
—H Pmax 2 4

O'};y _ 3mvx
~H Pmax 8 '

L (i)
~H Pmax 4 \2 '
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4 =

—H Pmax
Lastly, on the surface outside the contact the following non-zero stress components due to tangential loading

arise:

T 2
T X 2{a2+vy2}1<0+v[3—4(§) ]LO},

—H Pmax a*

a

T 2
By % 2x2KO+[1—4(¥) ]LO},

T 2
Y {a2—2vx2}1<0+v[1—4(§) ]LO},

where:

_ 1 5 1 2 —1[;]
K, = > Va 1+2a tan Tl

_ 1.2 4y\3/2_ 1 4 —1[ 1 11 2 /72
Lo—z(a 1) ;@ tan ——|— @ vaz -1 .

Hence, although the stress field associated with a sliding Hertzian axi-symmetric contagliéxcibiis

completely expressible in terms of elementary functions, and is easy to evaluate.
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