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Diametral compression test method to analyserelative surface stressesin

thermally sprayed coated and uncoated circular disc specimens
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Abstract

In firsts of its investigation, a diametral commies destructive testing method (also
known as Brazilian test) was performed on thermsiisayed coated and uncoated circular
disc specimens to compare relative surface strefbescoating investigated had about 250
um thickness deposited on 4.76 mm thick Hast&Xosubstrate discs of 20 mm diameter. In
the instrumented experiment (diametral compreds@st) strain gauge rosettes were used to
measure strains on two circular surfaces of discispen (coated and uncoated sides) and
converted to stress values for analysis. Where eoisgns were made, the experimental and
finite element simulation results were in some agrent with overall understanding of the
diametral compression testing behaviour. For cospedimen, test results convey that higher
stresses exist within the uncoated side of theisycrather than the coated side. Although
the methods proposed would be deemed most compdmat#al life scenarios (e.g. to
quantify coating delamination strength and failorechanics), this type of experimental
investigation has certain advantages and limitation

Keywords: diametral compression test; Brazlian test; thermal spray coatings; strain

gauge, residual stress; analytical method; finite element.
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1. Introduction

Normally, Hertzian contact mechanics models arel tis@letermine the change in the
contact area of a surface as loads are exertecontacting surface. This process can also be
applied during the compression test of a specirmel bccurrences of material contact.
Hertzian contact mechanics theory is one of thkeeaevelopments in contact theory [1],
which is limited to the following assumptions: {ag material surfaces in contact are
continuous and are different nonconforming surfaf@sthe contact surfaces are frictionless,
and (c) only small strains are valid - as too latyains would cause the material to become
plastic rather than elastic. Both solids are teéatehaving an elastic half space, the depth of
the deformation due to the loading would not caalastic deformation on either material [2].

Brazilian testing is a methodology of compressestihg where the contacting surface
on the cylinder specimen (or disc in current studygither curved and rigid or flat and rigid
as can be illustrated Fig. 1(a). The Brazilian disc test has been introduced @maenient
substitute of the direct tensile test in the cddwittle materials (mainly rock like ones and
concrete) [3-4]. Also shown iRig. 1(b) an isotropic disc section (two-dimensional) in
compression with two rigid plate being the contagface, wher® is the original radius is
the contact radius, is the deformation, arnfdis the force applied to the disc. Hertzian
pressure theory predicts, for a diametral compoestsst of a disk, that the largest magnitude
of principal stress is located at the centre ofdis&. It also predicts that the stress is tensile

the x-direction and compressive in y-direction. Jienstrength &, ) of a disc in contact with

a flat surface can be found from Hertz theory key/ftillowing relationship;
g, =—=— Q)

whereR is the radius (or diametdD,) of the circular specimen that is in contact with plate
andt is thickness of the disc. Brazilian testing metHodg can be used for brittle materials

and ceramics as was performed by Scapah. (2017) [5] in finding the tensile strength of
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alumina. This testing is well documented whers rniostly used to find strength and
deformation of rock discs as was performed by Ghah (1998) [6].

Huanget al. (2012) [7] set out to determine the bond stremgthin a composite
concentric disc focusing on stress distributiotigh finite element (FE) method. The
composite concentric disc consisted of glass fim®t, dentin and resin. It is subjected to
compression from a steel block. Other relevant waeak carried out by Furukaveaal.

(2015) [8] who sought out to determine an effectivethod for evaluating the capping
tendency during a diametral compression test ofrpheeutical tablets (microcrystalline
cellulose) using FE. Experimental work by Procaogiial. (2003) [9] found that this
relationship is accurate for linear elastic matered which are brittle and will fracture. This
is validated through FE and referred to as thesstag the centre of the circular specimen by
Es-Sahelet al. (2011) [10] of whom also describes empirical folator the stresses at any
point on the disk. FE study performed by SahooG@hatterjee (2010) [11] found that for an
elastic-perfectly plastic material in contact wathigid surface that the elastic modulus to

yield stress ratio / g, ) effects contact behaviour. If the ratio is l&ssn 300, which this

causes parameters including the hardness and tpnégsure to not be constant in the
contacting surface but are constant if the ratabisve 300.

Several models and theories have been developedHistz’s original work to
analytically model contact more accurately wittslbsoad assumptions. This can be possible
due to several effects being neglected by Hertiiaary. Interfacial friction is an influence if
the two materials in contact (the specimen andeakiemachine) have different elastic
constants. Resisting this friction at the edgethefsurface slip occurs and will always take
place if the materials are different. Adhesion ghanomenon not considered in Hertz theory
which occurs at the middle of the contacting swefand requires a force to overcome it often
referred to as the pull off force. This influentles contact area after the compression has

taken place and refers to the Johnson, KendalRanmkrts (JKR) theory of elasticity [2].
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Standard compression testing (ASTM E9-09) [12] dsadises compressive testing of
metallic materials, which includes recommended ggeint and specifications of the
specimens. The main failure documented from theofethe specimen is crushing due to the
compression test, but the standard also highligthtsr methods of failure during this test
such as non-axial loading causing lack of elastitability or the occurrence of inelastic
instability or torsional instability.

Considering thermal spray coating formation, resgicirain (or stresses) are formed
within the coating and substrates due to many gsEse(quenching stress, peening effect,
deposition temperature, lamella structure) and @hl#terences [13-18]. However,
traditionally, as presented by Godetyal. [19], residual stresses mainly arise from two
different sources: (a) shrinkage of the spray plagiafter solidification (primary cooling
process), and (b) differences between the coathidgsabstrate thermal expansion coefficients
(secondary cooling process). Also summarised byjaret al. [20], during the first stage of
deposition, individual molten particles heat thbstate leading to solidification. Since
complete contraction is not possible (owing topihesence of the substrate and/or the
neighbouring particles), which leads to residuadsstes, called ‘quenching stresses’. The
second stage of the spraying process is relatdwtoooling of the coating. The presence of
the ‘cooling stresses’ is due to both the mismattiween the thermal expansion coefficients
and the temperature difference between the coatidghe substrate. State-of-the-art
schematic representation of stresses (quenchingngd, leading to residual stresses has been
well documented by Pirgt al. [21]. However, depending on the spraying process @ir
plasma, high velocity oxy-fuel, etc.) as presertgdampattet al. [22], or as a function of
temperature of deposition as presented by Mategtak [23], the distribution, intensity and
sign of the residual stresses can be very diffdrentugh thickness (i.e. tensile, compressive
or combination of tensile and compressive). Ludy&#urai and Tillman [24] concluded that
the thickness of coating and substrate geometryrgatify the residual stress (i.e. absolute
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residual stress increases with the thickness ofaaéng). The compressive stresses induced
by thermal spray coating has a significant positnfience on the wear resistance, whereas
the tensile stress has a negative effect. The cgsawe stress can prevent the initiation and
propagation of the cracks [25]. However, tensitess can lead to delamination by cracking
or loss of adhesion. Better adhesion between angpamd its substrate is expected when the
mean residual stresses in the region of the irderfae as low as possible [26-30].

Measurement of stresses is therefore importantatuate coating quality (e.qg.
adhesion, fatigue, tribological behaviour). Nontdagive (laboratory X-ray, synchrotron X-
ray, neutron, Raman spectroscopy, digital imageetation, photoluminescence
piezospectroscopy), semi-destructive (hole-drildhgng-coring, layer removal, focused ion
beam milling, indentation), and miscellaneous ofcarvature, modified layer removal,
material removal) approaches have been adapteg&imentally evaluate the residual stress
fields in thermal spray coatings. The measuredesbf stress in the coating-substrate system
can be sensitive to the stress measurement te@)mdpich in turn can influence the
predicted life of coated components [13-18]. Howetlas study will consider a diametral
compression destructive testing method on thernsaltgyed and uncoated circular disc
specimens to compare the surface relative stresses.

The first objective of this study is to evaluate #train and stress distributions of the
thermally sprayed coated circular disc and uncoeitedlar disc under diametral
compression, and to understand how the coatedaffisct and address variations in stress
distribution. The second objective is to explaia equence of events observed during the
test, i.e. from elastic to interfacial failure l&agito final coating delamination from the disc
substrate. For these reasons, we used the stnage dgpased instrumented diametral
compression method, then finite element methoddasure strains (or stress), and finally the
analytical method. It is expected that the methwdsented in this investigation will stimulate
efforts towards measuring coating delaminatiomgjiie and change in structural strength.

5
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The following section on the theoretical aspeaiametral compression testing method
(Brazilian test) was necessary as this is firstestigation of its kind on thermally sprayed

coated and uncoated circular disc specimens to ammplative surface stresses.

2. Theory
2.1 Sressesin acircular disc
This section presents a theory related to strassesircular disc during diametral

compression test. The following section applies theory to a coated circular disc. As
derived by Johnson (1985) [2], the elastic compoassf two-dimensional disc (for isotropic
material) in contact cannot be calculated soleyrfithe contact stresses given by the Hertz
theory. The compression of a disc which is in nonfermal contact with two other surfaces
along two generators located at opposite endsdaraeter can be analysed satisfactorily. As
shown inFig. 1(c), the compressive load?() per unit axial length gives rise to a Hertzian
distribution of pressureff) atOx:

p :E[l—x—ij @

a a

where the semi-contact widtl, (assuming contact width is same on both side oéngcal

axis, y) is given by:

a2 = 4R (3)
TE,
. : 1 1-v) 1-v?
where E; can be found from composite modulus equatrga E £ + = ) of the

compressing plate and the diBds radius of the disc, amg andv are Poisson'’s ratio of non-

conformal compressing plates and disc, respectivéig stress distribution (Timoshenko and

Goodier, 1951 [31]) in a disc due to diametricalpposed concentrated loads comprises the
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stress fields due to two concentrated forde$ écting atO; andOo, together with a uniform

bi-axial tensionig. 1(c)):
g, =0,=— 4)

Sincea<< R, we can consider the disc as being subjectedtordination of
diametrically opposed forces distributed accordmgquation (2). The stress at poinis
made up of three contributions: (i) the stresstdudertzian distribution of pressure on the
contact a1, given by Equation (2), (ii) the stress due to¢betact pressure &b, which, in
view of the large distance of A fro@, can be taken to be that due to a concentrated,for

P, and (iii) the bi-axial tension given by Equati@). Therefore, the stressesfa(Fig.

1(c)):

2 2
g =Pl1_dae2y) 4y -
TR az(a2+y2) a

P|l 2 2
= J-- - 5b
ay U{R 2R_y (a2+y2)112} ( )

In plane strain,

oo} o

The compression of the upper half of the d3¢Q) is then found by integrating, from

y=0to y=R,wherea<<R, to give

ALl o

Therefore, the total compression of the diametesyaing contact widtla is same on both

sides of the vertical axigy, and assume that the disc does not tilt) throbghrid-points of

the contact area®©(0y) is

5=25, (®)
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The compression of a half-space relative to a patiatdepthd below the centre of a

Hertzian contact pressure distribution can be,

el

As presented by Johnson (1985) [2], takihg R, the true compression of the half-disc

(Equation (7)) exceeds the compression based upaif-apace (Equation (9)) by less than

10% within the practical range of loads.

2.2 Stresses in a coated circular disc
This section presents a theory related to strassesoated circular disc (coating on
one flat side of the disc) during diametral compras test. As shown iRig. 2(a,b), the disc

under investigation can be considered as comp(@itding-substrate) disc of same radius (

R) and perfectly bonded at interface of differentkhessest( as coating thickness$; as

substrate thickness). The elastic modulus and ®vsssatio can be considered for coating as

(E., v.) and for substrate as=(, v,).

Therefore, based on theory discussed above, thecatampression of two-
dimensional composite disc (coating-substrate sysiie non-conformal contact with two

other surfaces along two generators located atsgends of a diameter can also be

analysed satisfactorily. The stress distribution.( o, : coating;0,s, 0, substrate) in a

composite disc due to diametrically opposed comatad loads comprises the superposition
of the stress fields (of two half-spaces withintomgaand substrate system) due to two
concentrated forced) acting atO: andO» (Fig. 1(c)), together with a uniform bi-axial
tension (assuming strain in the coating and sulasisaequal as the change in dimension of

both will be the same under the assumption of peldending and two concentrated fordes,

):
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(10a)

(10b)

Similarly, the stresses At(consider coated specimdfig. 1(C)):

P

PJ1 2!a2+2y2! 4y

Oy = ”{E - az(az + y2)1/2 + az}

P12 2
yc _TT{E_ZR—Y_(a2+y2)M} (llb)

(11a)

And the stresses at(consider in substrate of coated specinkeg, 1(c)):

2 2
s -Pl1_2er2y) 4y 123)
Xs T|R az(a2+y2)1/2 a.2
Pl1 2 2
o =Pl1_ _ 12b
y ﬂ{ R 2R_ y (a2 + yz)lIZ} ( )

In plane strain (consider coated specinteg, 1(c)),

gyc = [1_ VCZ J{Uyc - ch( VC j} (13&)
E. 1-v,

Eys = [l_ - J{ays - ax{ e j} (13b)
E, 1-v,

The compression of the upper half of each disctiiegasubstrate) is then found by

integratinge .and € .from y=0 toy =R, wherea<<R, to give

5 =p % {2|n[4£}1} (14a)

2
5. =p| 1Y {ZIn(ﬁj—l} (14b)
TE a
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Therefore, the total compression of the diametesyaing contact widtla is same on both

side of the vertical axisy , and assume that the composite disc does nahtitiygh the mid-

points of the contact area®:10») is

0=26, =20, (15)
The mismatch in compression (for example wizéqn < 2J,,), can lead to coating

delamination due to shear strain at the coatingtsate interface.

3. Materialsand methods
3.1 Coating and disc substrate materials
The coated disc specimen was sourced from work Eatpprevious to the
investigation [13, 32], as shown king. 3(a). The disc substrate of 20 mm diameter and 4.76
mm thick used in the investigation was Hasteéldyprovided by Haynes International
Limited, Manchester, UK. For the coating (about 250 thickness) under investigation a
combination of molybdenum carbide (Mo-b), powder catalyst and a metal oxide powder
(i.e. AlO3) were used. The powder was used to create feddgtaeder which allowed for
the fabrication of coated specimen (i.e. MoJaAI-Oz, with a stoichiometric ratio of
0.8:0.2). Air plasma spray (APS) deposition wasiedrout at an industrial thermal spray
facility (Monitor Coating Limited, UK), using a spy system.
As per the scheme shownhig. 4 (inbox) [13], nanoindentation trials for elastic
modulus (at 30 mN load, instrument chamber temperad800 K) of the coating and substrate
cross-sections were performed using a calibratetbNast™ system (Micromaterials

Limited, UK) with a diamond Berkovich tip. The el@smodulus E; ) and Poisson’s ratia/(

) of the diamond indenter were taken as 1140 GA®d&Y, respectively, whereas, to

calculate the elastic modulugy) of the specimen, the Poisson ratio for the coktger (. )

was assumed as 0.30 (Molybdenum Poisson’s rattbjarthe substrates() was presumed

10
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to be 0.32 [33]. Where necessary for substratestiiesses were then normalised by dividing

by the theoretical yield stress (385 MPa) of Hasy&IX [34].

3.2 Test sample preparation and strain gauge location
The strain increment measured by a strain gaugelysproportional to the elastic

strain when perfectly elastic material behaviour ba assumed at the measurement location.
Plastic deformation of material makes it imposstbleelate measured strain values to other
stresses (e.g. residual stress). For the baresplesgmen and for the uncoated sides of the
coated specimen, the surface was prepared fon gjaaige assembl¥Fig. 3(b)). To have
increased bond strength, 320 grit sandpaper wakassan abrasive to increase the contact
surface area of the face of the specimen with tmaling agent (Loctife Super Glue
Precision). The bonding glue for strain gauge abbemas let to cure in ambient laboratory
conditions. Alcohol (isopropanol) was used to deaomnate the surface of the material. The
remaining alcohol was then dabbed dry to ensunesiltlues were removed before adhesion.
Due to the way in which the coated specimens wanaysd, coating residue was present
around the edges of the diséd. 3(a)). This coating will absorb some of the stressesnited
to be exerted on the substrate-coating systemftrers was removed using 320 grit

sandpaper.

3.3 Srain gauge instrumentation
As a compressive load was exerted on the speciingas known that a tensile strain
would be induced at 90° to the direction of the pogssional strain. This was of interest
therefore bi-element strain gauges (circuit beimggaarter bridge with two-wire connection as
the cable length was shorter) were used duringntgsneasuring these two changes of strain
with load. For the strain experiment carried otdcked rosette general purpose strain gauges

were used for the test (stacked rosette KFG-2-Dill73D, Kyowa Electronic Instruments),

11



Surface and Coatings Technology
with 2.0 mm gauge length and 5% strain limit atmoemperature. Strain gauges provides
the results directly as strains and not as thegdhanthe strain gauge resistance during
testing. Strain relief is an important factor taxsmler when applying strain gauges. Low
magnitude stress (for example, the weight of thesyiupon a stress concentrated section of
the lead wire may result in fracture. Therefor@) fhlastic films were glued on top of the
components to relief some of the stress exertéet, thife glue set, excess plastic was removed.
Wires were soldered to the strain gauge ribbonsl@ad connected to the CompactRIO,
where results were recorded via LabVIEXyV

The National Instruments CompactRIO (cRIO) prograhla automation controller
was used to receive the signals created by thie sfaaiges. The RIO architecture, which
contains a real-time processor, a reconfiguratd&lR*rogrammable Gate Array (FPGA), and
swappable I/O modules, was connected. For the empet carried out, CompactRIO scan
mode was used. Scan mode allowed the user to pnogeahe real-time processor of the
CompactRIO but not the FPGA. In this mode, Natidnatrument™ provide the
programming for the FPGA based on scanning theri@@ules and placing it into a memory
map, making it available to LabVIEW Real-Time module. The virtual instrument (VI) for
the experiment carried out contains the readings the 120 V quarter bridges programmed
into the CompactRIO channels connected to grapmdatator in order to display the results.
The entire VI was created in a timed-loop with enphing rate of 10 Hz to give ten strain
readings a second. A limitation of this VI set-upsathat the VI could not log the data
independently, therefore, only what was witnessettié graphs could be exported to excel. A
maximum of 1023 data plots along the x-axis wascied, giving a maximum timeframe of
approximately 100 seconds before data loss occufi@ch experiment was thus timed during
loading and to ensure no data loss occurred, expets were stopped after 90 seconds of

loading.

12
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3.4 Diametral compression (static Brazlian test) loading

To verify the analytical solution$gction 2), a series of diametral compression tests
were carried out. The Instr88382 universal testing machine (loading capacid@ kN) was
utilised to apply a compressive load to the spensr(shown irFig. 3(b)). In this
experimental procedure, only the upper compresdiate is moving (downwards) and
therefore the displacements along y-axis are monsstric with respect to the horizontal x-
axis of symmetry. The Instr88382 loading machine was operated by Blu&lstftware
where a rate and direction of displacement carstabbshed for the test. All the samples
were tested at a loading rate of 2 mm/min. Thislilog.rate selection was made based on
some trial runs. For uncoated Hastellysubstrates, a strain rate of 1 mm/min was irtial
applied, and this test was stopped at around 1.5mptacement. The maximum
displacement was appropriate as yielding of theti¢flag®X was observed before this
maximum value was reached. During trial runs, ier toated samples, a strain rate of 1
mm/min was tested, however, the coating did né{ifaspected visually). Therefore, the
strain rate was varied to 2 mm/min which succebsftdctured (and/or delaminated) the
coatings (Mo-MaC/Al.0s on Hastello§X substrate) in the given timeframe.

During strain gauge data capture, a variation sistance is observed even in the
absence of external loadings, considered as a whigd was recorded for a minute before
testing occurred. This noise was time-averagedsabtracted from the results obtained in the
VI to filter out the noise received by the instrurtagion, which was completed for all the test
specimens. It was acknowledged that the complergay of the specimen lead to a
complex analysis, due to Hertzian contact. Howeagsumptions were made to greatly
simplify this. A pure bi-axial analysis was comgi@tduring the investigation, meaning that
Poisson’s ratio across tleaxis was ignored. An assumption was made whenlegicg
stress field at the surface of disc centre (toHeke’s law for stress values, it is necessary to
ensure that strain gauge locations do not unddagtip deformation), as the strain measured

13
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was multiplied by the elastic modulus at the swefatthe coating or substrate found by
previous work on the same coating-substrate systeBijslt is acknowledged that the elastic
modulus of the substrate varies slightly with tbatang applied [13], as shown kg. 4 (with
average elastic modulus value of 205+82 GPa fotirnga

Practice testing was completed to develop the iqokrover numerous tests to create
a robust method. It was acknowledged prior tonigdnat slippage might occur, therefore a
notched plastic jigRig. 3(b)) was created to load the specimen so that theeapiplad would
be uniaxial upon the specimen. As Bluéhgbftware live displayed the load-displacement
curve, the jig would be removed once an acceplablkwas reached (around 5 kN) knowing
that this would not move the specimen. It is pdedihe test specimen can be loaded off-axis
— leading to inaccuracies within the testing (&climpplication of compressive force, free
from eccentricity, can be difficult, and little ddube done to fix any off-axial loading).

It is understood that during compression loadirgtli@ external load increases) both
compression plates and the specimen are graduelblyrded (either plastically or elastically)
and the contact is realised along a finite artefdross section symmetric with respect to
both axis [4]. Although the compression platesiuagally considered as an ideally rigid body
in many practical applications, the disc and corsgian plates relative deformability
(quantified by the ratio of their elastic modulgrmot be ignored [4], but usually the gradual

change of the contact length is ignored.

3.5 Finite element modelling of diametral compression loading
The stress within the coating and substrate migasa analysed using a
commercially available finite element software (AQAS, v.6.16). A three-dimensional
elastic-plastic contact stress model was develtpeamic the experimental loading of the

disc substrate with the coating. The geometryefdoated specimen was modelled with two

14
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compressive plates in the top and bottom in contd@btthe coated substrate to replicate the
experimental testHg. 5).

The input parameters for the simulation of the dislastrate and the coating are given
in Fig. 2. The yield stress of the Hastelloy2Xubstrate is taken as 385 MPa [34] and for Mo-
Mo2C/Al>Ozit is assumed as 770 MPa (at zero plastic stralm.experimental value of the
yield stress of Mo-MgC/Al>.Os coating material was not evaluated and an apprdiomavas
made based on the difference in hardness valute a@ating-substrate system, since there
can be a linear relation between the hardnessiatdistrength [35-36]. The yield stress of
the coating based on the hardness of the coatisgaumhly twice of the Hastelloy$X
substrate [13]. The following assumptions were nmadbe finite element simulations: (a)
materials were isotropic, homogeneous and linesatiel| (b) contact between the compressive
plate and the specimen occur along a line, ang€gidect bonding between the coating and the
substrate. The bottom end of the lower plate weedfiwhile the upper plate was given a
displacement o= 1.6 mm in the Y-direction and the disc was ret&d translational motion
in X- and Z-directions, for which the boundary cdimh was applied on the uncoated surface
and this boundary condition was deactivated dutregsimulation to mimic the experiment.
The element type used in ABAQUS is hexahedral (G38general purpose linear brick
element) for the substrate, coating and the plMésh convergence was carried out for the
coated disc until a point at which the maximum Wises stress did not vary. The converged
model consisted of 28,392 elements for the sulestnad 2366 elements for the coating.
Surface-to-surface contact was specified in theramtion module of ABAQUS and
coefficient of friction value of 0.2 was appliedttee points where the upper and lower
compression plates are in contact with the sulestidte tie-adjust constraint was used to
model the interaction between the coating and safiest

A simple finite element model allows to study theaqtitative influence of the model

dimension and properties. The implementation ofeso@al specimen conditions (e.g. elastic
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modulus, phase composition, microstructure of tigividual coating and the substrate, load
stresses, residual stresses, interface geometghanieal boundary conditions, microcracks,
influence of layers, etc.) may not be straight farvin modelling. Although a more realistic
simulations [e.g. 37-42] (beyond the scope of aurveork) can yield valuable insights into

the effect of the microstructure on stresses arkcpgopagation.

4. Resultsand discussion
4.1 Sandalone disc substrate

As obtained from the strain gauges, typical dagshown irFig. 6(a) regarding the

distribution of thes, ande, components of the displacement field at the cesfttbe

specimen’s surface for a load level about 20 kNe st as shown iRig. 6(a) was first
completed using uncoated Hasteflyspecimens to develop a working procedure for the
coated specimens. The results allowed for a compato be made later between the coating
and substratd=igure 6 convey the effects that loading had on standalmweated substrate.
From this figure, it is made evident that the lalsilacement graphs are non-linear. Usually
for a simple square/rectangular plate specimenitbidd be deemed incorrect, however as
the specimen is circular disc, this is expected.

Diametric compression induces an indirect tensi which is at maximum
perpendicular to the loading direction and is prtipoal in magnitude to the applied load

[10]. When the graphs are observed more closegjgesting that linearity does not always

seem to occur almost to the point of yield (whgre: 1, Fig. 6(b)) before a curve becomes
o
y

much more evident. The, =385MPa (yield strength at 0.2% offset, for sheet 2.3 mni.®

mm thick at room temperature) value used for HastEX is obtained via theoretical value
[34]. The stresses upon the centre of the specimagnbe still be in the elastic limits however

influenced by the Hertzian contact which occurrethwoad, or by the central zone on the
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surface reaching yield stress. As shown throughoatiand horizontal red lines at the point
of yield (Fig. 6(b) and then coordinates tracedriy. 6(a)), they-axis strains and stresses are
offset (higher) by about 110 um comparea-&xis strains and stresses. As per the theory
presented irsection 2.1, the comparison of-axis andy-axis stresses in uncoated circular disc

will be presented in later section.

4.2 Comparison of coated to uncoated disc faces

During testing of the coated specimens, strain gawgere attached to both the coated
and uncoated faces of the specimen (at the cdntggin an understanding of the differences
in stress experienced between the substrate anddahsprayed coating surfaces during the
loading procesdtigure 7(a,b) displays the strains and stresses inxthendy-directions for
the coated specimehRigure 7(c) displays the normalised stresses for the uncoatazldf the
coated specimen (using, = 385MPa for Hastello¥X), again suggesting that linearity in the
x- andy-directions does not always seem to occur almotteqoint of yield (Whereao— =1)

y

before a curve becomes much more evident.

As shown through vertical and horizontal red liaeghe point of yieldKig. 7(c) and
then traced irfrig. 7(a,b)), the coordinates are symmetnjeaxis strains and stresses are same
compared tx-axis strains and stresses in uncoated faces apt@men, respectively),
indicating symmetricity between two directions, walight asymmetric coordinates for the
coated side. Up to the point of yield, the stresgem the centre of the specimen (coated side
and through thickness in coating) may be stillibthie elastic limits, however, stresses upon
the centre of the specimen (uncoated side anddhrthickness in substrate) may be in the
plastic deformation zone, leading to initiationcmating delamination due to mis-match in
stresses at the coating-substrate interface. Fdedspecimen, the uncoated face experiences
more strain and thus more stress than the coated si
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As observed through recent investigation ([Efjpendix A.1), neutron diffraction
residual stress values for the same coating-substpecimen (Mo-MgC/Al>Os coating on
Hastelloy’X substrate), it was observed that the differeretevben average residual stress
(102 MPa in substrate, 41 MPa in substrate) is a®bWMPa, with about 150 MPa average
stress mis-match at the interfadecan be observed that the through thicknessuatgtrain
(or stress) profile is complex and ideally it coblkel superimposed on the compression stress
field [13]. However, such experimental data of desil strain (or stress) is not three
dimensional and such superimpositions is not triagaa three-dimensional stress field
during the compression test. The failure of thetiogan the current study is detachment or
delamination at the coating substrate interface. rEisidual stress profile at the coating
substrate interfacé\ppendix A.1) shows low stress in the coating and a comprestigsssat
the coating-substrate interface. However, in theetu example, the compressive residual
strain (or stress) could be helpful in combating delamination failure at the interface [21-
24].

Scanning electron microscopy (SEM) images of thetambsurface have been provided
(Fig. 8(a)). As presented for Mo-M€/Al.Os coating surface, the coating is porous —
interconnected voids (in specimen cross-seckom,8(b)). Strains influenced by the
diametral compression test will have great diffigi@panning across the coating as the strains
will become more localised across the coating spratomparison to the solid homogenous
Hastelloy’X substrate. However, the difference in stresgrairsvalues (i.e. the point of
yield between coating and substrate inxfaxis andy-axis directions at the centre of the
specimen are shown kig. 7(b)) is about 226 MPa in tensile direction and about [28a in
compressive direction. These values are higherdlkiarage stress mis-match at the interface
of about 150 MPa using neutron diffraction methb8][ The stress values (from current
diametral compression test) which could possibityate coating to delaminate from the
substrate. Therefore, the proposed diametral canjone test method may be an alternative to
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ASTM C633 (“Standard Test Method for Adhesion oh€sion Strength of Thermal Spray
Coatings”) [43], to quantify the initiation of adtien failure (or adhesion strength) at the

centre of the specimen.

4.3 Comparison between coated and uncoated (bare) disc specimen

Figure 9 illustrate the strain, stress and normalised sé®svith loading of the Mo-
Mo2C/Al.Os coated disc specimen and comparison with barecH@gtX substrate. The
initiation of cracking (or delamination) is firstade obvious by a reduction in stress across
they-axis of the coating. The fracture is then made@wi inFig. 9(a,b) at 1.5 mm
displacement as the stress shoots up, this ischadlly due to an increase in stress along the
x-axis but displays an open circuit due to the frexcbf the strain gauge. This was caused by
a fracture (or delamination) in the coating aloimg &xis of loading. This kind of fracture is
expected in a brittle material and similar crackiragn the same kind of experiment [44]
where it was shown the fracture of barre grantenfdiametric compression. Although this
cracking was expected and well-known, the causés®fracture is argued. At first it was
assumed that the induced nominal tensile stressgmpsly discussed was the cause of
fracture, however it has been proven that thedrads initiated from the load points. It has
been presented by Sampatfal. (1986) [45] using a 300m gold film crack gauge that a
plastic flow occurs before the fracture, making itinegterial first reach plasticity at the loading
contact before the plastic region is extended ¢éoctintre of the specimen. The fracture thus
initiates at the centre of the disk from an intBeditensile stress in this location [45].

Figure 9(c) compares the normalised stresses for the uncoatedf the coated

specimen (usingr, = 385MPa for Hastelloy’X) against bare disc specimens, again

suggesting that linearity in the andy-directions does not always seem to occur almosteto

point of yield (Wherei =1) before a curve becomes much more evident. As shbrough
y
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vertical and horizontal red lines at the point @lg (Fig. 9(c)), indicating that coating can

enhance the yield strength of the disc substrate.

4.4 Coating delamination behaviour under diametral compression loading

A presence of through thickness pre-existing redidtress field in a coating-substrate
system can strongly affect the coatings failurtheapresence of induced load stresses.
Considering the superposition of induced load seesnd coating process induced residual
stresses, it is important to note that there isimple relationship between coating
delamination (cracking) pattern and total stresgrifhution during diametral compression
loading, but diametral compression loading stresspe-existing residual stress can affect
the coating failure behaviour significantly. As shoin Fig. 10, significant coating cracking
leading to interfacial delamination has occurredrdudiametral compression loading. The
reason this phenomenon has occurred is suspecheddive to a mismatch of strain between
the substrate/coating interface and external cosspye loading.

As mentioned irgection 4.2, because of their complex nature, including proper
which vary with coating depth and multi-phase migtaf materials of varying toughness,
published work on the effect of through-thicknessidual stress their mechanical response is
limited, and this investigation provides insightheir adhesive behaviour and failure
mechanisms [21-24]. In some of the important warkdels developed by Clyne and Gill
[26] presented mathematical formulations of residtr@sses in thermal spray coatings and
their effects on interfacial delamination, wherebsyi and Clyne model [46] can be used to
predict the residual stress distributions in pregneely deposited coatings. It is important to
note that Tsui and Clyne model [46] is based orctmeept of a misfit strain, caused by
either the deposition stress (e.g. due to quenatfisglats in thermal spraying) or by
differential thermal contraction between substeatd coating during cooling. The deposition
stress is introduced as the coating is formed faydayer, such that the misfit strain is
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accommodated after each layer addition (rather fiiatine coating as a whole). Meanwhile,
as presented by Godeyal. [19], considering an imposed misfit strain in theerface
planar direction, such as would arise during a gkan temperature, the resultant stress
distribution and curvature properties can be oleiftom simple beam bending theory.
Godoyet al. [19] also outlined the effect of the shear (rel@vdue to compression loading
in current work) and peeling stress for evaluatimg coating/substrate adhesion.

Rough surface (high shear zone) and smooth suffiaeeshear zone) can be observed
in Fig. 10(b). Such variation in surface roughness on the safiessurface is possible as the
substrate at the interface is subjected to a greaitess than that of the coating at the interface
for the same level of displacement, thus creatiagess concentratioRigure 10(b) suggest
what appears to be Hertzian contact stress lolbe goints of contact. This also highlights
the area where elements could yield on the shéardaleveloped along the centre of the

coated specimen.

4.5 Finite element analysis of diametral compression loading

The maximum von-Mises stress acting on the sulesise885 MPa while for the
coating is 770 MPaHig. 11). The von-Mises stress acting on the substratecaating is
limited to their respective yield stresses sineedtiess was defined for zero plastic strain. It
is to be noted that the substrate undergoes flagjemm the surfaces interacting with the
compressive plates (shownhkig. 11(a)), like the experimental behaviour (showrAg.
10(b)). The maximum XY shear stress on the substrat®@sViPa and for the coating is 418
MPa Fig. 12). It is seen that the shear stress has both ¢esasd compressive stresses of
equal magnitude acting around the point of contdth is expected in a Hertzian contact
analysis.

The evolution of the stresses in theandy-direction at the centre of the Hastello§-X
substrate and Mo-M€/Al>Oz coating is shown ifrig. 13 (for elastic-plastic irFig. 13(a),
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for perfectly elastic model iRig. 13(b)). For the elastic-plastic model it is seen at a
displacement value of about 0.9 mm, the coatingtaedubstrate reaches the yield stress
while from the experimental results, the yieldaached for a displacement value of 1.2 mm
(shown inFig. 7). The stress values displayed for the perfectgted model is displayed up
to a displacement of 0.9 mm, since the ABAQUS maeiehinates due to high deformation
for the perfectly elastic model. The stresses abthior the perfectly elastic model is higher
than the elastic-plastic model since there is etdystress defined and when compared with
experimental results, the elastic-plastic resuktsimbetter agreement than perfectly elastic
model.

The study of the interfacial stresses between dlaéirty and substrate is carried out by
measuring the stresses along the paths as shdwag. 4. The von-Mises stress along e
axis andk-axis for the coating have been depictedrig.(15), the maximum von-Mises stress
for the coating and substrate is 770 MPa and 388, M#3pectively. It is seen that the stress
along the distance is constant since the wholeahsicsubstrate reaches the yield stress for
displacement of 1.6 mm.

The XY shear stress acting on the substrate artthgg#or left and right orientations,
Fig. 12 (c,d)) are plotted irFig. 16. It is seen that the compressive and tensilesssesf
equal magnitude are present. The maximum XY shesgssfor the coating is found to be 350
MPa, while for the substrate is 150 MPa. The shadgins under the curveshing. 15 and
Fig. 16 depicts the mismatch of stress between the coatidgsubstrate which causes the
coating delamination (shown Kig. 10(b)). The stress acting on the coating is higher than
substrate around the point of contact which catlsesoating to delaminate. Comparing the
variation of stress with displacement for the étagtastic model and the experiment, the
behaviour is similar, but the stress values donmatich. This is due to the various assumptions
taken into consideration for the FE model suchlastie-perfectly plastic, and the perfect
bonding between the coating and substrate, whinbtisrue in the case of experiment. For
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more accurate results, the FE model must incorpahat bond strength for the coating and
substrate while including plasticity (with stres$asvarious plastic strain values) in the
model and to use cohesive behaviour between thengand the substrate to study the
delamination strength. It has also been demonsitthtt it is not straightforward to estimate
the behaviour of cracks from a micromechanicakstsemulation [37] because the formation
and propagation of microcracks changes the sttats significantly. Importantly, if the
interest is more in understanding the main featafes$ress evolution during compression
loading than in performing quantitatively accuredéculations, a simple finite element

simulation is advantageous.

4.6 Analytical stressinterpretation
As presented igection 2.1, the analytical model related to stresses inautar disc
during diametral compression test has been sumadiainsdetail in previous work (Johnson,
1985 [2]). However, analytical interpretation aindiar model for a composite circular disc

coated on one side of the flat surface may be Usefuantifying the stressegr(, o, ) at

each material disc centre (9= R) (Fig. 17, example calculations shown Appendix A.2).

As shown through vertical red line at the poinyiaid (referFig. 7(c) and then traced

in Fig. 17(a)), and from the results of the analytical equati(@estion 2.2, Eq. 10(a,b)), it
was found that the stresses (bi-axtahndy-direction stresses using, = o, = % Fig.

17(a)) will have significant mismatch at the interfaGemilarly, from the results of the

analytical equationsSection 2.2, Eq. 11(a,b) and Eqg. 12(a,b)), it was found thatdtresses

1 2!a2+2y2! 4y

. . . P
(x-direction stresses using, = — +—
a

—- , andy-direction stresses usin
IT{R az(az + y2)1/2 } Y g
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o, = %{% - 2R2— y - (a2 +2y2)1/2}’ Fig. 17(b,c)) will have significant mismatch at the
interface.

From above analysis, it is anticipated that thdydical modelling has certain
limitation (i.e. experimental and FE stress prafidge very different if compared to analytical
stress profiles) and development of appropriateehcain be part of further work. Overall,
despite some experimental and theoretical limitatiohe proposed diametral compression

loading methodology on thermally sprayed coatinigsttate systems presents a good

summary of the novel findings.

5. Conclusions
In first of its investigation, the proposed dianaéttompression test method (i.e.
Brazilian disc) was somewhat successful in thesstemalysis of a thermal sprayed
coating/substrate system. In this method strailggaasettes are pasted, respectively, at the
centre on the both side faces of disc (along thection and perpendicular to the compression
line load) which are used to record tensile andmession strain of the centre part. Based on
the results (experimental, simulation and anali/ticethods), we present the following
concluding remarks for the diametral compressighdéthermal spray coated disc substrate:
a. For coated disc specimen, experimental test resoitgey that higher stresses exist
within the uncoated side of the specimen rathear tha coated side. The strain and
stress values (including FE) were found to exhslmtilar trend. From the
experimental strain analysis of the coated dischaxee found that the coating
enhances substrate load bearing capability. Tressgdts indicate that the variation in
plastic strain on coated side is an origin of ciagland it is a cause of delamination

during the diametral compression test.

24



Surface and Coatings Technology

b. Although experimental methods would be deemed icmsiparable to certain real-life
scenario, this type of investigation has its liitas. Locating areas of high stress and
analysis through the thickness of the coating seas when this method is
independently used. Before certain conclusiongat@polated, some additional
experimental protocols could be necessary withispeEts made from other coating-
substrate materials. However, such results proxisienple method to estimate and
compare the delamination tendency. This estimatiethod is useful for optimising
the coating adhesion strength.

c. Itis possible the proposed methods of analysi®weer-simplified. It is known that
multiplying strain by the elastic modulus is onbyriect for the elastic-region of the
material, however without knowing official yield jp¢s of the coating materials (e.qg.
Mo-Mo2C/Al>O3) under investigation, this analysis was sufficiemtthe
investigation. The results can be presented fudhdrcritically analysed (by
including functional coating layer with varied diasnodulus, with additional

conclusions being drawn from the numerical modgllin
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Appendix A
A.1l. Supplementary material
Supplementary data (residual strains and streasseyiated with this article can be

found in the online version (open access), at lithok.springer.com/article/10.1007/s11340-

017-0298-7 [13], and also Fig. A.1.

A.2. Example of analytical stress calculationsin disc substrate

As shown inTable A.2.1, for a known displacement of compression platengfr

experiment), the tensile strengtbrf(:% :%Pt) within a disc in contact with a flat surface

can be found. For example, at the centre of theglisface { =R), as shown irfrig. 17(a), at
1.22 mm displacement with compression lo&d< 19114 N) fort,= 0.00476 m thick and®

=0.02 m diameter Hastell&)X substrate can give tensile stress £127883729 Pa).

+4y

Similarly, the stressd,, = —<—= 2Y
R aZ(az + y2)1/2 a2

P{l_ 2a? +2y?)
T

}) within a disc in contact with

a flat surface can be found. For example, at tnére®f the disc surfacey=R), as shown in
Fig. 17(b), at 1.22 mm displacement with compression loadipérthickness P/t =
19114/0.00476 = 4015549 N/m) fo= 0.00476 m thick andD = 0.02 m diameter

Hastelloy’X substrate can give tensile stregs £127632919 Pa). Wher@ =

0.000627528025403582 m, is semi-contact width ghsea® :% , whereE, = 130 GPa

: : -v2  1-v? :
can be found from composite modulus equatrela € 17y, +TVS) of the compressing

i 1 S
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plate and the dis& s radius of the disc, amg andv are Poisson’s ratiol@ble A.2.1) of

non-conformal compressing plates and disc, respygti

Table A.2.1. Input parameters for analytical calculations.

Parameters Values
Disc diamete, D (m) 0.0z
Disc radiusR (m) 0.01
Disc thicknessts (m) 0.0047¢
Coating thicknesg. (m) 0.0002!
Elastic modulus of Hastell®X substrateEs(GPa 26¢
Poisson’s ratio of Hastell®X substratevs 0.32
Elastic modulus of M-Mo>C/Al,Os coating surfaceE: (GPa 147
Poisson’s ratio of Mo (for M-Mo2C/Al>Os coating),vc 0.3(C
Elastic modulus ccompression pla, E; (GPa 21(
Poisson’s ratio acompression pla, vi 0.2¢
Distance of calculation of stresses from contacgtlage,y=R | 0.01
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Figure Captions

Figure 1. Diametrical compression testing method (Brazitiest): (a) before loading, (b)
after loading, and (c) theoretical considerationsrd) loading.

Figure 2. Test set-up for diametral compression (Brazilest)tshowing the side view: (a)
substrate only, and (b) substrate with coating.

Figure 3. (a) Thermally spray coating specimen (Mo4@Al.0s coating on Hastelloy-X
substrate), and (b) diametral compression test@dsgeon disc specimen.

Figure 4. Elastic modulus through thickness (measured udismgond Berkovich
nanoindentation method at 30 mN load at room teatpes, using NanoTée$t system)
[inbox shows the scheme of indentation array atteing-substrate cross-section].
Figure5. Finite element model set-up in ABAQUS (v.6.16Hafstelloy’X substrate with the
Mo-Mo2C/Al,Oz3 coated on one surface: (a) loading and boundargtitons defined for the
model, and (b) converged mesh for the model cangisff 28,392 elements for substrate and

2366 elements for the coating.
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Figure 6. Diametrical compression testing on standalone MagtX ® substrate during
loading showing strain and stress within the ceotrthe specimen: (a) surface x- and y-axis
strain, and (b) surface x- and y-axis stress [l@fthharrow locations in both figures shows the
location of final strain or stress].
Figure 7. Diametrical compression testing during loadingveing stresses at the centre of the
Mo-Mo2C/Al,O3 coated specimen (alumina): (a) strains, and (b¥ses, and (c) normalised
stresses (for substrate uncoated side).
Figure 8. SEM images of Mo-MgC/Al.Os coated specimen: (a) coated surface, and (b) cross-
section surface.
Figure 9. Comparison of diametrical compression testingrdutbading showing stresses at
each material surface: (a) strain, (b) stress,(@hdormalised stress.
Figure 10. Diametral compression tested specimens (Me®Aal.0s coated on HastellGiK
substrate): (a) before peeling (after compressst),tand (b) substrate (after compression
test, manual peeling of coating) showing two didtiolelamination features symmetric on
both side of the vertical axis.
Figure 11. Equivalent von-Mises stress (MPa) acting on thessabe and coating for the
diametric compression test simulated using ABAQEI&d{ic-plastic model): (a) von-Mises
stress for the substrate on the coated face, (BMises stress acting on the substrate on the
uncoated face, (c) von-Mises stress acting onahérgy for the non-interacting surface with
the substrate, and (d) von-Mises stress acting@icdating for the interacting surface with
the substrate.
Figure 12. Shear stress (MPa) acting on the XY plane forctrsing and substrate simulated
using ABAQUS (elastic-plastic model): (a) XY shetiess for the substrate on the coated
face, (b) XY shear stress acting on the substrath® uncoated face, (c) XY shear stress for
the coating for the non-interacting surface, andxX(d shear stress for the coating for the

interacting surface.
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Figure 13: Variation of finite element stresses at the eepfrthe Mo-MaC/Al>Os coating
and Hastello§X substrate: (a) for elastic-plastic model, andp@fectly elastic model.
Figure 14. The path in the disc specimen along which the grdgalve been plotted in
ABAQUS for the von-Mises and XY shear stress ofdbating and substrate (Path-1 for von-
Mises stress along Y-direction, Path-2 for von-Mistress along X-direction, Path-3 for XY
shear stress (right orientation), and Path-4 forsk¥ar stress (left orientation)).
Figure 15. The von-Mises stress (elastic-plastic model)nenMo-MaC/Al.Os coating and
Hastelloy’X substrate for surface interacting with the eaitten (a) along the x-axis, and (b)
along the y-axis. The shaded area in both plotsatels the mismatch of stress at the coating-
substrate interface.
Figure 16. XY shear stress (elastic-plastic model) actinghenMo-MaC/Al>Os coating and
Hastelloy’X substrate for surface interacting with the eaitten (a) right orientation in
substrate with left orientation in coating, and|@) orientation in substrate with right
orientation in coating. The shaded area in botksplalicates the mismatch of stress at the
coating-substrate interface.
Figure 17. Analytical calculations: Comparison of diametricampression testing during
loading showing stresses at each material disceéaity = R): (a) bi-axial x- and y-
direction stresses using Egs. (10a,b), (b) x-dwadtresses (using Egs. (11a, 12a)), and (c) y-
direction stresses (using Egs. (11b, 12b)).
Fig. A.1. Neutron diffraction measurements and comparisasgt) on average of all
individual peak routine analysis) of thermally spcaating specimen (250 um thick Mo-
Mo2C/Al.O3 coating on 4.76 mm thick Hastelloy®$ubstrate): (a) residual strain, and (b)

corresponding residual stress.

33



Surface and Coatings Technology

(a)

-

e e ——

e ——

-
&

\

e
Compressive

-

1

1

1

R
/

\

stress (-)

!

!
9 |-

Tensile
“stress (+]

=
T o
w Y o
x 3 3
Gmn
X‘..:..w
S8

(c)

(X ¥)

Figurel

34



Surface and Coatings Technology

Load, P Load, P

Compression p!ate! !
R NI, < ———— T e ey

Compression plate

1 ! 1 1 ! 1
i 1 ' E,v, 1
(a) E. i : i. i ] (b)
i Displacement, 6 E E
i . s
E Strain gauge E Ve
Diameter, D E / location E
o, R Coating S Substrate
i side i side
Radius, R =D/2 H '
it Lot
R <+
Y : ;
E : Ey v,

Substrate diameter, D = 20 mm; Substrate thickness, ts=4.76 mm
Coating thickness, t.=0.25 mm; Displacement, § = 1.6 mm
Plate height =5 mm, Plate length = 20 mm, Plate thickness = 10 mm
E. =269 GPa, v; = 0.32, E_ = 147 GPa (surface), vs = 0.30
E,=210GPa, v, =0 29

Figure2

35



Surface and Coatings Technology

(b)

| Notched Plastic Jig

| Test Specimen

Strain Gauge
Rosette

Figure3

36



Elastic Modulus, Es (GPa)

-200

Hastelloy-X® 50

Interface

—p—
B
(=)

e

Surface and Coatings Technology

= A= Mo-Mo2C/AI203

284 e
A
, -
: \
/ :
.153 ’
~. A

Coating

v

F 3

substrate 0

-100

A 4

0

100 200
Distance (um)

Figure4

300

37



Surface and Coatings Technology

(a) lacement of :I:.G mm (b)
Translational
movement is )
restricted in X i
and Z directions

Substrate v
Coating
x ks,

Figure5

38



25000

(a)

20000

10000

5000

(b)25000

20000

— 15000

Load (N

10000

5000

Load of Compression Plates
w—-AXis Strain
X-Axis Strain

Surface and Coatings Technology

|’ 0.004

- 0.003

- 0.002

1.05, +0.001433

1.16, -0.001451

- 0.001

- -0.001

- -0.002

0,003

-0.004

0.2 0.4 0.6

0.8 1

Displacement (mm)

e X-AXis Stress

= Y-Axis Stress

Load of compression Plates

1.05, +1

I

1.16,-1

Normalised Stress (o/0,)

0.2 0.4 0.6

0.8 1

Displacement (mm)

Figure6

Strain (g)

39



(a)

Load (N)

(b)

Load (N)

(c)

Load (N)

25000

20000

15000

10000

5000

25000

20000

15000

10000

5000

25000

20000

15000

10000

5000

Surface and Coatings Technology

Displacement (mm)

Figure7

Load of compression plates p 0.006
Coated side (x-direction)
Uncoated side (x-direction) - 0.004
Coated side (y-direction)
Uncoated side (y-direction)
- 0.002
= 360pe
/ W
— e L0 £
A o
=
658 e
- -0.002
- -0.004
-0.006
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Displacement (mm)
- 1.50E+09
Load of compression plates
Coated side (x-direction)
Uncoated side (x-direction) - 1.00E+09
Coated side (y-direction)
= Uncoated side (y-direction) | 5.00E+08
1
rt 0.00E+00 g
285MPa 3
- -5.00E+08
f -1.00E+09
-1.50E+09
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Displacement (mm)
, - 4
Load of compression plates
— Hastelloy normalised stress (x-direction) L3
- = Hastelloy normalised-stress (y-direction) -
- 2 Q
=)
v
/ 1.22,+1 1 &
/ L0 &
ﬁ\\ 2
1.24, -1 3
1=
£
-2 0o
=4
-3
-4
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

40



Surface and Coatings Technology

20 pm EHT=2500kV Signal A = SE1 Date :12 May 2014

School of Pharmacy
= WD= 85 mm Mag= 500X Chamber = 8.39e-004 Pa & Life Stiences

Mo-Mo,C/Al;03 coating

Hastelloy-X" substrate

HY ‘D L0 Y R —
0x 500kV|5.0mm . =]

Figure8

41



(a) 0.006
0.004

0.002

Strain
o

-0.002
-0.004

-0.006

(bJ2-00E+09
1.50E+09
1.00E+09
5.00E+08

0.00E+00

Stress (Pa)

-5.00E+08
-1.00E+09
-1.50E+09

-2.00E+09

0 ¢

Normalised Stress (o/a,)
& N} [\ o [N N

\
B

Surface and Coatings Technology

0.2 0.4 0.6

Hastelloy (bare), x-direction
= Hastelloy (bare), y-direction
Hastelloy (uncoated side), x-direction
Hastelloy (uncoated side), y-direction
Mo-Mo2C/AlI203 coated side (x-direction)
Mo-Mo2C/Al203 coated side (y-direction)

Displacement (mm)

1.6

0.2 0.4 0.6

0.

- Hastelloy (bare), x-direction

Hastelloy (bare), y-direction

- Hastelloy (uncoated side), x-direction
Hastelloy (uncoated side), y-direction
Mo-Mo2C/Al203 coated side (x-direction)
Mao-Mo2C/AI203 coated side (y-direction)

Displacement (mm)

170 pm

1.6

0.2 0.4 0.6 ! 1.2 14

1.6

80 pm

——Hastelloy (bare), x-direction
- Hastelloy (bare), y-direction
- Hastelloy (uncoated side), x-direction

Hastelloy (uncoated side), y-direction

Displacement (mm)

Figure9

42



Local flattening \‘

Strain
gauge

Broken
strain gauge

Figure 10

Surface and Coatings Technology

43



Local flattening

S, Mises

(Avg: 75%)
+3.850e+02
+3.572e+02

+3.017e+02
+2.739e+02
+2.461e+02
+2.183e+02
+1.905e+02
+1.627e+02
+1.350e+02
+1.072e+02
+7.939e+01
+5.161e+01

L

S, Mises

(Avg: 75%)
+7.700e+02
+7.110e+02
+6.520e+02
+5.930e+02
+5.340e+02
+4.750e+02
+4.160e+02
+3.570e+02
+2.980e+02
+2.390e+02
+1.800e+02
+1.210e+02
+6.205e+01

<

1o

S, Mises

(Avg: 75%)

+3.850e+02
+3.572e+02
+3.294e+02
+3.017e+02
+2.73%e+02
+2.461e+02
+2.183e+02
+1.905e+02
+1.627e+02
+1.350e+02
+1.072e+02
+7.939e+01
+5.161e+01

S, Mises

(Avg: 75%)

+7.700e+02
+7.110e+02
+6.520e+02
+5.930e+02
+5.340e+02
+4.750e+02
+4.160e+02
4+3.570e+02
+2.980e+02
+2.390e+02
+1.800e+02
+1.210e+02
+6.205e+01

Figure1l

Surface and Coatings Technology

44



Surface and Coatings Technology

S, 512

(Avg: 75%)
+1.901e+02
+1.584e+02
+1.267e+02
+9,506e+01
+6.337e+01
+3.169e+01
-8.545e-04
-3.169e+01

-1.267e+02
-1.584e+02
-1.901e+02

S, S12

(Avg: 75%)
+1.901e+02
+1.584e+02
+1.267e+02
+9.506e+01
+6.337e+01

-6.338e+01
-9.506e+01
-1.267e+02
-1.584e+02
-1.901e+02

'

b x

x o3

S, 512

(Avg: 75%)
+4.180e+02
+3.483e+02

-3.484e+02
-3.181e+02

S, 512

(Avg: 75%)
+4.180e+02
+3.483e+02
+2.786e+02
+2.090e+02
+1.393e+02
+6.963e+01
-3.746e-02
-6.971e+01
-1.394e+02
-2.090e+02
-2.787e+02
-3.484e+02
-4.181e+02

I x

X o4

Figure 12

45



Surface and Coatings Technology

(a) 1 0oe+09

= == Hastelloy (uncoated side), Von Mises

8.00E+08 | = 4= Hastelloy (uncoated side), x-direction
Hastelloy (uncoated side), y-direction
6.00E+08 Mo-Mo2C/AI203 (coated side), Vo
4.00E+08 i~ e e i e W el i -~
2.00E+08
2 ~ -0 -0--90-0-0 -0
@ 0.00E+00 e ]
£ 9 1 11 12 1 ATuAre e
-2.00E+08
-4.00E+08
-6.00E+08
% ———N—H—H—H—N
-8.00E+08
-1.00E+09
Displacement (mm)
(b) S00ERA == == Hastelloy (uncoated side), Von Mises P
= f= Hastelloy (uncoated side), x-direction i
4.00E+09 Hastelloy (uncoated side), y-direction =
Mo-Mo2C/AI203 (coated side), Von Mises g e
3.00E+09 = == Mo-Mo02C/Al203 (coated side), x-direction oot
—3%— Mo-Mo2C/AI203 (coated side), y-direction .
-
2.00E+09
1.00E+09
R —— e CEL b
= 0.00E+00 e =
-5 7 . ; /i 0.9
@ -1.00E+09 x TS e -y
I . ——
-2.00E+09 T -
-3.00E+09
-4.00E+09
-5.00E+09

Displacement (mm)

Figure 13

46



Surface and Coatings Technology

Y Sx, y)

Figure 14

47



Surface and Coatings Technology

(a) 9.00E+08
8.00E+08 770 MPa

-------\

/
7.00E+08
/ \

6.00E+08 / \

5.00E+08 / \

385 MPa \
4.00E+08 v

Stress (Pa)

3.00E+08

2.00E+08 e Hastelloy , Von Mises, x-axis

1 00E+08 = == Mo-M02C/AI203, Von Mises, x-axis

0.00E+00
0.00 0.09 0.18 0.27 036 045 054 0.63 0.72 0.81 090 0.99

Normalized Distance

Stress (Pa)

(b)
9.00E+08
8.00E+08 - -
i
7.00E+08 - %
6.00E+08 -
5.00E+08 -
4.00E+08 -\\&
3.00E+08 -
e Hastelloy ,Von Mises, y-axis
2.00E+08 - . .
== == Mo-M02C/AI203, Von Mises, y-axis
1.00E+08 -
0.00E+00 -

0.00 0.16 0.34 0.47 058 070 0.79 0.86 0.92 096 0.99 1.00
Normalized Distance

Figure 15

48



Surface and Coatings Technology

(@) 4 ooe+08
e Hastelloy ,XY Shear (right orientation)

3.50E+08 350MPa - Mo-Mo2C/Al203, XY Shear (left orientation)

3.00E+08

N\

2.50E+08

2.00E+08

1.00E+08

Stress (Pa)

5.00E+07

0.00E+00

0.00 0.14 0.29 0.41 054 0.63 0.73 0.81 0.87 0.92 0.96 0.98 1.00
Normalized Distance

b
(b) Normalized Distance
0.00 0.15 0.26 0.42 053 060 0.74 0.82 0.89 096 0.98 1.00
0-00E+00 T T T T < T T T T T
-5.00E+07 -

-1.00E+08 -~

o
o

-3.50E+08 -~

Stress (Pa)

e Hastelloy XY Shear (left orientation) \\
== = Mo-Mo02C/AlI203, XY Shear (right orientation)

-4.00E+08 -

Figure 16

49



3.00E+09
(a)

2.50E+09

Pa)

- 2.00E+09

orao

« 1.50E+09

1.00E+09

Stress (o

5.00E+08

0.00E+00

3.00E+09
(b)
2.50E+09

2.00E+09

1.50E+09

Stress (o,, Pa)

1.00E+09
5.00E+08

0.00E+00

0.00E+00

(c)
-1.00E+09
-2.00E+09

— -3.00E+09

Pa

= -4,00E+09

-5.00E+09

Stress (o

-6.00E+09

-7.00E+09

-8.00E+09

-9.00E+09

Surface and Coatings Technology

Mo-Mo2C/AlI203 (coating) /
= Substrate (Hastelloy)

1.22 mm

0.2 0.4 0.6 0.8 1 1.2 14 16
Displacement (mm)

Mo-Mo2C/AI203 (coating), x-direction

Substrate (Hastelloy), x-direction /

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Displacement (mm)

12 0.4 0.6 0.8 1 1.2 1.4 16

Substrate (Hastelloy), y-direction \
Mo-Mo2C/AI203 (coating), y-direction
Displacement (mm)

Figure 17

50



1000

500

Residual Microstrain
0
=1

-1000

-1500

300

200

100

Residual Stress (MPa)
(=]

(a)

(b)

Surface and Coatings Technology

—— Mo-Mo2C/AI2Z03
==@==Hastelloy (Mo-Mo2C/AI203)

-
‘\
P \} """ '%‘--%_
! -
100 |" 1000 10000
|
i
)
Coaling » Substrate .
—a— Mo-Mo2C/AI203
--@--Hastelloy (Mo-Mo2C/AI203)
f;ﬁ"*\“
A
- .\
i ‘# """ '¢~-.,+
} o
100 / 1000 10000
i
Coating L‘;‘ Substrate o
FigureA.l

51



	coversheetJournalArticles
	SCT-Manuscript-ACCEPTED.pdf

	OA: GREEN
	OA Logo: 
	AUTHORS: FAISAL, N.H., MANN, L., DUNCAN, C., DUNBAR, E., CLAYTON, M., FROST, M., MCCONNACHIE, J., FARDAN, A. and AHMED, R.
	TITLE: Diametral compression test method to analyse relative surface stresses in thermally sprayed coated and uncoated circular disc specimens.
	YEAR: 2019
	Publisher citation: FAISAL, N.H., MANN, L., DUNCAN, C., DUNBAR, E., CLAYTON, M., FROST, M., MCCONNACHIE, J., FARDAN, A. and AHMED, R. 2019. Diametral compression test method to analyse relative surface stresses in thermally sprayed coated and uncoated circular disc specimens. Surface and coatings technology [online], 357, pages 497-514. Available from: https://doi.org/10.1016/j.surfcoat.2018.10.053 
	OpenAIR citation: FAISAL, N.H., MANN, L., DUNCAN, C., DUNBAR, E., CLAYTON, M., FROST, M., MCCONNACHIE, J., FARDAN, A. and AHMED, R. 2019. Diametral compression test method to analyse relative surface stresses in thermally sprayed coated and uncoated circular disc specimens. Surface and coatings technology, 357, pages 497-514. Held on OpenAIR [online]. Available from: https://openair.rgu.ac.uk/
	Version: AUTHOR ACCEPTED
	Publisher: ELSEVIER
	Series: Surface and coatings technology
	ISSN: 0257-8972
	eISSN: 1879-3347
	Set statement: 
	License: BY-NC-ND 4.0
	License URL: https://creativecommons.org/licenses/by-nc-nd/4.0
	CC Logo: 
		2018-10-25T08:49:55+0100
	OpenAIR at RGU




